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Preface

The Washington Post of 2016 stirred an intense discussion between the public, 
scientific communities, and health authorities. How many diseases are precisely 
known to humankind? At the moment, scientist estimates the presence of more than 
10,000 human diseases and only fewer available treatments that too for major 
diseases.1

In 2022, the scenario is not far different considering the deliberate speed of aca-
demic/industry research, economic up-downs, tougher regulatory policies, complex 
clinical trial setups, the impact of the Covid-19 pandemic in slowing processes, 
businesses, and changing world political dynamics and policies. The same question 
on “availability of effective treatment” is valid now and maybe even for the next 2–3 
decades.

Diseases can be genetic or caused by environmental factors (mainly known as 
infectious diseases). Human infectious diseases are typically classified according to 
the source of infection as anthroponoses (human–human transmission), zoonoses 
(animal–human transmission), and sapronoses (abiotic decaying substrate—
human). These infectious diseases contribute to the enormous financial burden on 
the country’s economy. By 2001, around 1415 species of organisms had been 
recorded known to be pathogenic to humans, mainly comprised of bacteria, viruses/
prions, fungi, protozoa, and helminths.

This book is a trivial attempt to compile all possible and available information on 
etiology, pathology, current therapy options available for a wide spectrum of dis-
eases, the role of drug delivery sciences, advances in new techniques, diagnostic 
tools, and new drug research of various infectious diseases.

Total four volumes are compiled to accommodate vast available information.

Volume 1—Malarial drug delivery systems (MDDS)
Volume 2—Tubercular drug delivery systems (TDDS)
Volume 3—Viral drug delivery systems (VDDS)
Volume 4—Infectious diseases-drug delivery systems (IDDS)

1 Are there really 10,000 diseases and just 500 ‘cures’?  – The Washington Post. https://www.
orpha.net/

https://www.orpha.net/
https://www.orpha.net/
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Volume 1: MDDS

Malaria is a disease caused by the parasite Plasmodium. The parasite spread to 
humans through the bites of infected mosquitoes causing high fever, nausea, vomit-
ing, diarrhea, body pain, rapid heart rate, and shaking chills. Each year millions of 
people get infected by malaria, and many hundred-thousand people die. Some of the 
most significant risk areas include Sub-Saharan Africa, South and Southeast Asia, 
Pacific Islands, Central America, and Northern South America. The treatment of 
malaria mainly comprises the most common antimalarial drugs like chloroquine, 
primaquine, etc. In the case of drug resistance, artemisinin-based combination ther-
apies (ACTs) are preferred. ACT is an amalgamation of two or more drugs that 
work against the malaria parasite using a different mechanism of action.

Volume 2: TDDS

Tuberculosis (TB) is a potentially severe infectious disease that affects the lungs 
and, in some cases, the kidney, spine, and brain. Mycobacterium causes tuberculosis 
via air route. As a result, two TB-related scenarios are possible: latent TB infection 
(LTBI) and TB disease. If not treated properly, TB disease can be fatal. TB bacteria 
usually grow in the lungs (pulmonary TB). The typical test used to diagnose TB is 
the Mantoux tuberculin skin test (TST). The medications used to treat latent TB 
infection include Isoniazid, Rifapentine, and Rifampin. Classically, the patient may 
undergo several treatment regimens (1st/2nd /3rd line) recommended as per disease 
condition and health policy of that specific country. TB treatment can take 4, 6, or 9 
months depending on the regimen.

Volume 3: VDDS

Viruses are very tiny infectious germs, which cause infectious diseases such as the 
common cold, flu, and wart to severe illnesses such as HIV/AIDS, Ebola, and 
Covid-19 (which caused the recent pandemic where millions of people lost life). 
They invade living, normal cells and use those cells as host. Depending upon the type 
of virus, the target body cells are different. Virus infections and diseases are catego-
rized under ten other groups, i.e., contagious, respiratory, gastrointestinal, exanthem-
atous, hepatic, transmission, cutaneous, hemorrhagic, neurologic, and rest of the 
viruses not in these categories. All viruses have a protein coat and a core of genetic 
material, either RNA or DNA; unlike bacteria, viruses can’t survive without a host. 
The diagnosis of viral diseases/infections can be performed by viral culture, serologi-
cal tests, virus antigen detection, and viral nucleic acid or antibody detection. The 
treatment of viral diseases/infections depends on the type of viral infection. Antibiotics 
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do not work for viral infections. FDA has already approved several antiviral medi-
cines for the treatment of certain illnesses.

Volume 4: IDDS

Each infectious disease has its specific signs and symptoms. Diagnosis of infectious 
diseases needs lab testing. Samples of body fluids, e.g., blood, urine, saliva, etc., can 
reveal evidence of the particular microbe that is causing the illness. While imaging, 
scans using X-rays, computerized tomography, and magnetic resonance imaging 
can help pinpoint disease states. Often, local tissue biopsies provide helpful infor-
mation on the state of infection and adverse observations of disease (if any). This 
volume is focused on diagnosis, detection, disease models, the link between two or 
multiple infectious diseases, and vaccine development for the treatment of infec-
tious diseases

This book series compiles all the new treatment avenues that have been explored 
to treat malaria, tuberculosis, viral infections, and other infectious diseases like 
Ebola and hepatitis. This series covers various aspects of drug delivery advances for 
disease targeting, new drug molecules, analysis of currently ongoing clinical trials, 
vaccine development, and availability of disease models to evaluate drug perfor-
mance. Dedicated chapters are included on herbal treatment opportunities for each 
disease. In addition, readers can refer to information on global disease health sce-
narios, cellular pathophysiology, and drug resistance, full coverage on polymeric 
nanoparticles, solid lipid nanoparticles, dendrimers, liposome, and micro/nano-
emulsions as drug delivery carriers.

Experts from all over the world have shared their knowledge to generate this one-
stop resource. This book series is destined to fill the knowledge gap through infor-
mation sharing and organized research compilation between the diverse area of 
pharma, medicine, clinical, chemist, and academics to fulfill following specific 
objectives:

• To discuss opportunities and challenges in the treatment of infectious diseases
• To enlist current efforts by researchers and experts
• To facilitate the insight and knowledge sharing
• To highlight innovative, cutting-edge micro and nanotechnology research
• To establish collaborations between academic scientists, industrial, and clinical 

researchers

In summary, we are sure this book series will provide you great insights into drug 
delivery sciences (conventional, micro-nanomedicines, upcoming drug delivery 
trends) along with updates on clinical and chemical drug research for the treatment 
of infectious diseases.

Tübingen, Germany Ranjita Shegokar
Tampa, FL, USA 
Surabaya, Indonesia 

Yashwant Pathak
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New Malarial Drugs in Synthesis Research

Phoebe Gallagher and Charles Preuss

Abstract Malaria, caused by infections of the Plasmodium parasite, has increased in 
incidence, particularly in southeast Asia and Africa, due to the development of 
increased resistance against artemisinin drugs. Prior to the discovery of artemisinin- 
based drugs, chloroquine was the top choice for the treatment of the disease. However, 
mutations within the parasite have allowed it to develop several mechanisms that 
reduce the effectiveness of this drug, along with many of the newer drugs. By studying 
the parasite’s internal processes, life cycle, and resistance mechanisms, researchers 
have discovered different drug targets to combat the disease. Several types of active 
compounds are currently being studied for their effect against different Plasmodium 
strains, including synthetic drugs and natural drugs. Plants and marine species are the 
main sources of naturally derived antimalarial compounds explored in this chapter. 
Many of these compounds show significant activity against different drug targets and 
have been determined to show potential for the formation of novel antimalarial drugs.

Keywords Marine-derived compounds · Terrestrial antimalarials · Plasmodium 
falciparum resistance · Synthetic antimalarial compounds

1  Introduction: The Plasmodium spp. Parasite

Malaria is a parasitic disease caused by six species of the Plasmodium spp. parasite 
including P. falciparum, P. vivax, P. ovale wallikeri, P. ovale curtisi, P. malariae, 
and P. knowlesi [1]. Understanding the life cycle of the parasite is vital to 
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understanding how to treat it. Within an infected Anopheles mosquito, male and 
female gametocytes produce gametes which allow for sexual reproduction and the 
formation of an oocyst which then releases thousands of sporozoites into the saliva 
of the mosquito. Upon receiving a bite from an infected mosquito, the sporozoites 
enter hepatocytes of the vertebrate and replicate as schizonts, after which they are 
released into the bloodstream where they invade erythrocytes. Within the red blood 
cells, they undergo asexual replication to form mature schizonts that rupture and 
release merozoites which go on to infect other red blood cells [2]. P. falciparum is 
the strain that causes most human infections and death; however, P. vivax and 
P. ovale have a dormant hypnozoite stage in the liver which puts those infected with 
these species at risk for relapsing malaria [1]. In the past, chloroquine was a com-
mon drug used to treat malaria, but as resistance to the drug has increased, move-
ment toward artemisinin-based therapy (ACTs) has been favored [1]. These drugs 
have many different possible mechanisms of action including activation by heme to 
produce free radicals, inhibition of phosphatidylinositol-3-kinase, and upregulation 
of the unfolded protein pathway. These all act to either inhibit growth of the parasite 
by altering signaling/protein pathways or by damaging the cells of the parasite 
directly [3]. More recently, artemisinin resistance has risen particularly in southeast 
Asia and Africa, which has pushed researchers toward the pursuit of novel alterna-
tive treatments for the disease [1]. Figure 1 depicts the life cycle of the malarial 
parasite in humans (Adapted from [4]).

2  Search for Innovative Antimalarial Drugs

New antimalarial drugs were initially being pursued for their ability to be a single- 
dose cure for the disease. Since many tropical areas have high rates of malarial 
transmission, many patients are diagnosed with malaria several times in their life-
times. Because of this, single-dose drugs that are safe for repeated dosing are pre-
ferred. For novel drugs to be deemed effective for the treatment of the disease, their 
pharmacokinetic properties must also be ideal. A drug with good absorption and 
slower elimination is favored since slowly eliminated drugs can yield a prophylactic 
effect post-treatment. Ideally, a drug should be active orally against the Plasmodium 
spp. parasite for 1–3 days [1].

In addition to the above qualities, drugs that are cost-effective and maintain good 
safety profiles are being developed, especially for pregnant women and children. 
Because this is an important aspect in the search for antimalarial treatment, many 
existing drugs that hold good safety profiles are being repurposed for prevention or 
treatment of the disease. Antimicrobials like sulfamethoxazole/trimethoprim (also 
known as Cotrimoxazole), typically used in HIV patients to prevent Pneumocystis 
jirovecii infections, are given as a prophylactic antimalarial treatment for pregnant 
women and children due to its safe and effective nature. While the development of 
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Fig. 1 The Malaria Life Cycle. (Adapted from [4])

novel drugs that can treat already infected individuals is a major goal for research-
ers, novel prophylactic drugs are also being developed with DSM-265 being an 
example of one discussed later in this chapter.

Drugs that can inhibit multiplication and affect multiple stages of the Plasmodium 
spp. life cycle are viewed as favorable for development since killing the Plasmodium 
spp. parasite at multiple stages can reduce infection and killing hypnozoites, which 
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cause relapse infections and can help further reduce the patient’s risk for relapse. One 
such drug that has been co-administered as a single dose with other treatment drugs to 
reduce relapse is tafenoquine, an 8-aminoquinoline which works against the asexual 
and hypnozoite stages of P. vivax to prevent relapse. However, the search for relapse-
preventing drugs has been made difficult due to the difficulty in finding appropriate 
models that can accurately measure hypnozoite susceptibility to different drugs.

Due to malarial drug resistance, more emphasis has been given to drugs that can 
prevent initial disease and relapse while also avoiding resistance. Resistance- 
proofing novel drugs has not only been performed through the selection process by 
choosing targets that have slower mutation rates, but also by combining drugs to 
further minimize risk of resistance. Drug combinations ideally have fixed dose com-
binations and pediatric dosage formulations. Additionally, they ideally have similar 
half-lives so that the slower-eliminated drug is not left unprotected from resistance 
mechanisms [1]. Combining drugs can also assist with delivering the drug to the 
target molecule by overcoming resistance mechanisms to increase the effectiveness 
of the treatment [3]. By combining two drugs with different mechanisms of action, 
the probability of developing resistance for either drug is reduced should a parasite 
resist treatment and survive. Since the probability of a genetic mutation selecting for 
resistance to both mechanisms together is significantly reduced, this decreases the 
likelihood that resistance will develop for either. For this reason, ensuring that these 
drugs have similar pharmacokinetics and elimination half-lives is important to 
ensure that they stay protected from resistance [4]. Similarly, the formation of 
hybrid molecules is another process used to combat resistance which involves com-
bining two synergistic molecules that have different targets [1].

When it comes to finding novel drugs, researchers must investigate molecules 
that can target certain biological processes to kill the Plasmodium spp. parasite. 
Quinine, the first molecule discovered to treat malaria, was originally discovered 
from the bark of the Cinchona tree (found in South America) and the synthetic 
derivatives of this molecule were then created to form more quinoline drugs. 
Synthetically derived drugs are a potential solution to the discovery of novel anti-
malarials but are limited in the amount of existing synthetic libraries and combina-
tions of chemical reactions required to make new potential drugs. As a result, the 
production of synthetic drugs is viewed less favorably compared to using biological 
molecules derived from existing organisms instead. Discussed later in this chapter, 
many marine animals provide a source for these potentially useful biological mol-
ecules [5].

3  Resistance Mechanisms

The need for novel drugs stems from the fact that many current antimalarial drugs 
that have been successful in the past have fallen victim to resistance mechanisms 
by the Plasmodium spp. parasite [6]. With chloroquine being one of the first 
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synthetically derived alkaloids that was used for the treatment of malaria, it soon 
became one of the first to display resistance in Plasmodium falciparum. Because of 
this increase in resistance, measures were taken to develop alternative antimalarial 
drugs including artemisinin, sulfadoxine-pyrimethamine, and mefloquine. However, 
several strains of the parasite have eventually developed resistance to these alterna-
tive treatments and combination drugs have been recommended for treatment [7].

Understanding resistance mechanisms is important since it allows scientists to 
find alternative treatments that can bypass these mechanisms and assert their effects. 
Drug-resistant strains are determined by measuring the shift in their IC50, i.e., the 
drug concentration necessary to inhibit parasitic activity by 50% and comparing it 
to sensitive strains. Typically, there is a 20-fold increase in the IC50 of resistant 
strains compared to sensitive strains. Currently, there are only a few resistance 
mechanisms involving genetic mutations that are known to researchers. Among 
these include mutations in antifolate targets such as dihydropteroate synthase 
(pfdhps), dihydrofolate reductase (pfdhfr) along with electron transport inhibitors 
such as cytochrome bc1 (pfcytb). Additionally, genetic mutations led to the forma-
tion of transporters such as the chloroquine transporter (pfcrt) and multidrug resis-
tance 1 (pfmdr1) which have also allowed for resistance to form to certain 
antimalarial drugs, including chloroquine which is thought to prevent heme detoxi-
fication. Mutations in dihydrofolate reductase have allowed for the parasitic folate 
pathway to progress in the presence of antifolate drugs pyrimethamine and cyclo-
guanil while mutations in dihydropteroate synthase have a similar effect on 
sulfadoxine.

Different strains of Plasmodium spp. exhibit different genetic mutations that 
have led to the formation of these resistance mechanisms. The V1/S strain has muta-
tions in pfdhfr that leads to high resistance against cycloguanil and pyrimethamine. 
Strains Dd2 and FCB have genetic mutations that have allowed for increased copy 
numbers of pfmdr1 which has made it easy for develop resistance for mefloquine 
and artemisinin-derived drugs [6]. The following strains of P. falciparum are fre-
quently used in drug discovery research to determine the potential of new drugs: the 
chloroquine-sensitive strains TM4, D10, 3D7, PoW, and D6 along with the 
chloroquine- resistant strains W2, Dd2, FcB1, and FCR-3. Lastly, the multidrug- 
resistant K-1 strain is also used to determine the effectiveness of new potential 
drugs [8]. Figure  2 highlights mechanisms of resistance to antimalarials 
(Reproduction permission [6]).

4  Potential Drug Targets

Molecules that target different aspects of the Plasmodium spp. life cycle are being 
looked at as possible drugs to combat malaria. Specifically, proteases responsible 
for playing a vital role in the Plasmodium spp. life cycle are being targeted. These 
include cysteine proteases, aminopeptidases, and aspartic proteases (also known 
as plasmepsins). Current research is looking into plasmepsin V inhibitors along 
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Fig. 2 Resistance mechanisms to antimalarials [6]

with drugs that target plasmepsins IX and X, whose functions in the Plasmodium 
spp. life cycle have recently been discovered. Another potential drug target that is 
being investigated is the Na + -ATPase 4, which has been the target for drugs like 
cipargamin, SJ557733, and 21A092. Inhibitors to other enzymes relevant to 
Plasmodium spp. processes including phenylalanyl-tRNA synthetase, histone 
deacetylase, hypoxanthine- guanine-(xanthine) phosphoribosyltransferase, and 
N-myristoyltransferase are also being investigated [1].

Replication inhibitors are a popular target for drug development and include 
ozonides like OZ439, imidazolopiperazines like KAF156, and spiroindolone cipar-
gamin such as KAE609. Inhibition of pyrimidine synthesis is a popular target for 
drug development. DSM-265, a drug currently in Phase 2 development, acts as a 
dihydroorotate dehydrogenase inhibitor in both the blood and liver stages of the 
Plasmodium spp. life cycle in humans [1].

Antimalarial drugs can target an assortment of different targets in the Plasmodium 
spp. parasite. One of these is elongation factor 2 (EF-2), which is expressed in many 
of the life cycle stages of the parasite. It is involved in the translocation of tRNA 
within the ribosome during protein synthesis. M5717 is a new drug discovered 
which inhibits PfeEF2; however, resistance has been found in strains 3D7, 7G8, and 
Dd2 due to mutations in the genes responsible for encoding elongation factor-2 [3]. 
This drug also has the potential to affect the parasite at different stages, including its 
blood stages, pre-erythrocytic stages, and female and male mature gametocytes. 
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Along with these characteristics, it is also a single-dose treatment that costs less 
than $1 (US dollar) which makes it a promising drug currently in development [1].

The Plasmodium spp. parasite requires a low intracellular sodium concentration 
to survive. To help it maintain these low sodium concentrations, it requires a P-type 
ATPase transporter that pumps sodium out of the cell. By inhibiting this transporter, 
it causes a build-up of sodium within the cell which kills the parasite. (+)-SJ733 and 
KAE609 both inhibit the PfATP4 transporter responsible for this function, although 
there is no evidence that these compounds bind to the transporter themselves. The 
sodium-proton antiporter is another transporter that is responsible for decreasing the 
sodium concentration within the cell; however, its mechanism causes it to bring in 
protons as a result. However, in order for the pH to remain a consistent 7.3 within 
the parasite, the V-type H+-ATPase is necessary for removing excess protons. 
MMV253 is a drug that targets this V-type H+ ATPase and inhibits it, causing the 
Plasmodium spp. parasite to die [3]. Currently, its goal is to become a single-dose 
radical cure [1].

Phosphatidylinositol 4-kinase (PI4-K) is another possible drug target since it 
works to regulate intracellular signaling and trafficking by phosphorylating lipids. 
UCT943 and MMV048 both inhibit PI4K by interfering with its ATP binding region 
and disrupting the intracellular distribution of PI4-phosphate; however, MMV048 
was disqualified as a candidate due to its toxicity. UCT943 drug is more useful in 
targeting early parasite development but has decreased effectiveness in late-stage 
parasite development [3].

P. falciparum requires pyrimidines to replicate. Therefore, it requires oxidized 
dihydroorotate to make orotate as a precursor to the formation of pyrimidines. The 
enzyme responsible for this step is known as dihydroorotate dehydrogenase, which 
can be inhibited to stop replication of the parasite within erythrocytes. DSM265 is 
a promising drug in development that targets this enzyme and is even capable of 
working on chloroquine-resistant strain D10. Another requirement for parasite rep-
lication is folate. Plasmodium spp. has the dihydrofolate reductase enzyme (pfD-
HFR) that helps recycle folate which helps synthesize purines, thymidylate, and 
methionine. P218 is a new drug in development that, like cycloguanil and pyrimeth-
amine, acts to target and inhibit pfDHFR [3]. Figure 3 highlights the mechanism of 
action of antimalarials (Reproduction permission, [1]).

5  Synthetic Drugs in Development

M5717, developed in 2015, can affect the Plasmodium spp. parasite through a new 
mechanism of action. The identification of a novel M1 compound led to the devel-
opment of the improved M2 and M3 precursors, which were eventually modified 
into their most potent form known as M5717. By modifying the precursors through 
replacement with a fluorine group, ethylpyrrolidine, and a morpholine fragment, the 
compound was engineered to have activity against the 3D7 strain in addition to 
other drug-resistant strains at equal potency against all life cycles of the Plasmodium 
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Fig. 3 Antimalarial mechanisms of action [1]

spp. It works through inhibition of PfoEF2. It has been deemed to be as effective as 
current antimalarial drugs after trials with Plasmodium berghei mouse model using 
dosages 120 mg/kg p.o. q.d. It can clear the blood stage completely and it can be 
used in a long duration in combination with other fast-acting compounds. It also 
shows promising results with chemoprotection and late-stage transmission.

MMV253, a new triaminopyrimidine (TAP), has demonstrated viral potency in 
the past as well as potential efficacy as an antimalarial. It originated by M’1 an 
identified TAP that is formed from inhibition of herG which was then optimized to 
increase solubility and potency, thus allowing it a 36-hour half-life. The mechanism 
of action of this drug is through inhibition of pfATP4.

From the class of 2-aminopyrazine comes UCT943, a potential antimalarial drug 
with a single-dose curing ability at a 4 × 10 mg/kg dosage with ED90, i.e., the dose 
that produces an antimalarial effect in 90% of the experimental population, of 1 mg/
kg. The original 3,5-diaryl-2-aminopyridine series yielded the U1 compound which 
was potent against the NF54 strain, but due to low solubility and high metabolic 
clearance, needed to be altered. Through the replacement of the hydroxy and 
methoxy groups with a trifluoromethyl group, the U2 version was formed. However, 
this change led to further decreases in the solubility and thus the mesyl group was 
replaced with piperidine carboxamide to form the U3 compound. To further improve 
it to its final form (UCT943), a nitrogen atom was added to the pyridine ring. This 
potential drug is potent across the many life stages of both P. vivax and P. falci-
parum and works by targeting its phosphatidylinositol-4-OH kinase (pfPI4K).

AN13762 comes from the benzoxaborole class of antimalarials and has a multi- 
strain efficacy. It was initially derived from AN3661 which was discovered to be a 
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potent compound against the 3D7 strain by targeting its pfCPSF3. To increase its 
potency, its alkylcarboxylic acid chain was moved and pyrazine ether was put in its 
place which gave rise to A2. However, this alteration resulted in an increased clear-
ance rate. By replacing the ester with an amide group, the A3 form was produced 
which had increased stability and bioavailability but reduced the potency. By con-
verting the primary amide into a tertiary cyclic amide and adding a methyl group on 
benzoxaborole, the final form (AN13762) was formed which allowed it to maintain 
its metabolic stability while increasing the potency. Despite the familiarity with the 
mechanism of action for the AN3661 form, AN13762’s mechanism is still unknown. 
Due to its lack of cytotoxicity to humans up to 100 mM, it shows good drug poten-
tial and has now entered the preclinical phase of drug development [3].

SC83288, an amicarbalide derivative, is a fast-acting treatment given via IV or 
through parenteral administration for severe malaria that is highly potent against 
drug-resistant strains at an IC50 < 20 nM. It also works against early stages of game-
tocytes at an IC50 = 199 nM; however, it is not effective against late stages of game-
tocytes. It was identified as a good alternative for artemisinin since it has no cross 
resistance with those drugs and can be used in conjunction with slow-acting drugs 
for better results [3]. In fact, it was found to have a 10-fold reduction in Plasmodium 
spp. parasite per life cycle compared to parenteral administration of artesunate [1]. 
It was initially discovered that amicarbalide (S1) can dock into the lactate dehydro-
genase of P. falciparum which made it highly potent against Dd2 strains. Through 
replacement of the amidine group with a sulfonamide linker, DNA binding effects 
were minimized and improvement in solubility and metabolic stability resulted to 
produce S2 version. To increase potency and solubility, the second amidine group 
was converted into a piperazine ring which further increased potency and solubility 
but resulted in poor permeability. Lastly, SC83288 was produced by converting the 
butyl chain into an acetyl group to make this final form more permeable and effec-
tive. This new compound was shown to not exhibit cytotoxicity, genotoxicity, or 
hERG binding when tested on the P. vinckei malarial mouse model, allowing it to 
be safe and effective for curing these infections at a dose of 80 mg/kg. Unfortunately, 
it is inactive against P. berghei. Its mechanism of action is unknown, but it is hypoth-
esized that pfATP6 is indirectly associated and that PFMDR2 plays a role in the 
resistance mechanism for this parasite [3].

Chloroquine-resistant P. falciparum strains have been difficult to treat due to 
mutation in PfCRT, a transporter which pumps chloroquine out of the parasite. 
Chloroquine typically works by binding heme and inhibiting beta-hematin forma-
tion. Reversed chloroquine class drugs combine a chloroquine core with a reversal 
agent such as imipramine and have shown promising results for overcoming this 
chloroquine resistance. Imipramine and other reversal agents serve to inhibit this 
transporter so that the parasite cannot pump out the chloroquine. Of this class, new 
drug DM1157 has been developed to overcome this resistance. Initially, its precur-
sor, D2, was developed by combining a chloroquine core with imipramine to make 
the first agent in this class of drugs. However, D2 suffered from poor bioavailability 
and stability. By substituting imipramine with 1-(2,2-diphenylmethyl) piperazine, 
the resulting product was made to be more stable. However, this change resulted in 
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a high partition coefficient which reduced its solubility in water. Converting the 
piperazine into aminopiperidine and the two phenyl groups into pyridines led to a 
more potent and hydrophilic compound, DM1157, which binds more strongly to 
heme to inhibit beta-hematin formation. DM1157 can be administered orally or 
subcutaneously, with an effective oral dose of 4 × 30 mg/kg when used in mice 
which lead to two-thirds of the mice being cured within 30 days of infection. It has 
been proven effective in multidrug-resistant strains of P. falciparum and P. vivax in 
Indonesia [3].

Discussed previously, SJ733, a single-dose dihydroisoquinoline that functions to 
inhibit PfATP4, can affect the blood schizont stage of both Plasmodium falciparum 
and P. vivax while also inhibiting gametocytogenesis. With a half-maximal effective 
concentration in the 10–60 nM range and no toxicity seen in animal models, even 
with a given dose 43 times the effective dose, it is being considered as a promising 
antimalarial drug candidate [1].

Also discussed in the above section are KAF156 and KAE609 whose synthesis 
is described here. The compound K1 was initially discovered as a compound with 
antimalarial potential that contained benzodioxole and phenyl groups that were 
changed to 4-fluorobenzene to form the compound K2 to increase the compound’s 
potency. The addition of a dimethyl group and removal of the glycine residue from 
the piperazine ring on K2 created the new compound KAF156 which had signifi-
cantly more potency and efficacy compared to the original compound, K1. In vivo 
studies with mice infected with P. berghei showed that the compound blocked trans-
mission of the parasite when mice were given an oral dose of 10 mg/kg prior to 
infection. Another promising compound identified was K’1, a spiroazepineindole 
that had efficacy against the K1 and NF54 strains of the parasite. Being a racemic 
compound, K’1 underwent chiral separation and further studies discovered that the 
1R, 3S enantiomer was significantly more potent than the other enantiomer. Named 
K’2, this enantiomer underwent further alterations, including the reduction of its 
ring size and a Pictet–Spengler reaction, which yielded the final product: KAE609. 
This compound was noted to be as effective at treating P. falciparum and P. vivax as 
artesunate, while maintaining low cytotoxicity [3]. Table 1 summarizes the charac-
teristics of synthetic antimalarial compounds.

6  Naturally Derived Antimalarials

The synthetic library is one of the major ways in which antimalarial compounds are 
produced for the purpose of drug development. However, many of these substances 
require many steps for their synthesis which further complicates their creation and 
increases the cost of development. Many researchers have therefore turned toward 
nature in their search for antimalarial compounds since many plants, animals, and 
bacteria produce substances with antimalarial properties which could make them 
easier and cheaper to mass produce.

P. Gallagher and C. Preuss



11

Ta
bl

e 
1 

Sy
nt

he
tic

 a
nt

im
al

ar
ia

l c
om

po
un

ds

D
ru

g 
na

m
e

D
ru

g 
ty

pe
M

ec
ha

ni
sm

 o
f 

ac
tio

n
St

ag
e 

sp
ec

ifi
ci

ty
Pl

an
 f

or
 d

ev
el

op
m

en
t

Si
de

 e
ff

ec
ts

C
lin

ic
al

 
st

at
us

M
57

17
Q

ui
no

lin
e-

4-
 

ca
rb

ox
am

id
e

In
hi

bi
ts

 E
F-

2
M

ul
ti-

st
ag

e
Si

ng
le

-d
os

e 
tr

ea
tm

en
t

–
Pr

ec
lin

ic
al

U
C

T
94

3
2-

A
m

in
op

yr
az

in
e

Pf
PI

(4
)K

 in
hi

bi
to

r
B

lo
od

 s
ch

iz
on

t
T

re
at

m
en

t a
nd

 p
ro

ph
yl

ax
is

–
Pr

ec
lin

ic
al

A
N

13
76

2
B

en
zo

xa
bo

ro
le

U
nk

no
w

n
B

lo
od

 s
ch

iz
on

t
Si

ng
le

-d
os

e 
cu

re
; p

ro
ph

yl
ax

is
–

Pr
ec

lin
ic

al
SC

83
28

8
A

m
ic

ar
ba

lid
e 

de
ri

va
tiv

e
H

yp
ot

he
si

ze
d 

as
so

ci
at

io
n 

w
ith

 
pf

A
T

P6

B
lo

od
 s

ch
iz

on
t

T
re

at
m

en
t f

or
 s

ev
er

e 
m

al
ar

ia
–

Pr
ec

lin
ic

al

D
M

11
57

R
ev

er
se

d 
ch

lo
ro

qu
in

e
H

em
oz

oi
n 

m
et

ab
ol

is
m

 
in

hi
bi

to
rs

B
lo

od
 s

ch
iz

on
t

Si
ng

le
-d

os
e 

cu
re

–
Pr

ec
lin

ic
al

SJ
73

3
D

ih
yd

ro
is

oq
ui

no
lin

e
In

hi
bi

ts
 P

fA
T

P4
B

lo
od

 s
ch

iz
on

t a
nd

 
in

hi
bi

ts
 g

am
et

oc
yt

og
en

es
is

Si
ng

le
-d

os
e 

cu
re

–
C

lin
ic

al

K
A

E
60

9
Sp

ir
oi

nd
ol

on
e

Pf
A

T
P4

 in
hi

bi
to

r
B

lo
od

 s
ch

iz
on

t
C

om
bi

ne
 w

ith
 lo

ng
-a

ct
in

g 
dr

ug
 th

at
 is

 n
ot

 s
us

ce
pt

ib
le

 to
 

Pf
A

T
P4

 m
ut

at
io

n

H
ep

at
ot

ox
ic

ity
C

lin
ic

al

M
M

V
25

3
T

ri
am

in
op

yr
im

id
in

e
A

T
Pa

se
 in

hi
bi

to
r

B
lo

od
 s

ch
iz

on
t

Si
ng

le
 d

os
e

–
Pr

ec
lin

ic
al

K
A

F1
56

Im
id

az
ol

op
ip

er
az

in
e

U
nk

no
w

n
M

ul
ti-

st
ag

e
Si

ng
le

 d
os

e 
w

ith
 lu

m
ef

an
tr

in
e

M
ild

 tr
an

sa
m

in
iti

s;
 

as
ym

pt
om

at
ic

 
br

ad
yc

ar
di

a

C
lin

ic
al

New Malarial Drugs in Synthesis Research



12

6.1  Marine-Derived Antimalarials

Marine invertebrates such as sponges, soft corals, and tunicates may hold the poten-
tial for the discovery of antiplasmodial drugs through their secondary metabolites. 
Additionally, marine invertebrate harbor microorganisms that are being investigated 
for their potential in contributing to the secondary metabolites that may play a role 
in drug development. A significant advantage to these antimalarial compounds is 
that due to their biologically derived nature, large-scale gene cloning is an option 
for mass production of these antimalarial metabolites [5].

6.1.1  Marine-Derived Isonitriles

Isonitrile-containing compounds from marine invertebrates and other biological 
sources have been studied and determined to contain moderate to high antimalarial 
activity with minimal cytotoxicity. Isolated from the marine sponge Axinella can-
nabina, axisonitrile-1, along with its  formamide-containing derivatives, which 
includes axisonitrile-3, have been evaluated as potential active compounds against 
malaria. Years after the discovery of these compounds, axisonitrile-3 was also able 
to be isolated from Acanthella klethra and experiments found that this isolate dem-
onstrated antimalarial activity against both chloroquine-resistant and chloroquine- 
sensitive P. falciparum while maintaining no cytotoxicity toward KB cells, a human 
epidermal cancer cell line. Research into the secondary metabolites associated with 
Cymbastela hooperi, another marine sponge, allowed for the discovery of amphilec-
tane,  isocycloamphilectane, and neoamphilectane compounds all of which have 
some isonitrile, isothiocyanate, or isocyanate functional groups within them. 
Notably, scientists were able to isolate kalihinane dipertenoids from a Japanese 
sponge known as Acanthella sp. These compounds have previously demonstrated 
antifungal, antihelminthic, and antifouling activity but have also been found to have 
one of the most potent antiplasmodial effects with an IC50 of 0.4  ng/mL.  These 
compounds all demonstrated selective antimalarial activity when administered 
in vitro at a low nM concentration with very minimal cytotoxicity associated with 
them. Further research into these compounds compared the IC50 between the isoni-
trile, isothiocyanate, and isocyanate compounds to determine the activity levels for 
each group. Findings concluded that the isonitrile functional group appeared to be 
the best candidate compounds since they had antimalarial activity at lower concen-
trations compared to the other studied compounds. Additionally, when comparing 
isonitrile-containing derivatives, the carbon skeletons from the structurally similar 
compounds differed in their IC50 which suggests that the location of the functional 
group can also play a role in the compound’s potency.

As discussed in a previous section, the Plasmodium spp. parasite requires that 
the heme within the host’s erythrocytes be destroyed for its survival. Isonitriles 
provide an antiplasmodial effect by preventing heme detoxification. By interacting 
with the free heme and forming a pharmacophore, isonitriles inhibit the formation 
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of heme into β-hematin thus preventing the formation of hemozoin, a compound 
that neutralizes free heme within the cell. In doing so, the parasite is susceptible to 
the toxic effects of free heme and cannot survive. Additionally, isonitriles prevent 
peroxidative and glutathione-mediated heme destruction which further promotes 
the death of the parasite [5].

6.1.2  Marine-Derived Alkaloids

Alkaloids, such as chloroquine, are a valuable source for antimalarial compounds. 
Manzamines, a polycyclic alkaloid first derived from a marine sponge from the 
genus Haliclona, are a very promising source for antimalarial drugs. Since the dis-
covery of the first alkaloid, the discovery of similar manzamine alkaloids has been 
found in many different genus and orders of sponges suggesting that the compounds 
produced result from a bacterium that shares a symbiotic relationship with these 
different sponges. Further research discovered the Micronosphora spp. bacteria 
were the source of these manzamines and that there are many derivatives of these 
manzamine-based alkaloids. These manzamine-type alkaloids have been shown to 
potentially inhibit the growth of P. falciparum. When comparing the different deriv-
atives of these manzamine-type alkaloids, it was discovered that several types play 
no significant role in antimalarial activity. By comparing these structures to those 
that do display antimalarial activity, it was discovered that structural differences in 
the 8-membered ring play a role in the compound’s effectiveness, specifically that 
the carbon 34 methine, the carbon 12 hydroxyl, or ring configuration are the deter-
minant factors.

Marine-derived alkaloids are especially useful in being potential alternative uses 
for chloroquine-resistant strains of P. falciparum. Homofascaplysin A, an alkaloid 
derived from Hyrtios erecta, contains a β-carboline group that shows activity against 
chloroquine-resistant P. falciparum strains of the parasite but unfortunately also 
leads to myoblast toxicity. Similarly, decahydroquinoline derivatives known as 
lepadins also display antimalarial activity in some analogs and are derived from 
sponges Clavelina lepadiformis and Didemnum spp.. Related to lepadins are phloeo-
dictynes, derived from the genus Oceanapia, whose bicyclic structure with long 
alkyl chains allows it to have activity against the chloroquine-resistant FGB1 strain. 
Another potential alkaloid is heptyl prodigiosin, a pigment from the α-proteobacteria 
living among a marine tunicate. Despite its activity against chloroquine-sensitive 
strain 3D7 of P. falciparum and P. berghei, in vivo studies on mice demonstrated 
sclerosed lesions at the site of injection. For all the alkaloid compounds described 
above so far, the mechanism of action has yet to be elucidated. However, for the 
better known antiplasmodial compounds, oroidin and salinosporamide A, the mech-
anisms of action have been determined and well documented. Oroidin and its deriv-
atives work to inhibit the enoyl-ACP reductase in Plasmodium falciparum, thus 
inhibiting fatty acid synthesis. A γ-lactam alkaloid known as salinosporamide A, 
obtained from the marine bacterium Salinispora sp., acts as a proteasome inhibitor. 
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Both compounds successfully reduce malarial infection and research continues to 
investigate the potential for the derivatives of these compounds in the treatment of 
malaria [5].

6.1.3  Marine-Derived Endoperoxides

Endoperoxides, such as artemisinin, contain a 1,2,4-trioxane moiety and other com-
plex structural features that have rendered them a difficult group of drugs to synthe-
size in the lab. Therefore, the discovery and research of marine-derived endoperoxides 
provide a valuable source to produce endoperoxides with the potential to become an 
alternative to artemisinin-based drugs. Endoperoxides like artemisinin rely on an 
endoperoxide linkage for their function. During the digestion of hemoglobin, the 
heme iron (II) is released which allows the endoperoxide to interact with it and leads 
to the peroxide’s cleavage. This causes C-centered radicals to form which alkylate- 
sensitive macromolecular targets, such as the Plasmodium’s calcium-dependent 
ATPase (PfATP6). Currently, there are two sources of endoperoxides from a bioge-
netic origin, polyketides and terpenoids, which are undergoing further research into 
their potential as antimalarials [5].

Polyketides, an endoperoxide derivative, known as plakinidae consist of five- or 
six-membered 1,2-dioxygenated rings and sometimes contain an additional per-
oxyketal group due to a 3-methoxy substitution. Originally, these substances were 
isolated from Plakortis halichondroides but have recently been isolated from 
Plakortis simplex, a sponge found in the Caribbean. This same sponge also contains 
plakortin analogs known as plakortide Q, 3-epiplakortin, and dihydroplakortin that 
act in a similar effective fashion against the D10 and W2 chloroquine-resistant 
strains of the Plasmodium spp. parasite without cytotoxicity [5]. Plakortide Q dem-
onstrated the highest inhibition against both the drug-resistant and sensitive strains 
of the parasite with an IC50 = 0.52–1 μM which indicates the importance of the 
structural C3 configuration on its activity [9]. However, despite similarity in struc-
ture, not all plakortins isolated from sea sponges have antimalarial activity. 
Plakortide L, isolated from Plakortis sp., and Plakortide O and P, both isolated from 
Plakortis halichondrioides, have shown to have very low in vitro activity against the 
Plasmodium spp. parasite. Mentioned earlier, derivatives of these compounds iso-
lated from Plakortis sp. include the peroxyketals which contain a 3-alkoxy-1,2- 
dioxane group that mimics the function of the 1,2,4-trioxane ring belonging to 
artemisinin. Peroxyplakoric acids A3 and B3 look promising for use as antimalarial 
substances against P. falciparum due to their good selective toxicity and have an 
IC50 = 50 ng/ml [5].

Not only do these compounds provide a hopeful source for effective antimalari-
als but can provide further insight on the antimalarial mechanisms by which differ-
ent functional groups play. Plakortin contains a simple structure that can help 
researchers further elucidate the relationship between structure and activity, espe-
cially the role played by the alkyl side chain and the dioxane ring on the heme. It is 
hypothesized that the differences in structure surrounding the dioxane ring and/or 
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alkyl side chain in these compounds are likely responsible for the differences in 
antimalarial activity between these similar compounds. The peroxyketal derivatives 
of these compounds have given researchers further insight on the importance of the 
side chain on antimalarial activity. In fact, research on these compounds indicated 
increased potency of the compound when converting the ester into an amide group. 
By comparing the differences in structure and function between these similar com-
pounds, research has concluded that the unsaturated bond within the backbone of 
these peroxyplakoric acids and their derivatives plays an essential role in its antima-
larial activity [5].

Terpenoids, another group of endoperoxide 1,2-dioxane derivatives undergoing 
testing for their potential as antimalarials, have only had limited research performed 
toward revealing their potential. Two terpenoids identified to have some activity 
against P. falciparum include sigmosceptrellin A and sigmosceptrellin B, its carbon 
3 epimer. Despite their near-identical stereochemistry, the difference in one carbon 
significantly reduces the activity of the C-3 epimer and further reveals the role of 
stereochemistry in compound potency. Isolated from the sponge Diacarnus levii, 
the norditerpene derivative methyl-3-epinuapapuanoate has been shown to have 
some activity (IC50 = 1.2 μg/mL) against the chloroquine-resistant strains of P. fal-
ciparum and a 56% growth inhibition toward the P. berghei species of the parasite 
at a concentration of 25 mg/kg [5].

6.1.4  Marine-Derived Quinones and Phenols

Ilimaquinone, a quinone obtained from the marine sponge Dactylospongia elegans, 
reveals a similar structure, function, and potency to the previously revealed sub-
stance xestoquinone. These compounds act as a protein kinase inhibitor to P. falci-
parum’s Pfnek-1, a never in mitosis/Aspergillus-related protein kinase involved in 
eukaryotic cell division [5]. Xestoquinone demonstrated antiplasmodial activity 
through this mechanism of action with an IC50 = 3 μM [9]. Like these compounds 
comes another group of quinone derivatives known as alisiaquinones that were iso-
lated from a New Caledonian sponge and exhibits similar activity against Pfnek-1 
as both ilimaquinone and xestoquinone. Of these compounds, alisiaquinone C has 
an even greater potency against P. falciparum and other plasmodial strains with an 
IC50 = 0.1 μM. Not only does this compound work just as well as the others at inhib-
iting Pfnek-1, but it also works by inhibiting the parasite’s farnesyl transferase 
which allows it to work more effectively than the other quinones studied [5]. The 
Plasmodium spp. parasites farnesyl transferase serves to promote protein–protein 
interactions and protein–membrane interactions by post-translationally modifying 
adding an isoprenyl group to a cysteine residue on the protein. Inhibiting this 
enzyme is toxic to the Plasmodium sp. parasite and results in its death [10].

Phenols demonstrating effective antimalarial activity have been obtained from 
marine sponges that belong to the Didiscus and Hyrtios genus. A sesquiterpene 
phenol, (S)-curcuphenol isolated from the Didiscus genus sponge, has demonstrated 
effective activity against the W2 and D6 strains of P. falciparum, with minimum 
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inhibitory concentration of 3.6  μg/mL and 1.8  μg/mL, respectively. 
15-Oxopuupehenol, the compound obtained from sponges of the Hyrtios genus, has 
demonstrated activity against the D6 strain (minimum inhibitory concentration of 
2.0 μg/mL) and W2 strain (minimum inhibitory concentration of 1.3 μg/mL) of 
P. falciparum as well [5].

6.1.5  Marine-Derived Peptides

Other promising molecules that have shown antimalarial activity come in the form 
of peptides isolated from marine cyanobacteria. Venturamide, a modified  cyclic 
hexapeptide  isolated from the species Oscillatoria, shows good selectivity and 
moderate activity against P. falciparum with an IC50 = 6–7 μM. Another linear alky-
noic lipopeptide, derived from Lyngbya majuscula, demonstrates a similar activity 
against the parasite. Lastly, gallinamide A, isolated from the Schizothrix species of 
cyanobacterium, has shown moderate antimalarial activity (IC50 = 8.4 μM) due to its 
unique structure containing 2-E-pentenoic acid and a dimethyl isoleucine ter-
minus [5].

6.1.6  Marine-Derived Polyethers

Polyethers are another class of compounds that have previously demonstrated effec-
tive antimalarial activity. The polycyclic alkyl skeleton of these compounds makes 
them lipophilic, and their terminal carboxyl group provides them with an oxygen- 
rich cavity that facilitates their ability to bind metal cations such as K+, Na+, and 
Ca2+ [11]. Due to their lipophilic structure, they can interact with the cell membrane 
of the infected red blood cells and are hypothesized to act as ionophores, making the 
membrane permeable to certain ions. The Streptomyces sp. derived from several 
marine sources creates a substance known as H668 which has shown to have a sig-
nificant activity against the parasite with an IC50 = 150 ng/mL [5].

The marine bacterium Streptomyces hygroscopicus is known to produce a mono-
glycosidic polyether substance known as K-41 that has been shown to have some 
antiplasmodial effects [11]. Specifically, this compound has demonstrated in vitro 
antimalarial effects for the multidrug-resistant K1 strain and drug-sensitive FCR3 
strain of P. falciparum, but with an IC50 value 3.6 times more potent for the K1 strain 
compared to FCR3. For the K1 strain, it demonstrated similar activity to that of the 
pyrimethamine, artemisinin, and chloroquine drugs. Additionally, in  vivo testing 
with oral administration of K-41 to rodents demonstrated a more potent effect 
against the N strain of P. berghei compared to artemether and artesunate antima-
larial drugs. Unfortunately, one drawback to this compound is its cytotoxicity for 
MRC-5, a human diploid embryonic cell line [12].
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6.1.7  Other Marine-Derived Compounds

Callophycus serratus, red algae plant found in Fiji, have contributed to the isolation 
of macrolide diterpene-benzoate compounds known as bromophycolides A, D, E, 
H, and M which have IC50 values of 0.9, 0.3, 0.8, 0.9, and 0.5 μM, respectively. 
Unfortunately, several of these compounds demonstrated cytotoxicity against 
human breast cancer cell lines [8]. Pycnidione, a compound derived from the 
Phomas species of marine fungus, has a similar structure to atovaquone which 
allows it to have antiplasmodial activity with an IC50 value in the 0.15 to 0.4 μM 
range [9]. Table 2 summarizes characteristics of marine antimalarial compounds.

6.2  Terrestrial-Derived Antimalarial Compounds

Plants have provided a source medicine for humans for thousands of years. The 
Chinese herb Artemisia annua was used as early as 243 A.D. in ancient China as a 
antimalarial remedy before its active ingredient, artemisinin, was isolated and used 
as a treatment in modern medicine. Many countries still rely on ethnopharmacologi-
cal remedies to this day since they are affordable and widely available. In fact, 
plants provide the major source of treatment for malarial infections in sub-Saharan 
Africa currently. However, the specific plant-derived sources for medicine differ by 
environment, population, and region. Because of the potential of these plant sources, 
researchers have been looking into isolating antimalarial compounds from different 
plant sources in hope of discovering novel drugs to treat multidrug-resistant forms 
of the parasite [8].

Isolates from Friesodielsia discolor, from the Annonaceae family of plants, gave 
rise to three flavonoid isolates showing antimalarial activity against the K1 strain: 
3′-formyl-2′,4′-dihydroxy-6′-methoxychalcone (IC50  =  9.2  μM), 8-formyl-7- 
hydroxy-5-methoxyflavanone (IC50 = 9.3 μM), and tectochrysin (IC50 = 7.8 μM). 
Unfortunately, the isolates also demonstrated cytotoxicity toward KB cells and 
MCF-7 cells, both human cancer cell lines at an IC50 between 13.9–34.5 μM. The 
isolates from the root extract of another member of the Annonaceae family, 
Mitrephora diversifolia, gave rise to 5-hydroxy-6-methoxyonychine which demon-
strated inhibitory action against the 3D7 (IC50 = 9.9 μM) and Dd2 (IC50 = 11.4 μM) 
strains of P. falciparum. The last potential compound isolated from this family of 
plants was Miliusacunines A and B, isolated from Miliusa cuneatus, which showed 
inhibitory activity toward the TM4 and K1 strains of the parasite with IC50 values of 
19.3 μM and 10.8 μM, respectively. Fortunately, neither of these compounds dem-
onstrated any cytotoxicity to Vero cells which is a human kidney epithelial cell 
line [8].

Another family of plants being investigated for antimalarial potential is the 
Araceae family. Extracts from the organic matter of Rhaphidophora decursiva 
revealed seven compounds with antimalarial action toward the W2 and D6 parasitic 
strains. Of these compounds, polysyphorin and rhaphidecurperoxin both showed 
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IC50 values in the 1.4–1.8 μM range against the parasite but with a cytotoxicity 
against KB cells with an effective dose (ED50) of 8.3–13.1 μM. The compounds 
rhaphidecursinols A and B, grandisin, and decursivine also demonstrated activity 
against the D6 and W2 strains of the parasite with IC50 values in the 3.4–12.9 μM 
range. Another compound, epigrandisin, showed activity against the W2 strain but 
not the D6 strain at a concentration of 23 μM. These last five compounds all showed 
cytotoxicity toward KB cells at ED50 = 23.9–37.0 μM. One last compound extracted 
from this species of plant was roridin E, a trichothecene compound. This compound 
showed potential due to its ability to inhibit parasitic growth at sub-nanomolar con-
centrations. Unfortunately, it also demonstrated significant cytotoxicity against KB 
cells which has excluded it from further research into its potential. However, a simi-
lar trichothecene known as verrucarin L acetate was later isolated from F. fitulosa, a 
species from the Moraceae family, that retained the same potency of antimalarial 
activity with significantly less cytotoxicity toward KB cells with an ED50 = 0.2 μM [8].

Isolates from Gongronema napalense, a member of the Asclepiadaceae family of 
plants, gave rise to a steroidal glycoside whose activity against P. falciparum has 
been investigated. The compound, gongroneside A, has demonstrated antimalarial 
activity against the D6 (IC50 = 1.6 μM) and W2 (IC50 = 1.4 μM) strains of the para-
site with no cytotoxicity toward KB cells at 13.7 μM [8].

The Asteraceae family of plants yielded two flavonoid glycoside compounds, 
apigenin 7-O-glycoside and luteolin 7-O-glycoside, from Achillea millefolium. 
These compounds demonstrated antimalarial activity against the W2 and D10 
strains with IC50 = 15.3–62.5 μM range. Carpesium divaricatum, another plant 
belonging to this family, produced a compound known as 2-isopropenyl-6-
acetyl-8- methoxy-1,3-benzodioxin-4-one that also showed inhibitory action 
toward the D10 strain with an IC50 = 2.3 μM. Another plant of interest from this 
family is the Microglossa pyrifolia due to its use as an herbal antimalarial remedy 
in Ghana. Two diterpene compounds were extracted from this species, E-phytol 
and 6E-geranylgeraniol-19-oic acid. E-phytol demonstrated inhibition toward the 
PoW strain with an IC50  =  8.5  μM and the Dd2 strain with an 
IC50  =  11.5  μM. 6E-geranylgeraniol-19-oic acid also showed inhibitory action 
against the PoW strain (IC50 = 12.9 μM) and the Dd2 strain (IC50 = 15.6 μM). One 
last species from this family of plants that was investigated for antimalarial poten-
tial was that of Echinops hoehnelii. Two acetylenic thiophene compounds were 
isolated from its roots: 5-(penta-1,3-diynyl)-2-(3,4-dihydroxybut-1-ynyl)-thio-
phene and 5-(penta-1,3-diynyl)-2-(3-chloro-4-acetoxy-but-1-yn)-thiophene which 
were used for in vivo studies on Plasmodium berghei-infected mouse models. The 
first compound demonstrated parasitic growth suppression by 50.2% at 100 mg/kg 
while the latter showed a growth suppression of 32.7% at 100 mg/kg. Neither of 
these compounds demonstrated any oral toxicity [8].

Buxus sempervirens, from the Buxaceae family of plants, yielded eight lupine trit-
erpene compounds which exhibited antimalarial activity toward the multidrug- resistant 
HB3 strain with an IC50 in the 0.5–3.0 μM range. Of these, 23-O-(trans)-feruloyl-23-
hydroxybetulin appeared to be the most promising since it was 75 times more discrimi-
nating toward the parasite than to HeLa cells when compared to the others [8].
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Interest in the Cecropia pachystachya species, belonging to the Cecropiaceae 
family, was due to its long-time use in Brazil as a medicinal plant. In vivo and in 
vitro studies of this plant material on both P. falciparum and P. berghei resulted in a 
35–66% reduction of parasitic infection. This initial study led to the isolation of two 
compounds within this plant, β-sitosterol and tormentic acid, which both demon-
strated antimalarial activity. However, only tormentic acid exhibited antimalarial 
action toward the chloroquine-resistant W2 strain with an IC50 in the 19.0–25.2 μM 
range [8].

The Chloranthaceae family of plants yielded several lindenane-type sesquiterpe-
noids with good antimalarial potential against the Dd2 strain of the parasite, each 
having IC50 values below 11.4 μM. Of these compounds, the most promising were 
Fortunilide A (IC50 = 5.2 nM) and sarglabolide J (IC50 = 7.2 nM), isolated from the 
species C. fortune, and chlorajaponilide C (IC50 = 1.1 nM), isolated from C. serratus 
and C. spicatus. In addition to their low IC50 values, they all had values over 500 for 
their selectivity index. The selectivity index is the ratio of antimalarial activity to 
cytotoxicity, indicating that these compounds appeared to be favorable as potential 
novel drugs [8].

Kaurene diterpene lactone isolates from Parinari capensis, a member of the 
Chrysobalanaceae family of plants, include 13-hydroxy-9-methyl-15-oxo-20- 
norkaur- 16-en-18-oic acid γ-lactone, 10-hydroxy-13-methoxy-9-methyl-15- 
oxo- 20-norkaur-16-en-18-oic γ-lactone, and 10-hydroxy-9-methyl-15-oxo-20- 
norkaur-16-en-18-oic acid γ-lactone. Experiments on these compounds to study 
their action against the FCR-3 strain of P. falciparum determined they had good 
activity against the parasite, and each had IC50 values of 1.7, 1.9, and 5.0 μM, 
respectively. However, these compounds also demonstrated cytotoxicity toward 
Graham cells which are human embryonic kidney cells also known as HEK 293, in 
the ED50 = 3.2–9.2 μM range which excluded them as potential drug candidates. 
Despite this, they could still be used as a basis for chemical alteration to reduce 
cytotoxicity while maintaining good antimalarial activity [8].

Another plant family of interest is the Clusiaceae family, specifically the species 
Garcinia mckeaniana. Isolates from this species yielded three xanthone compounds 
that each contain two isoprene units with antimalarial potential known as mckeania-
nones A-C and bannaxanthones I and E. These isolates demonstrated IC50 values 
between 6.0–8.5 μM for the mckeanianones and 3.6–7.3 μM for the bannaxantho-
nes against the TM4 and K1 strains of the parasite. However, mckeanianones B and 
C as well as the bannaxanthone compounds all demonstrated cytotoxicity against 
Vero cells at IC50 = 12.6–29.5 μM [8].

Three compounds with antimalarial activity against the D6 and W2 strains were 
isolated from Rourea minor, a species of the Connaraceae family. Two of these 
compounds were neolignane glycosides and one was the previously known com-
pound, 1-(26-hydroxyhexacosanoyl)-glycerol which exhibited an IC50 value of 
9.5 μM against the D6 strain and 12.7 μM against the W2 strain. Rourinoside, one 
of the neolignane glycosides, exhibited IC50 values of 3.7 μM against the D6 strain 
and 2.1 μM against the W2 strain. The other neolignane glycoside isolated, roure-
min, exhibited IC50 values of 5.1 μM against the D6 strain and 4.5 μM against the 
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W2 strain. None of these compounds demonstrated any cytotoxicity against KB 
cells at 20 μg/mL [8].

Ergosta-4,6,8,22-tetraene-3-one, 3-epideoxyflindissol, and 3β-O-cis-coumaroyl 
betulinic acid and 3β-O-trans-coumaroyl betulinic acid were isolated from the spe-
cies Cornus florida, a member of the Cornaceae family of plants. These compounds 
demonstrated inhibition toward the D10 strain of the parasite with IC50 values of 61, 
128, 10.4, and 15.3 μM, respectively [8].

In Brazzaville Congo, the plant species Cogniauxia podolaena has been tradi-
tionally used as a treatment for malaria. Because of this, researchers investigated the 
active compounds in the plants as a source of potential antimalarials against the 
FcM29 strain and isolated cucurbitacins B and D along with 20-epibryonolic acid, 
three bioactive triterpenes. Compounds cucurbitacin B (IC50 = 2.9 μM) and cucur-
bitacin D (IC50 = 7.8 μM) displayed high cytotoxicity toward KB cells with a 95% 
inhibition at 1 μg/mL. 20-epibryonolic acid (IC50 = 4.4 μM) only demonstrated 20% 
inhibition toward KB cells which makes it a more favorable compound in the search 
for novel antimalarials [8].

Muang Kout (Diospyros quaesita Thw.), a plant found in Laos, is a member of 
the Ebenaceae family of plants whose isolates yielded a compound known as betu-
linic acid 3-caffeate. This compound showed antimalarial activity against the D6 
strain with an IC50 = 1.4 μM and the W2 strain with an IC50 = 0.98 μM. Unfortunately, 
this substance demonstrated cytotoxicity against KB cells with an ED50 = 4.0 μM [8].

Not all naturally derived compounds are effective by themselves, the natural 
product-based synthetic compound library holds many compounds derived from 
natural compounds that have been modified to produce a desired effect. Jatrophone 
diterpene derivatives isolated and modified from Jatropha isabelli, a member of the 
Euphorbiaceae family, have demonstrated inhibitory action toward the 3D7 and K1 
strains of the P. falciparum parasite. These two diterpene derivatives have demon-
strated IC50 values of 5.7 and 5.9 μM, respectively, against the 3D7 strain, and 5.9 
and 6.1 μM, respectively, against the K1 strain of the parasite. They were evaluated 
for cytotoxicity against the HepG2, RAJI, BJ, and HEK293 human cell lines which 
resulted in low toxicity to these cells with an ED50  =  26  μM.  Isolates from 
Strophioblachia fimbricalyx, another member of this family, known as 
9-O-demethyltrigonostemon and 3,6,9-trimethoxyphenanthropolone demonstrated 
inhibitory activity against the K1 strain. The former compound had an IC50 value of 
8.7 μM while the latter had an IC50 value of 9.9 μM [8].

Cajanus cajan L., a member of the Fabaceae family, is a plant that has been used 
as an antimalarial in Nigeria. A cajachalcone compound was isolated from this spe-
cies known as 2′,6′-dihydroxy-4-methoxy chalcone that exhibited activity against 
the K1 strain of the parasite with an IC50 value of 7.4 μM. Another member of this 
family found in Madagascar, Piptadenia pervillei, provided two isolates: (+)-cate-
chin 5-gallate and (+)-catechin 3-gallate. Both exhibited inhibitory activity against 
the FcB1 strain of P. falciparum with (+)-catechin 5-gallate having an IC50 value of 
1.2 μM and (+)-catechin 3-gallate having an IC50 value of 1.0 μM. Neither of these 
compounds exhibited cytotoxicity toward MRC-5, human embryonic lung cells, at 
a concentration of 75 μM.  One last species investigated from this family was a 
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specific variety of Prosopis glandulosa which yielded two isolates, prosopilosidine 
and isoprosopilosidine. Prosopilosidine exhibited an IC50 value of 0.1 μM toward 
the D6 strain and 0.3 μM toward the W2 strain with low cytotoxicity against KB 
cells at an ED50 of 20.2 μM. Isoprosopilosidine exhibited an IC50 = 0.1 μM against 
the D6 strain and 0.3 μM against the W2 strain and had a low cytotoxicity toward 
KB cells at an ED50 = 18.8 μM [8].

Quercus laceyi, a species from the Fagaceae family of plants, isolated four 
kaempferol-3-O-glucosides which showed activity against the HB3 strain of the 
parasite at an IC50 value in the 0.6–2.1 μM range. These compounds, however, also 
demonstrated cytotoxicity toward HeLa cells at <3 μM [8].

Another family of plants which had several species with antimalarial potential 
was that of the Hypericaceae family. An isolate from Vismia orientalis, a plant used 
medicinally in Tanzania, known as vismione D demonstrated activity against the K1 
strain of the parasite with an IC50 = 2.4 μM but showed cytotoxicity against L6 cells, 
human muscle cells, at IC50 = 10 μM. Researchers also investigated Psorospermum 
glaberrimum, another species of this family, and were able to isolate 
3- geranyloxyemodin anthrone and acetylvismione D from its stems. These isolates 
exhibited activity against the W2 strain with an IC50 = 1.7 μM for 3- geranyloxyemodine 
anthrone and IC50 = 0.1 μM for acetylvismione D [8].

Luteolin 7-O-β-D-glucopyranoside and chrysoeriol 7-O-β-D-glucopyranoside, 
both types of flavonoid glycosides obtained from Phlomis brunneogaleata, a mem-
ber of the Lamiaceae family, demonstrated inhibitory action toward the K1 strain of 
the parasite with IC50  =  5.4  μM for lutein 7-O-β-D-glucopyranoside and 
IC50 = 12.7 μM for chrysoeriol 7-O-β-D-glucopyranoside. Several Salvia species of 
plants within this family have been used in South Africa for medicinal purposes and 
researchers wanted to investigate the isolates of these strains to determine antima-
larial potential. S. radula isolates, betulafolientriol oxide and salvigenin, demon-
strated the most potent antimalarial activity with IC50  =  10.4 and 75  μM, 
respectively [8].

Species within the Loganiaceae family and Lythraceae family were also investi-
gated for their antimalarial potential. Isolates from Strychnos icaja, a member of the 
Loganiaceae family, included 15-hydroxyvomicine and N-methyl-sec-iso-
pseudostrychnine which demonstrated activity against the 3D7 strain at 
IC50 = 101.0 μM for the former and IC50 = 110.6 μM for the latter monomer. In 
China and India, members of the genus Ammannia, within the Lythraceae family, 
are frequently used for treatment of diseases and researchers further investigated the 
isolates of several species from this genus of plants. Ammannia multiflora yielded 
two compounds with activity against the NF-54 strain of P. falciparum, 4-hydroxy- 
α-tetralone, and tetralone-4-O-β-D-glucopyranoside which demonstrated IC50 val-
ues of 194 and 124 μM, respectively. Another species within this genus, Ammannia 
baccifera yielded the compound ammaniol, which demonstrated an IC50 value of 
88.3 μM against this same strain [8].

A benzylisoquinoline alkaloid, isolated from Doryphora sassafras, a member of 
the Monimiaceae family, demonstrated antimalarial activity against the 3D7 strain 
(IC50 = 3.0 μM) and the Dd2 strain (IC50 = 4.4 μM). This compound, known as 
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1-(4-hydroxybenzyl)-6,7-methylenedioxy-2-methylisoquinolinium trifluoroace-
tate, also demonstrated no cytotoxicity against human HEK293 cells at 
120  μM.  Another species of this family, Glossocalyx brevipes, yielded methyl 
2-(1′β-geranyl-5′β-hydroxy-2′-oxocyclohex-3′-enyl) acetate and methyl 
2-(1′β-geranyl-5′β-hydroxy-2′-oxocyclohex-3′-enyl) acetic acid. These two com-
pounds were tested against the D6 and W2 strains of the parasite and demonstrated 
IC50 values of 2.2 and 6.6 μM, respectively, against the D6 strain. For the W2 strain, 
methyl 2-(1′β-geranyl-5′β-hydroxy-2′-oxocyclohex-3′-enyl) acetate had activity 
against it at an IC50  =  4.8  μM and methyl 2-(1′β-geranyl-5′β-hydroxy-2′-
oxocyclohex-3′-enyl) acetic acid had antimalarial action at an IC50 = 8.3 μM [8].

The Moraceae family, discussed earlier as contributing a trichothecene com-
pound as an alternative to roridin E, also has another species known as Ficus septica 
which has contributed three phenanthroindolizine alkaloids with antimalarial activ-
ity. These compounds, dehydrotylophorine, dehydroantofine, and tylophoridicine 
D, were tested for inhibitory action on the 3D7 strain of the parasite and demon-
strated activity against the parasite at IC50 values between 0.03 and 
0.4  μM.  Dehydroantofine and tylophoridicine D demonstrated no cytotoxicity 
against L929, mouse fibroblast cells, at 50 μM; however, dehydrotylophorine did at 
an IC50 = 8.2 μM [8].

The Malvaceae family and the Myristicaceae family were investigated for com-
pounds with antimalarial activity. (R)-(-)gossypol, isolated from the twigs of 
Thespesia danis, a member of the Malvaceae family, demonstrated antiplasmodial 
activity at IC50 = 4.5 μM despite its enantiomer being inactive at concentrations up 
to 20 μM. This sheds further light on the importance of stereochemistry on com-
pound activity. Malabaricone A, a compound isolated from Knema glauca of the 
Myristicaceae family, was found to be an active compound against the K1 strain of 
the parasite at IC50 = 8.5 μM. Unfortunately, it was found to be cytotoxic toward KB 
cells at an ED50 greater than 60 μM and was therefore ruled out as a potential thera-
peutic agent [8].

Two compounds isolated from Piper sarmentosum from the Piperaceae family of 
plants demonstrated potential as a therapeutic agent. Many species of plants within 
this family have been used traditionally in Thailand for treatment of diseases and 
researchers were hopeful to find compounds within this family with antimalarial 
activity. Sarmentine (IC50 = 85.5 μM) and 1-piperettyl pyrrolidine (IC50 = 21.9 μM) 
showed inhibitory action toward the K1 strain of the parasite. Through another spe-
cies from this family, Piper tricuspe, three more compounds were isolated with 
antiplasmodial potency. Dictyochromenol, 3-farnesyl-ρ-hydroxy benzoic acid, and 
2′E,6′E-2-farnesyl hydroquinone all demonstrated activity within the 1.4–29.8 μM 
range despite demonstrating cytotoxicity. With these IC50 values being within the 
ED50 range, it suggests that their antimalarial action is due to their cytotoxicity [8].

Antiparasitic action toward the D6 and W2 strains of the parasite was evaluated 
for four compounds isolated from Nauclea orientalis, a member of the Rubiaceae 
family. The first compound isolated from this species, Naucleaorine, demonstrated 
activity against the D6 strain with an IC50  =  6.9 μM and the W2 strain with an 
IC50 = 6.0 μM. However, this compound demonstrated cytotoxicity against KB cells 
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at ED50 = 38 μM. The next isolate, epimethoxynaucleaorine, showed activity against 
the D6 strain with an IC50 = 12.4 μM and against the W2 strain with an IC50 = 13.2 μM 
with a cytotoxicity toward KB cells at ED50 = 37.9 μM. The third isolate from this 
species, 3α,23-dihydroxyurs-12-en-28-oic acid, showed activity against the D6 
strain with an IC50  =  9.7  μM and toward the W2 strain with an 
IC50  =  12.7  μM.  Unfortunately, it also showed cytotoxicity toward KB cells at 
ED50 = 42.2 μM. Lastly, oleanolic acid demonstrated activity against the D6 strain 
with an IC50 = 4.6 μM and toward the W2 strain with an IC50 = 5.1 μM and a cyto-
toxicity toward KB cells at ED50 = 46 μM [8].

Several compounds of interest were isolated from members of the Rutaceae 
family of plants due to their medicinal properties and use in Uganda against dif-
ferent diseases. Extracts from the species Citropsis articulata revealed two alka-
loids, 5-hydroxynoracronycine and 1,5-dihydroxy-2,3-dimethoxy-10-methyl-9- 
acridone, which demonstrated inhibition toward growth of the parasite. 
5- hydroxynoracronycine demonstrated activity at IC50 = 2.8 μM and 
1,5-dihydroxy-2,3-dimethoxy- 10-methyl-9-acridone at IC50  = 10 
μM. Unfortunately, both exhibited cytotoxicity toward Vero cells at ED50 = 28.8 
μM for the former compound and ED50 = 101 μM for the latter one. Zanthoxylum 
chiloperone, another species of this family, has traditionally been used for its 
medicinal properties to combat malaria along with other diseases. Researchers 
isolated two canthinone alkaloids, canthin-6-one and 5- methoxycanthin- 6- one, in 
addition to pyranocoumarin trans-avicennol. These compounds were tested 
against the F32, K1, PFB, and FcB1 strains of the parasite and demonstrated 
activity toward them at the IC50 value range between 1.4–41.6 μM. Unfortunately, 
two of these compounds, pyranocoumarin trans-avicennol (ED50 = 12.8 μM) and 
canthin-6-one (ED50  =  42.7 μM), demonstrated cytotoxicity toward the human 
fibroblast cell line, MCR5 [8].

Several potential compounds were isolated from different species of the 
Simaroubaceae family of plants. Isolates from Eurycoma longifolia revealed the 
compounds eurycomanone and pasakbumin B which were tested against the W2 
and D6 strains of the parasite. The IC50 value of eurycomanone for the W2 strain 
was 0.04 μM and 0.06 μM for the D6 strain. Pasakbumin B also showed activity 
against the W2 strain (IC50 = 0.05 μM) and the D6 strain (IC50 = 0.08 μM). Both 
compounds also demonstrated high cytotoxicity against MCF-7, human breast can-
cer cells, and A549, human lung cancer cells, at low concentrations. The roots and 
stems of Picrolemma sprucei isolated a quassinoid neosergeolide which demon-
strated activity against the K1 strain of the parasite at IC50 values of 0.002 μM. The 
indole alkaloid isolated from Aspidosperma vargasii, ellipticine, demonstrated 
inhibitory activity against K1 at IC50 = 0.07 μM. Another indole alkaloid isolated 
from another species within this family, A. Desmanthum, known as aspidocarpine 
also demonstrated inhibitory activity against K1 with an IC50 = 0.02 μM. Pothomorphe 
peltata yielded a compound known as 4-nerolidylcatechol which demonstrated anti-
malarial activity at an IC50 = 0.7 μM [8].
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The Platanaceae, Theaceae, and Verbenaceae families of plants were explored 
for potential antimalarial compounds. Platanus occidentalis, of the Platanaceae 
family, yielded four kaempferol 3-O-rhamnosides which were tested against the 
HB3 strain of the parasite. The IC50 values for these substances toward that drug- 
resistant strain varied between 0.5 and 1.8 μM. Unfortunately, cytotoxicity against 
the HeLa cells ranged between 9.3 and 20 μM. Studies on an extract from the leaves 
of Camellia sinensis, of the Theaceae family, revealed gallocatechin, a flavonoid 
with stronger antimalarial potency compared to mefloquine, a commonly used anti-
malarial drug. Lastly, lippialactone, an α-pyrone isolated from Lippia javanica of 
the Verbenaceae family, demonstrated activity against the D10 strain of the parasite 
with IC50 = 23.8 μM [8].

The last family of plants investigated for antimalarial activity was those from the 
Tiliaceae family. Several compounds isolated from Grewia bilamellata demon-
strated antimalarial activity toward the D6 and W2 strains of the parasite. These 
compounds, 3α, 20-lupandiol, grewin, nitidanin, 2α,3β-dihydroxyolean-12-en-28- -
oic acid, and 2,6-dimethoxy-1-acetonylquinol, had IC50 values in the 5.5–42.2 μM 
range and demonstrated no cytotoxicity toward KB cells at 50 μM [8]. Table 3 sum-
marizes characteristics of terrestrial antimalarial compounds.

Table 3 Lead terrestrial antimalarial compounds

Compound Source
Plant family 
origin Effectiveness Cytotoxicity

Roridin E Rhaphidophora 
decursiva

Araceae IC50 = 0.4 nM 
against D6 strain; 
IC50 = 1 nM against 
W2 strain

High toward KB 
cells at 
ED50 = 0.4 nM

Verrucarin L 
acetate

Ficus fistulosa Moraceae IC50 = 0.4 nM 
against D6 strain; 
IC50 = 1 nM against 
W2 strain

Low toward KB 
cells at 
ED50 = 200 nM

Dehydroantofine Ficus septica Moraceae IC50 = 30 nM 
against 3D7 strain

No cytotoxicity at 
50 μM

Tylophoridicine 
D

Ficus septica Moraceae IC50 = 60 nM 
against 3D7 strain

No cytotoxicity at 
50 μM

Fortunilide A C. fortune Chloranthaceae IC50 = 5.2 nM 
against Dd2

Low cytotoxicity 
toward WI-38 cells 
at IC50 = 8.8 μM

Sarglabolide J C. fortune Chloranthaceae IC50 = 7.2 nM 
against Dd2

Low cytotoxicity 
toward WI-38 cells 
at IC50 = 4.0 μM

Chlorajaponilide 
C

C. serratus/C. 
spicatus

Chloranthaceae IC50 = 1.1 nM 
against Dd2

Low cytotoxicity 
toward WI-38 cells 
at IC50 = 5.4 μM

Fortunilide E C. fortune Chloranthaceae IC50 = 43 nM No cytotoxicity at 
100 μM
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7  Conclusion

Both synthetic and naturally derived compounds have been discovered to show 
activity against many different drug targets to bypass the resistance mechanisms 
that have developed over time within the Plasmodium parasite. Additional changes 
to these pre-existing molecules hold potential for further increasing their effective-
ness while minimizing cytotoxicity to the host cell. These, along with other compo-
nents, are all factors that must be considered when developing effective antimalarial 
drugs. Further research into these compounds will further elucidate different para-
sitic processes and identify potential drug targets for the development of novel 
drugs. Researchers are optimistic that the development of novel drugs from these 
different compounds can help us combat the malaria pandemic.
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New Drugs in Synthesis Research 
for Tuberculosis

Ivie Patino and Charles Preuss

Abstract Mycobacterium tuberculosis is the bacteria which causes tuberculosis. It 
is a significant public health concern worldwide. An estimated ten million new 
cases and 1.5 million deaths were estimated in 2020. Tuberculosis is the second 
leading cause of mortality due to an infectious agent after the COVID-19 virus at its 
peak. Patients with an active tuberculosis infection can present with signs and 
symptoms of fever, chills, productive cough, loss of appetite, weight loss, and night 
sweats. The initial treatment of tuberculosis consists of the four-drug combination 
of rifampin, isoniazid, pyrazinamide, and ethambutol. A major concern with the 
current pharmacotherapy is drug resistance. Hence, the need to discover new drug 
treatments to stay one step ahead of Mycobacterium tuberculosis. Several bacterial 
efflux pump inhibitors of plant origin have been studied. Examples are reserpine, 
piperine, farnesol, luteolin, and biochanin A. The phenothiazines are a class of anti-
psychotic drugs which have antimycobacterial activity. Thioridazine is a promising 
lead compound. Its antimycobacterial activity is thought to be by inhibition of the 
activity of efflux pumps and enhancement of macrophage killing activity through 
the inhibition of potassium and calcium channels, causing the activation of bacterial 
hydrolases.
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1  Tuberculosis New Drug Discovery: Background 
and Significance

Although Mycobacterium tuberculosis (Mtb), the etiological agent of tuberculosis 
(TB), was identified over a century ago in 1882, TB remains a threat to public health 
to this day. With an estimated ten million new cases and 1.5 million deaths in 2020, 
TB is the second leading cause of mortality due to an infectious agent after the 
COVID-19 virus [1, 2]. TB can exist as either an active infection or as a latent infec-
tion. Individuals with an active TB infection may spread the bacillus to others, 
whereas latent TB infections are non-communicable. Latent TB infections are also 
asymptomatic, while active TB infections are consistent with symptoms of fever, 
chills, productive cough, loss of appetite, weight loss, and night sweats [3].

Despite the dissemination of the bacilli Calmette-Guérin (BCG) vaccine against 
Mtb to neonates and infants in high-burden regions, and the existence of successful 
combination drug therapies to treat the infectious disease, it is estimated that one- 
quarter of the population is latently infected with TB [1]. The persistence of TB 
remains a global crisis; however, low-income countries are particularly vulnerable 
and are often areas of high burden. These high endemic countries are disproportion-
ally affected by TB due to several socioeconomic factors, including poverty, over-
crowding, air pollution, malnutrition, and co-epidemics like HIV [2, 4]. Controlling 
the prevalence of TB has proven difficult as there are many challenges surrounding 
our understanding and management of the disease. One such challenge includes the 
“missing” individuals, estimated at three million, who have developed active TB but 
have been “missed” in the health system or remain undiagnosed. These “missed” 
individuals perpetuate transmission, as persons living with TB typically infect up to 
10 to 15 people with whom they have close contact with in just a single year [8]. 
This population of individuals is “missed” for various reasons, including limited 
access to public health. If these individuals are members of certain groups, like 
children or persons living with HIV, they may be “missed” due to difficulty with 
traditional diagnostics. Traditional diagnostics like sputum smear microscopy does 
not perform as well in these groups, so even if a TB infection is present, the patient 
may fail to be diagnosed accordingly [8].

These determinants, pertaining to both the host and environmental factors, evoke 
conditions that favorably select for the emergence of drug-resistant strains, which 
enervates prospects for controlling TB infection across the globe [4]. The ongoing 
COVID-19 pandemic has further undermined efforts to reduce the prevalence and 
transmission of TB. The lockdowns and guidelines imposing restrictions on face-to- 
face activities, and healthcare personnel facing overwhelming workloads due to the 
influx of COVID patients, impede TB treatment efforts. Many protocols require 
quotidian monitoring by healthcare professionals while patients take their medica-
tions. Further, fewer cases of TB have been reported in high-burden countries since 
the onset of the COVID-19 pandemic. Since 2019, the number of TB cases reported 
to the World Health Organization has dropped 30% in high-burdened countries like 
India, Indonesia, and the Philippines [7]. It is estimated that if reported case 
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numbers drop by 25–50%, undetected TB patients may go without treatment and 
perpetuate transmission, leading to a potential rise in TB deaths by 400,000 [6]. 
Patients with TB are also at high risk for COVID-19; the comorbidity of pulmonary 
tuberculosis, along with sequelae from TB treatment, may lead to poor COVID-19 
treatment outcomes in this patient population [7].

1.1  First-Line Drugs and their Limitations

The treatment strategy for TB infection has not changed since the discovery of iso-
niazid six decades ago. Currently, along with isoniazid, three other drugs are most 
commonly used to treat TB. This four-drug cocktail includes the following: Isoniazid 
discovered in 1951, pyrazinamide discovered in 1952, ethambutol discovered in 
1961, and rifampin discovered in 1966 [2, 5].

Isoniazid may act as either bacteriostatic against slow-growing cells, or bacteri-
cidal against quickly growing cells, and is effective against intra- and extracellular 
organisms. It is a prodrug oxidized to its active radical by the Mtb catalase- 
peroxidase enzyme produced by the Kat G gene. The now-activated isoniazid inhib-
its an enzyme required for mycolic acid synthesis, enoyl-acyl protein carrier 
reductase (InhA), which synthesizes long-chain fatty acids. Mycolic acid synthesis 
is essential to bacterial cell wall synthesis in Mtb; thus, this disruption of proper cell 
wall synthesis, by inhibiting InhA, leads to isoniazid’s bactericidal effect against 
Mtb [9] (Development of a Novel Lead that Targets M. tuberculosis Polyketide 
Synthase 13).

Although the specific mechanism of action of pyrazinamide is unknown, it is 
believed to inhibit the fatty acid synthetase I (FAS-I) enzyme of Mtb, after it has 
been metabolized into pyrazinoic acid by pyrazinamidase (PZase) in the cytoplasm. 
The FAS-I enzyme is vital in elongating fatty acids, which may then eventually be 
utilized to form mycolic acids, an essential component of the Mtb cell wall. 
Pyrazinamide is bacteriostatic and is considered narrow spectrum, as it only exhib-
its antibacterial effects against Mtb and mycobacterium africanum (Maf). Utilizing 
pyrazinamide in combination with isoniazid to treat TB effectively reduces the 
treatment time, though treatment regimens for TB are still considerably lengthy 
[10, 11].

As with pyrazinamide, ethambutol’s specific mechanism of action is recondite. 
Ethambutol is thought to inhibit the three arabinosyltransferase proteins EmbA, 
EmbB, and EmbC. These enzymes contribute to the formation of the mycobacterial 
cell wall by first polymerizing arabinose into arabinan, then finally to arabinogalac-
tan. Thus, ethambutol falls into the category of cell wall synthesis inhibitors along 
with pyrazinamide and isoniazid. Ethambutol is bacteriostatic and narrow spectrum, 
with antimicrobial activity exhibited only against mycobacteria [12, 13].

Unlike isoniazid, pyrazinamide, and ethambutol, rifampin is not considered a 
cell wall synthesis inhibitor; instead, rifampin inhibits bacterial transcription [14]. 
Rifampin is able to inhibit bacterial transcription, without interfering with 
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eukaryotic transcription, as it specifically binds to the bacterial DNA-dependent 
RNA polymerase and has no specificity for any of the three eukaryotic RNA poly-
merases. Rather than inhibiting the enzyme’s active site, by binding to the beta 
subunit of bacterial RNA polymerase, rifampin physically blocks the elongation of 
mycobacterial RNA. Rifampin acts on both intra- and extracellular bacilli and is 
broad-spectrum, and because rifampin inhibits effective bacterial protein synthesis, 
it is considered bactericidal [9] (Fig. 1).

The empiric treatment of sensitive TB infection consists of a two-month perid 
termed the intensive phase, followed by a continuation phase which may last any-
where from four to seven months. Patients are typically prescribed rifampin, isonia-
zid, and pyrazinamide in the intensive phase of treatment, then rifampin and 
isoniazid in the continuation phase of treatment [15]. Though less than ideal, the 
long duration of antibiotic therapy, typically totaling 6 to 9 months, is necessary for 
proper TB treatment, which is believed to be attributable to the presence of bacilli 
existing in a “dormant” state referred to as “persisters” [16]. These persisters dis-
play metabolic alterations that enable the mycobacteria to inhibit their growth 
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Fig. 1 Effective and resistant drugs against Mtb. MDR-TB occurs when a Mycobacterium tuber-
culosis strain is resistant to isoniazid and rifampin, two of the most powerful first-line drugs. To 
cure MDR-TB, healthcare providers must turn to a combination of second-line drugs, several of 
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under periods of stress but still remain viable. Though they exhibit drug tolerance, 
there remains a distinction between persisters and mutant bacilli that have acquired 
drug resistance; the persisters remain quiescent in the presence of antibiotics, unlike 
mutants which typically continue to grow [17]. Persisters are not necessarily resis-
tant to antibiotic therapy; however, they can tolerate exposure to these drugs because 
they have downregulated or inactivated the pathways that are the targets of antibiot-
ics [17].

The current TB treatment regimen has proven successful in the management of 
TB infection; however, the strategy is no panacea. The protracted course of antibi-
otic therapy required can lead to drug toxicity and yield undesirable effects. 
Complications of TB chemotherapy can include GI intolerance, neuropathy, arthral-
gia, increase in liver enzymes, hepatitis, immune thrombocytopenia, agranulocyto-
sis, hemolysis, renal failure, optic neuritis, and ototoxicity [2]. The prolonged 
duration and the adverse events associated with anti-TB regimens impede the effec-
tive treatment of tuberculosis often by leading to improper medical adherence [16]. 
The implementation of monitoring protocols, like directly observed therapy, was 
necessitated due to poor patient compliance and requires a healthcare provider over-
see each patient take their medication to ensure treatment adherence [2].

Erratic or incomplete treatment regimens due to personal error, high dose mostly 
multiple drugs together, other severe side effects lead to relapsed disease and the 
rise of drug-resistant forms of TB, which are even more challenging to manage, 
prompting excess morbidity and mortality, as 30% of deaths due to antimicrobial 
resistance is attributed to drug-resistant TB [4, 16]. Of the ten million annual cases 
of TB, half a million individuals are estimated to have rifampin-resistant TB, with 
78% of rifampin-resistant patients having multidrug-resistant TB (MDR-TB), and 
6.2% of the MDR-TB group having extensively drug-resistant TB (XDR-TB) [2]. 
Drug-resistant TB treatment can take more than two years to complete and is toxic, 
expensive, and highly ineffective in treating and preventing disease spread. It is 
projected that in the next 35 years, drug-resistant TB will cost the global economy 
$16.7 trillion while killing 75 million people in the process https://www.tballiance.
org/why- new- tb- drugs/antimicrobial- resistance.

1.2  The Promises and Limitations of Bedaquiline

Bedaquiline is a novel antitubercular agent and the first anti-TB drug approved by 
the Food and Drug Administration (FDA) since rifampin in the 1960s (Bedaquiline 
for the treatment of resistant tuberculosis: Promises and pitfalls). Bedaquiline, a 
diarylquinoline, exhibits a unique mechanism of action despite its close relation to 
fluoroquinolones. Unlike fluoroquinolones, bedaquiline does not inhibit DNA 
gyrase. Instead, bedaquiline is the only FDA-approved agent that has been found to 
target mycobacterial ATP production by inhibiting the Mtb ATP synthase proton 
pump with a >20,000-fold lower affinity for the human mitochondrial ATP synthase 
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enzyme (Bedaquiline: Current status and future perspectives). The robust bacteri-
cidal action of bedaquiline leads to its accelerated approval by the FDA for the 
treatment of MDR-TB and became the first agent specifically approved for MDR-TB 
management.

There were several studies conducted that evinced bedaquiline’s potential thera-
peutic benefits but it was two studies in particular, C208 and C209, that led the FDA 
to grant bedaquiline’s accelerated approval. The first stage of trial C208 conducted 
by Diacon et al. found quicker sputum culture conversion (hazard ratio, 2.253; 95% 
confidence interval, 1.08–4.71; p  =  0.031) and a higher culture conversion rate 
(17/21, 81% vs. 15/23, 65%, p = 0.242) in the bedaquiline group when compared 
with the placebo group at week 24. C208 Stage 2 substantially improved the culture 
conversion rate (52/66, 79% vs. 38/66, 58%, p = 0.008) and the cure rate (38/66, 
58% vs. 21/66, 32%, p = 0.003) at week 24 and week 120, respectively, compared 
to the control group receiving placebo treatments (bedaquiline and delamanid in the 
treatment of multidrug-resistant tuberculosis: Promising but challenging). To evalu-
ate the safety and efficacy of bedaquiline, researchers applied the methods used in 
trial C208 to a larger population of patients in trial C209. The results of trial C209 
were consistent with that of trial C208, in which culture conversion rates at week 24 
reached 79.5% (Bedaquiline and delamanid in the treatment of multidrug-resistant 
tuberculosis: Promising but challenging).

Though bedaquiline has shown promising results for treatment of MDR-TB, it is 
not without faults. A pitfall of bedaquiline is that despite its recent induction, resis-
tance against the agent has already emerged. The rapid emergence of resistance is 
likely caused by improper or unregulated use of the drug. The elimination half-life 
of bedaquiline at 5–6 months is exceptionally longer than other antibiotics or anti-
tubercular agents (Bedaquiline and delamanid in the treatment of multidrug- resistant 
tuberculosis: Promising but challenging). Sustained exposure of subinhibitory con-
centrations of bedaquiline as a single drug engenders resistant Mtb strains; there-
fore, treatment regimens must be deliberately designed to avert the drug acting as 
the sole effective antibiotic in circulation (Bedaquiline for the treatment of resistant 
tuberculosis: Promises and pitfalls).

There also exist several safety concerns surrounding use of bedaquiline, with the 
drug even carrying two black box warnings (Bedaquiline for the treatment of resis-
tant tuberculosis: Promises and pitfalls). Concerns associated with bedaquiline 
treatment include QT interval prolongation, increased prevalence of hepatic disor-
ders, adverse drug interactions, and increased risk of death (Bedaquiline for the 
treatment of resistant tuberculosis: Promises and pitfalls). There has been scrutiny 
surrounding bedaquiline’s accelerated approval based on surrogate endpoints, as the 
drug was approved based on sputum culture conversion rates rather than patient 
clinical outcome. Due to the related adverse events associated with the antitubercu-
lar agent, the WHO has advised for pharmacovigilance methods be implemented 
when administering bedaquiline to facilitate early detection and reporting of adverse 
events (Bedaquiline for the treatment of resistant tuberculosis: Promises and pit-
falls) (Fig. 2).
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Fig. 2 2-dimensional and 3-dimensional structure of Bedaquiline

2  Identifying Novel Antibiotic Targets Through Enhancing 
the Biological Understanding 
of Mycobacterium Tuberculosis

Our incomplete knowledge on the inner workings of mycobacterial physiology and 
metabolism, especially in  vivo, has hindered our ability to winnow the TB pan-
demic. Due to the ambiguity of our understanding of mycobacterial biology, the 
adaptability of mycobacteria metabolism, and the presence of various host microen-
vironments during infection, there exist uncertainties regarding the nutrients avail-
able to the bacilli [4]. The complexity surrounding host infection with TB cannot 
efficiently be replicated with standard in vitro and animal studies [4]. Even diagnos-
tic methods face complications, often resulting in misleading results. More insight 
on the biology, physiology, and metabolism of Mtb will illuminate novel targets that 
may be used to develop improved TB chemotherapeutics (Fig. 3).

2.1  Role of RelMtb in Response to Nutritional Stress

When exposed to aerosolized droplets infected with the tubercle bacillus, many 
individuals will present with a latent TB infection. During a latent TB infection, the 
bacillus resides in phagosomes of resident macrophages in the alveolus. The intra-
cellular expansion of the Mtb bacterium spreads to surrounding cells, ultimately 
triggers the adaptive immune response, and leads to the recruitment of other immune 
cells. Eventually, the Mtb is fettered in a granuloma consisting of impermeable 
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Fig. 3 Pathogenesis of TB [4]

caseous material produced by macrophages and many immune cells, including den-
dritic cells, B-cells, and T-cells. Within this granuloma, the bacillary population is 
relegated to a nutrient-limited environment, where they are exposed to hypoxia, 
antimicrobial reactive oxygen species (ROS), nitrogen intermediates, and restricted 
access to amino acids [18]. However, the Mtb bacterium has adapted various mecha-
nisms to deal with this nutritional stress it experiences during infection of its host.

One of the responses Mtb has adapted against nutrient starvation is the stringent 
response, which allows for the long-term survival of the bacillus, even in this hostile 
environment. The stringent response is mediated by the Rel A and SpoT proteins 
[19, 20]. The RelMtb homolog of Rel A and SpoT proteins in mycobacteria pro-
duces a hyperphosphorylated guanine ((p)ppGpp) as part of the stringent response 
to nutrient starvation. The (p)ppGpp acts as a signaling molecule and modulates the 
expression of mycobacterial genes related to survival under nutrient starvation, 
allowing the bacilli to slow their growth and metabolism of amino acids, carbohy-
drates, and phospholipids [21].
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In vitro and mouse infection studies have shown that the inactivation of RelMtb 
enhances the bactericidal effect of isoniazid under nutrient-depleted conditions. 
This finding is significant, being that isoniazid customarily has poor bactericidal 
effects against persister cells. Because persisters have restricted their growth, inhi-
bition of mycolic acid biosynthesis by isoniazid does not produce the same bacteri-
cidal effect as it does in replicating cells. The promise of RelMtb serving as a 
potential target for anti-TB therapeutics led researchers, conducting high- throughput 
screens, to identify a RelMtb synthase inhibitor. Research conducted with the inhib-
itor has supported the previous claims of isoniazid potentiation but awaits in vivo 
validation [4].

2.2  Role of RPFs in Response to Nutritional Stress

In response to nutritional stress, Mtb may also enter a viable but non-culturable state 
(VBNC), meaning the bacilli will not propagate on growth media, effectively losing 
its culturability. This VBNC state of Mtb can impair detection methods, which ulti-
mately leads to an underestimation of total viable cells [22, 23]. However, these 
VBNC mycobacteria may potentially be resuscitated with secretory proteins termed 
RPFs, short for resuscitation-promoting factors. If the bacilli can be resuscitated in 
culture, we may refer to them as differentially culturable tubercle bacteria (DCTB). 
DCTB requires the culture to be supplemented with culture filtrate (CF), which 
contains RPFs, to emerge [24]. These RPFs are secreted by actively growing bacilli 
to prompt the growth of those bacilli lying dormant. Mycobacteria have five RPF 
genes, RPF A-E. These RPFs are transglycosylases that can lyse peptidoglycan, a 
component of the cell wall. RPFs are dispensable for mycobacterial growth in vitro; 
however, they are needed for the resuscitation of DCTB [25].

It has been found that, not only does the sputum of TB patients typically contain 
culturable bacilli, it also contains DCTB which seem to exhibit drug tolerance and 
requires resuscitation with RPFs [25]. This finding prompted the studies of Wet, 
Warner, and Mizrahi on RPFs, which yielded “an RPF-null quintuple deletion 
mutant of Mtb that was subsequently used to demonstrate the presence in sputum 
samples from TB patients of both RPF-dependent and RPF-independent popula-
tions of differentially culturable tubercle bacilli” [4]. The findings of their study 
emphasized the limitations of diagnostic techniques utilized to quantify viable bac-
illary numbers. Underestimation of the bacterial burden, in turn, results in misjudg-
ment of responses to therapeutics, further compounding the issue of antimicrobial 
resistance [4]. Gaining erudition on DCTB, and the complexities surrounding bacil-
lary phenotype during infection, is vital to advance the development of novel diag-
nostic methods and drug regimens desperately needed for TB [25].
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2.3  Role of DNA Replication Machinery as Potential 
Drug Targets

Despite DNA replication serving as arguably one of the most important processes 
for the survival and pathogenesis of infectious agents, including Mtb, relatively few 
antibiotics target DNA replication machinery compared to other processes such as 
transcription, translation, and cell wall synthesis. Three families of natural products 
are known to impede on DNA replication: (1) DNA gyrase inhibitors, (2) sliding 
clamp inhibitors, and (3) DNA polymerase III inhibitors, only the latter two will be 
discussed further in this section [26].

Isolated from Streptomyces griseus, Griselimycins target the bacterial replisome. 
Synthetic analogs of the cyclic peptide, Griselimycin, were generated to show 
improved pharmacokinetic properties and therapeutic potential. The Griselimycin 
analogs bind to dnaN-encoded β sliding clamp and abrogate its interaction with 
DnaE1, ergo interfering with DNA replication [26].

Additionally, the macrolide nargenicin, isolated from Nocardia sp ACC18, tar-
gets the bacterial replisome. Nargenicin binds to the DnaE polymerase in the pres-
ence of DNA, in turn, repressing DNA replication. Significantly, nargenicin was 
found to have no effect on human DNA polymerases during counter-screening 
efforts. Nargenicin was recently shown to have bactericidal activity against Mtb 
making the compound a new potential lead for the TB drug pipeline [26].

The discovery of DnaE serving as the target for nargenicin coincided with the 
validation of the proofreading domain of DnaE utilizing ara-A, a chain terminating 
adenosine analog. The intrinsic 3′-5′ exonuclease residing in the PHP domain of 
DnaE was identified as the proof-reading domain for the polymerase which pro-
vides replication fidelity in Mtb in a study by Rock et al. Utilizing PHP knockouts 
rendered the mycobacterial cells susceptible to DNA chain termination by ara-A [4].

Interestingly mycobacteria have been found to exhibit a noncanonical system for 
mismatch repair. This noncanonical mismatch repair system includes the mismatch- 
specific endonuclease NucS which interacts with the β sliding clamp for proper 
functioning. Though this discovery of the interaction between NucS and the β slid-
ing clamp was found in actinomyocete studies, if we assume the system operates in 
a similar fashion in Mtb, we can then expect the natural compound griselimycin to 
interfere with mismatch repair and SOS mutagenesis, as well as DNA replication, 
by precluding NucS from binding to the β sliding clamp [4]. Together these findings 
encourage the exploration of DNA replication and metabolism as an area for drug 
discovery efforts (Fig. 4).

2.4  Role of DNA Metabolism as a Potential Drug Target

During a phenotypic screen, the compound 1-(5- isoquinolinesulfonyl)homopipera-
zine (Fasudil) was observed to invoke an antitubercular effect through inhibition of 
GuaB2 [4]. GuaB2 belongs to the mycobacterial inosine 5′-monophosphate 
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Fig. 4 DNA replication as a Potential Drug target [4]

dehydrogenase (IMPDH) family. The IMPDH enzyme catalyzes the first committed 
step in the synthesis of guanine nucleotides through the NAD + -dependent conver-
sion of inosine 5′- monophosphate (IMP) to xanthosine monophosphate (XMP) 
during de novo purine biosynthesis. Inhibition of guanosine nucleotide biosynthesis 
is calamitous for the pathogen due to its omnipresence within the cellular process 
including nucleic acid synthesis, cell envelope biogenesis, protein synthesis, cofac-
tor biosynthesis, and the stringent response [4].

To assess the validity of GuaB2 as a lead for the drug pipeline, investigation of 
the purine salvage pathway was vital. The ability to produce GMP directly from 
guanine in Mtb, by the enzyme hypoxanthine-guanine phosphoribosyl-transferase, 
highlights a potential metabolic bypass that may circumvent drug inhibition of 
GuaB2 [4].

No official consensus on the vulnerability of GuaB2 has been reached to date. 
Two studies conducted concurrently yielded conflicting results. One study utilizing 
GuaB2-depleted conditional mutants found that exogenous guanine supplementa-
tion was not effective in rescuing the bacilli. The results of this study prompted the 
researchers to classify GuabB2 as “vulnerable and bactericidal” target [4]. In the 
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second study however, the combination of the patient’s inability to clear the infec-
tion coupled with evidence of increased levels of guanine in infected individuals 
compared to healthy contrast the findings of the first study. The researchers in this 
study determined that GuaB2 was “essential but not vulnerable” due to the potential 
for guanine salvage at the concentrations observed in vitro [4].

These results highlight the importance of further investigation into Mtb meta-
bolic adaptability in reference to changing nutrients available to the bacilli in the 
vast array of host microenvironments during infection. Further insight into the phys-
iology of Mtb host infection engenders novel targets vulnerable to exploitation by 
antibiotics.

3  In Silico Strategies and Their Potential for Expediting TB 
Drug Development

The drug discovery process was transformed with high-throughput screening 
(HTS). HTS is an optimized assay used in the pharmaceutical industry that enables 
the testing of large compound libraries against a desired target. This method utilizes 
robotic automation with instruments including liquid handling software and plate 
readers. The automation of HTS has enhanced compound screening and efficiency, 
allowing for the expedited identification of compounds for the “hit to lead” drug 
discovery effort. In addition to HTS, computer-aided drug design (CADD) has also 
enhanced the drug discovery process thanks to the advancement of data storage 
capacities, supercomputing powers, and parallel processing.

Computational methods, also known as in silico methods, exploit already avail-
able data to gain insight on protein function and potential to serve as a drug target. 
In silico methods can be used to search for prioritized candidates for drug discovery 
pipelines. Pragmatically auditing libraries of small compounds elucidates mole-
cules with promising ability to bind to, and modulate the function of target proteins. 
Computer-aided drug design is divided into two categories based on the availability 
of structural data for the target: (1) ligand-based drug design (LBDD), and (2) 
structure- based drug design (SBDD), which will be elaborated on later in this sec-
tion. The LBDD and SBDD approaches are not mutually exclusive however and are 
often used together to complement each other [2]. It is also common to utilize these 
in silico methods in an effort to optimize high-throughput screening through priori-
tization of prospective hits.

Despite the introduction of innovative techniques like HTS and CADD to the 
drug developmental process, there have been no recent significant contributions of 
candidates to the TB drug pipeline. The exigent need for novel anti-TB therapeutics 
underscores the importance of maximizing the advantages of in silico methods and 
their application in TB drug discovery.
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3.1  Big Data

To maximize the benefits of CADD biological, chemical, and structural data from 
various open data sources needs to be mined. A passel of data exists for utilization 
against TB as research has been conducted on the disease for decades. Enhanced 
biological techniques and technologies led to a burgeoning of various available data 
points. Protein structures were rendered from X-ray crystallography, nuclear mag-
netic resonance (NMR), cryo-electron microscopy (EM), homology modeling, and 
molecular dynamics (MD) simulations, while cost-effective sequencing permitted 
the study of genomics, transcriptomics, proteomics, metabolomics, lipidomics, and 
more for many species, Mtb included [2]. There are countless useful open access 
resources to obtain data of particular interest, including some databases specific to 
information on TB. A broad, and widely applicable database that maybe be of use 
for TB drug discovery, is Uniprot (https://www.uniprot.org/). Uniprot contains com-
prehensive data related to protein structure, function, and sequencing. Pertaining 
more to mycobacteria, the TB Database (http://tbdb.bu.edu/tbdb_sysbio/MultiHome.
html) has complied information on mycobacterial genomes, gene expression, gene 
correlation, gene epitopes, and computationally modeled molecular pathways by 
integrating transcriptomics, proteomics, metabolomics, and lipidomics. Exclusive 
to respiratory pathogenic mycobacteria, Mycobrowser (https://mycobrowser.epfl.
ch/), can be used to find assimilated data like genomic details, protein information, 
drug and transcriptome data, mutant and operon annotation, and structural views. 
Deidentified TB patient clinical data are provided by the TB Portals (https://tbpor-
tals.niaid.nih.gov/). Clinical data provided by TB Portals include age of onset, gen-
der, comorbidity, socioeconomic factors, geographic location, treatment regimen, 
clinical imaging, radiological annotation, patient outcome, and genomic informa-
tion from drug-sensitive and drug-resistant cases (Table 1).

3.2  Structure-Based Drug Design

Structure-based drug design depends on the availability of three-dimensional struc-
tural data for the desired biological target, typically a protein receptor or enzyme. 
Structural data can be obtained experimentally, via X-ray crystallography and 
NMR, or generated via computational methods like homology modeling or protein 
threading [2]. The structure of the target protein is assessed to utilize the binding 
pocket in virtual screening efforts of molecular databases or for designing novel 
ligands to generate potential new hits. Moreover, SBDD also requires information 
on a target’s druggability and potential binding sites to obviate endeavors wasted on 
investigating intractable targets. A target’s druggability refers to its capacity to be 
therapeutically modulated by a small molecule or ligand [2]. Idyllic binding sites 
are concaves or cavities on the protein surface that possess chemical complementar-
ity to a ligand enabling its effective binding to achieve a desired effect. Druggability 
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Table 1 Antimycobacterial Drug Discovery Resources

Function
Software/ 
webserver name Availability Website

Protein UniProt Free webserver https://www.uniprot.org/
Genomes TB Database Free webserver http://tbdb.bu.edu/tbdb_

sysbio/MultiHome.html
Genomic + proteomic Mycobrowser Free webserver https://mycobrowser.epfl.ch/
Comparative modeling SWIAA- 

MODEL
Free webserver https://swissmodel.expasy.

org/
Structural geometry Robetta Free webserver http://new.robetta.org/
Druggability PockDrug Free webserver http://pockdrug.rpbs.

univ- paris- diderot.fr/cgi- bin/
index.py?page=home

Docking Dock Free/open source 
platform

http://dock.compbio.ucsf.eu/

Molecular dynamics CHARMMing Free webserver https://www.charmming.org/
charmming

Molecular descriptors, 
finger prints, & 
Quantitative structure–
activity relationship

E-Dragon Free webserver http://146.107.217.178/lab/
edragon/start.html

Pharmacokinetic 
properties

QikProp Commercially 
available through 
Schödinger

https://www.schrodinger.com/
qikprop

Clinical data TB portals Open access https://tbportals.niaid.nih.gov/
Chemical library Pubchem 97 million 

compounds
https://pubchem.ncbi.nlm.nih.
gov/

Chemical library GDB-17 166 billion 
compounds

http://gdb.unibe.ch/

Chemical library ZINC 230 million 
compounds

http://zinc.docking.org/

Adapted from Macalino et al. [2]

assessments typically consist of binding site prediction, identification, and discrimi-
nation utilizing geometrical considerations and physiochemical features of the 
binding pocket.

Docking, a virtual screening (VS) method, is frequently used in SBDD to simu-
late the interaction between potential ligands and the binding pocket of the target 
[2]. Predicting the preferred orientation of one molecule to another when bound can 
be used to evaluate the ligand–protein binding affinity using scoring functions. The 
Druggable Cavity Directory (DCD) is a database that is open for researchers to 
submit information on druggability and protein pockets which then undergoes veri-
fication and becomes available for public consumption. Pharmacophore modeling, 
another VS technique, may also be used in SBDD. A pharmacophore is an ensemble 
of chemical and molecular features, like hydrophobicity, aromatic rings, or ioniz-
able groups, required for optimal interactions with a biological target to prompt a 
biological response [2]. 3D pharmacophore models can be generated and utilized to 
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probe chemical libraries to generate potential leads for drug pipelines. The sequen-
tial application of pharmacophore screening followed by docking methods can pro-
vide for a more streamlined process with greater optimization of hit identification 
and selection.

3.3  Ligand-Based Drug Design

In the absence of structural data for the target protein, LBDD methods can be 
employed instead. LBDD harnesses knowledge of ligands with known activity to 
modulate the target to identify novel drug candidates [2]. One essential approach in 
LBDD is the similarity-based method. Similarity-based searches operate under the 
assumption that molecules with similarities in chemistry and shape to known active 
ligands serving as a template have significant probability of eliciting the same 
desired effect. Parameters for qualifying similarities can be broken down into three 
categories: (1) one-dimensional comprised of properties like molecular weight, 
logP, and number of H-bonds, (2) two-dimensional comprised of descriptors includ-
ing aromaticity and degree of branching, and (3) three-dimensional comprised of 
characteristics like shape, volume, and surface area [2]. Once an efficient similarity 
measure has been implemented, a reliable scoring method needs to be established 
before screening compound libraries. Similarity-based methods can be applied to 
quantitative structure–activity relationship (QSAR) modeling to identify ligands 
with improved biological attributes. QSAR modeling establishes a statistical model 
to quantify the biological activity of a ligand and its structural and physiochemical 
properties. Because QSAR methods elucidate elements like molecular scaffolds or 
functional groups that are paramount for desired activity, the method is an advanta-
geous practice in LBDD [2]. Pharmacophores may also be generated in 
LBDD. Pharmacophores may be generated from a set of diverse ligands that are 
known to modulate the target to produce the desired outcome. Researchers employ 
the use of various software programs to generate the pharmacophore by superim-
posing the ensemble of ligands over one another to distinguish the common ligand 
substructures required for favorable bioactivity. The pharmacophore may then be 
utilized in virtual screening of libraries of unexplored molecules for potential hits.

3.4  Integration of Methods

Integration of varying in silico methods employed prior to, or in parallel with, 
experimental methods like HTS, provides an optimized work flow for discovering 
novel drug candidates. LBDD may occasionally be applied as a filtration step prior 
to SBDD to narrow down potential ligands for experimental validation. Alternatively, 
LBDD and SBDD may yield hits with different scaffolds and these methods can be 
applied in parallel to maximize the discovery of potential hits. The parallel 
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application of various in silico methods allows researchers to more efficiently 
explore the vast chemical and biological space, as the strengths of one method may 
be used to overcome the weaknesses of another [2]. Assimilation of the methods 
discussed in this section in a complementary manner creates an efficient work flow 
leading to prioritized hits that may hopefully increase the success rates of candi-
dates for the TB drug pipeline.

4  Potential Adjunct Therapies: Efflux Pump Inhibitors

The waxy and impermeable cell wall of Mtb, coupled with the activity of efflux 
pumps embedded in the cell membrane, are tools employed by the professional 
pathogen which allow the bacillus to confer resistance against antibiotic therapy. 
The uniquely lipid-rich, and complex cell wall contributes to inadequate penetration 
of many antimicrobial agents, while efflux pumps work to transport substrates, 
including anti-TB drugs, out of the cell. The work of Srivastava et al. (Efflux-Pump 
Derived Multiple Drug Resistance to Ethambutol Monotherapy in Mycobacterium 
tuberculosis and Ethambutol Pharmacokinetics-Pharmacodynamics), amongst oth-
ers, has evinced the development of increased efflux pump activity, upon exposure 
to subinhibitory concentrations of first-line drugs, as a means of initial drug resis-
tance acquired by Mtb before the procurement of chromosomal mutations in drug 
target genes. Bacilli may be exposed to modicum concentrations of antimicrobial 
drugs due to the administration of incorrect treatment, poor patient compliance, or 
lack of drug availability and accessibility seen in many high endemic areas. With 
this knowledge, it has become a priority for many researchers to gain insight into 
the mechanisms that underpin drug resistance mediated by increased efflux pump 
activity, hoping to circumvent this major barrier to effective treatment. The potential 
use of efflux inhibitors as adjuvant therapy, in conjunction with standard anti-TB 
therapeutics, may assist in increasing intracellular drug concentrations preventing 
the bacillus from exposure to subinhibitory drug concentrations that foster the 
development of resistance and impede on treatment efforts.

4.1  Phenothiazines: Thioridazine as an Adjunct

Phenothiazines, a drug class of tricyclic antipsychotics, was the first drug class 
developed for the first-line treatment of schizophrenia, bipolar disorder, and other 
psychotic disorders. Furthermore, phenothiazines have also shown antitubercular 
activity. The first phenothiazine to display activity against Mtb was chlorpromazine, 
but its pernicious effects have led to its de-prioritization as a potential candidate for 
the anti-TB pipeline. However, thioridazine has proven to be the most auspicious 
phenothiazine, exhibiting dual action against Mtb through (1) inhibiting efflux 
pumps; and (2) through augmented destruction of the bacilli by macrophages.
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The latter effect of thioridazine against Mtb is of substantial value in regards to 
pulmonary TB, as the disease chiefly consists of intracellular bacillary infection of 
macrophages. Thioridazine‘s inhibition of calcium and potassium channels prompts 
a decrease in pH within the phagolysosome, which in turn evokes the activation of 
hydrolases, ergo killing the pathogen. The proposed mechanism by which thiorida-
zine inhibits efflux pumps is through inhibition of the type-II NADH menaquinone 
oxidoreductase (NDH-2). NDH-2 plays an integral role in the generation of ATP 
through oxidative phosphorylation; therefore, its inhibition depletes the energy nec-
essary for efflux pumps to generate a proton motive force required to transport 
substrates.

Despite the antitubercular promises of thioridazine, there are concerns regarding 
the potential development of adverse effects related to the central nervous system 
and cardiotoxicity with prolonged administration required for TB therapy. In an 
effort to circumvent potential toxicity, researchers have tried synthesizing analogs 
for thioridazine and encapsulating it within nano-particles; however, research is still 
inchoate, and pre-clinical and clinical studies are required. Further insight into thio-
ridazine‘s mechanism of action and effect on mycobacteria can aid in the develop-
ment of novel therapeutics, which is vital for improved TB treatments and, in turn, 
enhanced patient outcomes.

4.2  Phenylalkylamines: Verapamil as an Adjunct

Calcium channel blockers are frequently relied upon to treat several cardiovascular 
disorders such as angina, hypertension, and arrhythmia. Verapamil, the prototypical 
phenylalkylamine, a subclass of calcium channel blockers, may also be useful in the 
treatment of tuberculosis. Verapamil has been found to exhibit numerous effects 
against mycobacteria including, inhibiting the efflux of ethidium bromide in Mtb, 
moderately reestablishing the activity of first-line anti-TB drugs in resistant strains, 
and preventing drug tolerance while accelerating clearance of infection in mice 
treated with the first-line drugs.

Some research determined that the minimum inhibitory concentration (MIC) of 
bedaquiline and clofazimine was reduced in Mtb drug-susceptible and drug- resistant 
isolates when they were also treated with verapamil. Macrophage-mediated drug 
tolerance of bedaquiline and moxifloxacin was also decreased in isolates treated 
with verapamil. Other studies, however, found that though the MIC of bedaquiline 
and clofazimine was lowered due to the presence of verapamil in vitro, verapamil 
did not increase any bactericidal effect of the drugs in vivo. Verapamil has exhibited 
desirable effects for MDR-TB treatment when co-administered with bedaquiline. 
Not only does verapamil potentiate the effects of bedaquiline, but it also has exhib-
ited the potential to reduce the risk of QT prolongation, one of the toxic effects of 
bedaquiline treatment. Verapamil is not a direct inhibitor of mycobacterial efflux 
pumps. Rather verapamil alters the membrane energetics and thus indirectly modi-
fies the activity of efflux pumps. Verapamil exhibits potential as an adjuvant to TB 
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therapy; however, a barrier does exist as the concentrations needed are likely toxic 
to humans, and studies must be done to illuminate potential less toxic analogs.

4.3  Protonophores: CCCP as an Adjunct

Efflux pumps rely on the electrochemical gradient to generate a proton motive force 
(PMF) required to produce the energy needed for their biological activity. 
Protonophores are another class of compounds that may be used to inhibit myco-
bacterial efflux pumps. Protonophores, also known as uncouplers, inhibit efflux 
pumps by dissipating the energy gradient which is required for their proper func-
tion. Overexpression of efflux pump genes like Rv1258c caused by point mutations 
confer antibiotic resistance in mycobacteria through increased expulsion of antimi-
crobial agents. Carbonyl cyanide m- chlorophenyl hydrazone (CCCP), a protono-
phore, has been found to induce synergy with various antibiotics. In studies 
conducted on the effect of CCCP on Rv1258c expressing M. smegmatis strains, 
CCCP reduced the MIC of tetracycline.

In M. bovis BCG overexpressing Rv1258c, CCCP reduced efflux pump expres-
sion and activity. Additionally, in Mtb overexpressing jefA and mmr, two unique 
efflux pumps, CCCP restored the activity of various antitubercular agents including 
ethidium bromide, acriflavine, and safranin O. Despite the desirable antitubercular 
effects of CCCP, it is not without its limitations. Due to concerns regarding cytotox-
icity, further studies on CCCP must be conducted for generation of safer analogs or 
to optimize concentrations required for safety while retaining efficacy.

4.4  Natural Compounds as an Adjunct

The application of natural products can be utilized at various stages of the TB drug 
discovery process. In addition to their potential role as DNA replication inhibitors 
discussed previously in this chapter, natural products may also serve as efflux pump 
inhibitors. Several efflux pump inhibitors of plant origin have been identified includ-
ing reserpine, piperine, farnesol, luteolin, and biochanin A.

Reserpine, an adrenergic-blocking agent, is derived from the roots of the 
Rauwolfia serpentine plant (ACS link). In M. smegmatis strains expressing mmpL7, 
an ABC family transporter, the MIC of isoniazid was abated by reserpine. Also, in 
this model, reserpine subdued ciprofloxacin resistance mediated by Rv2686. 
Reserpine elicits increased susceptibility to isoniazid of both M. tuberculosis sus-
ceptible and resistant strains. Isoniazid is not the only first-line TB drug potentiated 
by concomitant administration of reserpine. Mtb is made more vulnerable to pyra-
zinamide through reserpine’s inhibition of pyrazinoic acid efflux pumps.

Derived from Piper nigrum and Piper longum, the organic alkaloid, piperine, has 
also shown potential as an efflux pump inhibitor. Through inhibition of Rv1258c, 
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piperine demonstrates synergy with rifampicin and streptomycin. Though synergy 
was observed, this did not necessarily confer enhanced killing in certain resistant 
Mtb strains. Further studies need to be conducted on piperine and other natural 
compounds for their potential uses as adjuvant therapies in the treatment of TB.

5  Promising TB Pipeline Candidates in Research

There is a clamant need to end the pervasive global TB pandemic. The emergence 
of antibiotic resistance to first-line TB drugs often leaves many patients with no 
other options. Upon treatment, only 54% of MDR-TB patients and only 30% of 
XDR-TB patients successfully clear the infection. One in 3 deaths due to antimicro-
bial resistance is attributed to drug-resistant TB. The impact TB has on reinforcing 
the cycle of poverty, entrenching communities and in some cases entire countries, 
further compounds the devastation caused by the disease. The most promising 
approach to mitigating the global burden of TB is to abridge treatment duration 
through the development of novel antitubercular agents.

5.1  BRD4592: An Inhibitor of Tryptophan Synthase

Numerous of the newly identified compounds for the TB drug pipeline hit mycobac-
terial cell wall targets. Disproportionate activity directed against cell wall synthesis 
leaves libraries replete of potential targets unexplored. In an effort to capitalize on 
unique targets, researchers performed whole-cell screens of compounds from a 
diversity-oriented synthetic (DOS) library. Results of the whole-cell screens 
revealed the bactericidal effect of the compound (2R,3S,4R)-3-(2′-fluoro- 
[1,1′-biphenyl]-4-yl)-4-(hydroxymethyl)azetidine-2-carbonitrile (BRD4592). 
BRD4592 was shown to inhibit the mycobacterial enzyme TrpAB.  The TrpAB 
enzyme, encoded by trpA and trpB genes, catalyzes the final steps necessary for 
L-tryptophan (L-Trp) biosynthesis. The biosynthesis of L-Trp is tightly regulated in 
Mtb because it is the most energetically costly amino acid to synthesize. Regulation 
of L-Trp biosynthesis occurs at both the transcriptional level and at the enzymatic 
level through allosteric inhibition of the two subunits of TrpAB.

BRD4592 elucidated a new binding site on the TrpAB enzyme, binding at the 
protein-protein interface. BRD4592 is thought to inhibit TrpAB through entropy- 
based stability of vital enzyme states and through stabilizing the enzyme-product 
complex without altering the structure of the active site. The allosteric inhibition of 
TrpAB by BRD4592 cannot easily be overcome as multiple conformational states 
of the enzyme are affected. Another advantage of BRD4592 is its high level of 
specificity for TrpAB, evoking little to no off-target effects. Metabolic enzymes are 
difficult drug targets because they typically have active sites that are shallow bind-
ing pockets, permitting the binding of polar and hydrophobic substrates which 
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directly conflict with drug-like properties. However, as demonstrated by BRD4592, 
allosteric inhibition is an appealing tactic that may be utilized to circumvent issues 
surrounding direct metabolic enzymatic inhibition.

Coupled with its potential to serve as a future antitubercular agent, BRD4592 can 
also provide further insight on the complex metabolism of Mtb in diverse host 
microenvironments. Understanding why the starvation of some, but not all, amino 
acids, leads to death of Mtb can provide useful information on how to target Mtb 
metabolism in vivo.

5.2  TAM16: An Inhibitor of Polyketide Synthase

The thick, insoluble cell wall of Mtb aids the bacilli in evading destruction by mac-
rophages or antibiotics. Polyketide synthases (PKS) are an enzymatic family that 
form lipid metabolites utilized in the mycobacterial cell wall. The PKS family 
encoded by 24 genes has not previously been exploited as a TB drug target and 
serves as an attractive lead in novel TB drug discovery efforts.

The compound TAM16, a benzofuran, was found to inhibit Pks13, a specific 
member of the Pks family in Mtb. The protein Pks13 performs the final step in 
mycolic acid synthesis, which requires condensation of two long-chain fatty acids. 
TAM16 inhibits Pks13 by blocking the active site of the enzyme through binding of 
the acyl chain-binding groove. There is potential for TAM16 to become a first-line 
drug for TB treatment as it exhibits activity against MDR-TB and XDR-TB, shows 
a 100-fold lower frequency of resistance compared to isoniazid, and has promising 
pharmacokinetic and toxicity profiles. Due to TAM16 disrupting the Mtb cell wall, 
it exhibits synergy with other antitubercular drugs by augmenting their 
penetration.

By showing efficacious potency when administered as just a single dose, while 
also potentiating the activity of other antimicrobials, TAM16 has the potential to 
simplify TB regimens and encourage proper patient compliance.
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New Drugs in Synthesis Research for Viral 
Diseases

Justin O. Ortiz, Jeffrey B. Brown, Ajay K. Varadhan, and Charles Preuss

Abstract In 1901, the yellow fever virus was one of the first viruses to be discov-
ered by humans. Since then, over a century of research has been dedicated toward 
unveiling the viruses that have caused severe human illness. Following these novel 
discoveries, the field of viral treatments began to spark. Unlike antibiotics, antiviral 
medications have developed at a much slower pace. In the early 1960s, the first 
experimental antivirals were developed using trial-and-error methods. Although 
these methods were laborious and lacked efficiency, the discoveries from this era 
became the start of the antiviral field. Throughout the years, the complexity of anti-
viral development has demonstrated that combined therapies involving  antiviral 
drug targets have been one of the most effective approaches in treating viral infec-
tions. Overall, this chapter will briefly discuss the pathogenesis of colloquial viruses 
as well as describe—in detail—the emerging antiviral medications utilized to treat 
these pathogens.

Keywords Virus · Viral mechanism · Antiviral medications · Emerging 
pharmacotherapy · Viral pathogenesis

Antiviral drugs are a class of medicines particularly used for the treatment of viral 
infections. Viruses are among the major pathogenic agents that cause a number of 
serious diseases in humans, animals, and plants. Viruses cause many diseases in 
humans, from self-resolving diseases to acute fatal diseases. Developing strategies 
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for the antiviral drugs are focused on two different approaches: Targeting the viruses 
themselves or the host cell factors. Antiviral drugs that directly target the viruses 
include the inhibitors of virus attachment, inhibitors of virus entry, uncoating inhib-
itors, polymerase inhibitors, protease inhibitors, inhibitors of nucleoside and nucle-
otide reverse transcriptase and the inhibitors of integrase. The inhibitors of protease 
(ritonavir, atazanavir, and darunavir), viral DNA polymerase (acyclovir, tenofovir, 
valganciclovir, and valacyclovir) and of integrase (raltegravir) are listed among the 
Top 200 Drugs by sales during the 2010s. Presently, there are a few drugs that treat 
herpesviruses, many that treat influenza and emerging antiviral drugs that aim to 
treat hepatitis C infection and HIV. Overall though, effective antiviral drugs have 
yet to be developed for many viral infections. The action mechanism of antiviral 
drugs consists of its transformation to triphosphate following the viral DNA synthe-
sis inhibition. An analysis of the action mechanism of known antiviral drugs con-
cluded that they can increase the cell’s resistance to a virus (interferons) as well as 
suppress the virus adsorption in the cell and/or its diffusion into the cell. Antiviral 
drugs can also inhibit the deproteinization process in the cell (amantadine)  and 
when administered in conjunction with antimetabolites, these drugs can cause the 
inhibition of nucleic acids synthesis as well.

1  Introduction

Ribonucleic acid (RNA) viruses have been at the top of concern regarding global 
health for many years. RNA viruses contain ribonucleic acid as their genetic mate-
rial rather than deoxyribonucleic acid (DNA). RNA viruses, as well as viruses in 
general, come in all shapes and sizes. The simplest virus contains a single protein 
capsid that covers their viral genetic material to protect them from harsh environ-
ments. Traditionally, viral capsids are one of two shapes. The virus will either be 
helical or icosahedral. A helical-shaped virus is one that takes the shape of a coil 
around its viral nucleic acid. An icosahedral, on the other hand, is a 20-sided geo-
metric shape corresponding with an equilateral triangle on each side. Although 
there are other complex viral capsids, these are the two most common. Viruses that 
contain RNA as their genetic material rather than DNA are classified as RNA 
viruses; however, viruses that contain DNA as an intermediate during their replica-
tion cycles are classified as retroviruses. One of the most prevalent viruses in this 
category is the human immunodeficiency virus (HIV). Human retroviruses are 
divided into three subfamilies: oncoretroviruses, lentiviruses, and spumaviruses. 
Oncoretroviruses contain human T-cell lymphotropic viruses type 1 and 2 (HTLV-1 
and 2). Lentiviruses contain human immunodeficiency viruses type 1 and 2 (HIV-1 
and 2), and spumaviruses contain foamy viruses, which have not been found to 
cause any diseases in vivo. Outside of HIV, the other two retroviruses that can cause 
human illness are HTLV-1 and HTLV-2. Many of these retroviruses, and viruses in 
general, have been heavily researched throughout the years; however, vital aspects 
regarding the pathogenesis of these diseases still remain unclear.
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Viral hepatitis, for example, is the eighth highest cause of mortality globally and 
was responsible for an estimated 1.34 million deaths in 2015, a toll comparable to 
that of HIV and tuberculosis. Globally, approximately 257 million persons are 
chronically infected with hepatitis B and 71 million with hepatitis C. At this rate, an 
estimated 20 million deaths will occur between 2015 and 2030 [86]. There are five 
types of hepatitis, each being classified as A, B, C, D, or E. The most common 
types, however, are A, B, and C. For instance, the history of hepatitis C is quite 
notable. Before the 1980s, researchers were unaware of how hepatitis C was spread 
through circulation. Thus, during that time, hepatitis C was never screened for in 
blood transfusions. Accidental infectious needles and transfusions were a common 
cause of the rapid spread of the virus [33]. Since hepatitis C progresses very slowly, 
researchers are just now beginning to realize that hepatitis C can directly lead to 
hepatocellular carcinoma. It has taken decades for science to determine the mecha-
nisms regarding the pathogenesis of this virus. Due to the duration of hepatitis C 
and possibly many other pathogens, researchers may soon be able to unravel the 
modalities of much more novel diseases.

This chapter will outline prominent viruses that cause severe human illness, as 
well as elaborate on the groundbreaking research used to produce potential antivi-
rals that will be able to combat these diseases. As stated previously, viruses are 
broken down into RNA and DNA viruses. RNA viruses contain RNA in its genetic 
material and can be first distinguished by its shape. The viral capsid that surrounds 
the nucleic acid material is most commonly one of two shapes. The viral capsid may 
be icosahedral or helical. Once separated by their viral capsid shape, the virus can 
further be differentiated based on if it is enveloped or not. Thus, two RNA viruses 
can be icosahedral; however, if one is enveloped and the other is naked, they can 
then proceed to be separated into their respective categories. The last form of sepa-
ration before the virus is specifically identified by its number of segments, family 
and virion polymerase, is its genome. RNA viruses can be single-stranded or 
double- stranded. If the RNA virus is single stranded, it can be a positive-sense or a 
negative-sense strand. A positive-sense single-stranded RNA virus is similar to 
mRNA in its structure and thus can be immediately translated by the host cell to 
cause infection. Negative-sense single-stranded RNA viruses are complementary to 
mRNA and must first be converted to a positive-sense strand via an RNA poly-
merase before it is translated. HIV-1, for example, is an enveloped, positive-sense, 
single-stranded icosahedral RNA virus [54].

2  Picornaviruses and Rotaviruses

Ever wondered what it meant when someone stated that they had the “common 
cold”? Traditionally, the common cold is caused by a virus and more specifically, 
picornaviruses! The common cold is a self-limited illness. This refers to any disease 
whose natural history is to resolve without treatment. Picornaviruses are naked, 
positive-sense, single-stranded icosahedral RNA viruses. Similar to most positive- 
sense RNA viruses, the genetic material alone is infectious. These viruses have a 
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variable host range and typically go through cytoplasmic replication. Some con-
stituents of the family, include enteroviruses, which typically infect the GI tract, and 
rhinoviruses which typically infect the upper respiratory tract. Rhinoviruses, spe-
cifically, are sensitive to low pH’s and cannot grow above a temperature of 33 
degrees Celsius. This is a major reason why the rhinovirus typically infects the 
upper respiratory tract due to the lower temperatures present in those areas. 
Rhinoviruses are also seasonal. These viruses peak during the fall; however, the 
most severe rhinovirus infections are in the winter. Most picornaviruses such as 
coronaviruses, parainfluenza viruses, and rhinoviruses can lead to the common cold. 
Although the common cold may not seem life-threating, there are many viruses in 
the Picornaviridae family that can cause severe morbidity and mortality—such as 
the poliovirus. Even though polio has been eliminated in the United States, it is still 
very present in other portions of the world. The poliovirus is a non-enveloped, 
positive- sense, single-stranded icosahedral RNA virus. Poliovirus typically infects 
the gut intestinal lining, specifically the gut-associated lymphoid tissue. In more 
severe cases, poliomyelitis may occur if the virus enters the motor neurons of the 
body which may lead to paralysis. If poliomyelitis worsens, the nerve responsible 
for breathing—the phrenic nerve—will be compromised and the paralysis of the 
diaphragm will eventually lead to death. Presently, the prevention that is used to 
combat the poliovirus is the current three dose inactivated vaccine, which was 
approved in the year 2000. When infected with the virus, post-polio syndrome 
(PPS) can occur decades later. PPS leads to symptoms of pain in the muscles and 
joints, weakness, and fatigue. PPS is not contagious, although the poliovirus itself 
certainly is. One emerging treatment tested for PPS has been the use of L-citrulline. 
L-citrulline is known to change muscular metabolism by increasing nitric oxide 
synthesis and eventually increasing protein synthesis. If this turns out to be the case, 
a cost-effective, symptomatic therapy with L-Citrulline could be available for these 
patients [73]. Although the use of L-citrulline for PPS is in its developmental stages, 
there are no current pharmaceuticals that can reverse or delay the symptoms of 
PPS.  Picornaviruses, in general, typically have no approved antivirals; however, 
researchers are actively working toward finding treatments for this family of viruses.

Rotaviruses are non-enveloped, double-stranded icosahedral RNA viruses. There 
are nine species of rotaviruses: however, only A, B, C, and H infect humans. In 
respect to these species, Group A dominates the most. Rotaviruses are spread 
through fecal–oral transmission and typically lead to  more severe gastroenteritis 
than other GI pathogens. Rotaviruses can cause abrupt vomiting, diarrhea, and 
fever. In developing countries,  rotavirus  infections can cause serious ill-
nesses and have recently, became one of the leading causes of infant mortalities in 
these locations. In the early 1990s, the prevention of rotaviruses began with  the 
development of a vaccine. RotaShield was a live attenuated recombinant vaccine 
that was approved for use in the late 1990s [13]. Unfortunately, the same year that 
the vaccine was distributed was the same year it was removed from the market due 
to complications with intussusception. Intussusception occurs when one portion of 
the intestine slides into an adjacent part of the intestine. This can cut off blood sup-
ply, tear the intestines, and lead to necrosis of the bowel tissue. Current research has 
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shown slight effectiveness with a new antiviral agent—Nitazoxanide—for its poten-
tial use against rotavirus infections. As a drug, Nitazoxanide is currently an approved 
treatment for diarrhea caused by Cryptosporidium sp. Nitazoxanide and its active 
circulating metabolite tizoxanide inhibits simian A/SA11-G3P2 and human 
Wa-G1P8 rotavirus replication in different types of cells with 50% effective concen-
trations (EC50s) ranging from 0.3 to 2 μg/ml and 50% cytotoxic concentrations 
(CC50s) higher than 50 μg/ml [49]. Thiazolides such as nitazoxanide do not impact 
virus infectivity, binding, entry into target cells or general inhibition of viral protein 
expression. However, thiazolides do reduce the size, alter the architecture of viro-
plasms  and  decrease the  rotavirus double-stranded RNA formation. Altogether, 
research has indicated that thiazolides inhibit rotavirus replication by interfering 
with viral morphogenesis and may represent a novel class of antiviral drugs effec-
tive against rotavirus gastroenteritis [49].

3  Orthomyxoviruses

Unlike icosahedral RNA viruses, all helical RNA viruses are enveloped. 
Orthomyxoviruses are negative-sense, single-stranded helical RNA viruses that 
contain the influenza A, B, and C viruses (colloquially known as the flu). 
Orthomyxoviruses replicate in the nucleus and have a vast host range. Two highly 
variable structures that are located on the influenza virus allow it to be extremely 
effective in evading the immune system. These two structures are neuraminidase 
and hemagglutinin. In order for a cell to be infected by influenza, the virus will 
attach itself to the sialic acid groups located on the membrane of the cell via hemag-
glutinin. Once the virus attaches, neuraminidase allows the virus to move from one 
sialic acid group to another by cleaving these groups until it locates the precise cell 
surface receptor needed for the virus to enter the cell. Unfortunately, this cell sur-
face receptor still remains unknown. Proceeding this interaction at the level of the 
plasma membrane, the virus enters the cell through receptor-mediated endocytosis. 
Once it has entered the nucleus and replicated its viral mRNAs, the viral mRNAs 
must leave the nucleus and eventually bud off from the plasma membrane. When 
these viral particles attempt to bud off, hemagglutinin still remains attached to the 
sialic acid groups on the cell membrane. To prevent self-agglutination, neuramini-
dase cleaves the interaction between the sialic acid groups which will allow the 
virus to infect other cells. These two structures located on the virus are prime targets 
for pharmaceuticals.

Orthomyxoviruses are quite calculated and methodical; however, the human 
body contains barriers that attempt to prevent the infection. These barriers include, 
but are not limited to, mucus layers, interferons, and T-cell responses. Unfortunately, 
reinfection from influenza is quite common due to antigenic drift. Antigenic drift 
leads to a generation of drift variants due to the vulnerability of inaccurate viral 
polymerases producing point mutation errors on certain prone regions of the genes 
[14]. When antigenic drift occurs, the body’s immune system may not be able to 
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recognize and prevent the infection caused by newer flu viruses. As a result, a per-
son becomes susceptible to flu infection again, as antigenic drift has changed the 
virus’ antigenic properties enough that a person’s existing antibodies won’t recog-
nize and neutralize the newer flu viruses [11]. Due to antigenic drift, there are now 
18 subtypes of hemagglutinin proteins and 11 subtypes of neuraminidase proteins. 
This reassortment is a leading cause for the readjustment of pharmaceuticals used to 
treat Influenza A. Currently, there are four FDA-approved antiviral drugs to combat 
influenza. These are peramivir (Rapivab), zanamivir (Relenza), oseltamivir phos-
phate (Tamiflu), and baloxavir marboxil (Xofluza). Formerly, there were two other 
drugs that were approved by the FDA, amantadine (Symmetrel) and rimantadine 
(Flumadine) [15]. Historically, these drugs have been used to treat influenza infec-
tion; however, throughout the years, the virus has become resistant to both amanta-
dine and rimantadine due to antigenic drift. Of the four drugs that are currently FDA 
approved, the most novel antiviral drug is baloxavir marboxil. Baloxavir marboxil 
works against influenza A and B. Baloxavir marboxil has a mechanism of action 
that is quite different than the other three drugs. Rather than inhibiting the function 
of neuraminidase or hemagglutinin, baloxavir marboxil inhibits a subunit of the 
viral polymerase to prevent the replication of the virus. Since the mechanism of 
baloxavir marboxil is much different, it may be able to fight against strains of the 
influenza virus that are already resistant to the other three FDA-approved drugs 
[48]. Typically, inhaled zanamivir or oseltamivir phosphate is prescribed for 5 days 
to treat the flu. Another option that decreases the drug dose frequency would be a 
single dose of intravenous peramivir or oral baloxavir marboxil. Lastly, oseltamivir 
phosphate is typically used for patients that are hospitalized [15].

4  Rabies

The purpose of this section is to address the potential use of novel antiviral drugs as 
a treatment for the rabies virus. Currently, the treatment for post exposure prophy-
laxis to the virus is the human rabies immunoglobulin (HRIG) and rabies vaccine. 
HRIG can cost up to $10,000 in certain areas of the United States of America. Many 
individuals exposed to the virus, especially those that are uninsured, can be left with 
heavy medical debts. The development of the equine rabies immunoglobulin (ERIG) 
was proposed as a less expensive option; however ERIG is less effective and still 
unaffordable in many parts of the world. Unfortunately, without HRIG or ERIG, 
exposure to the virus will most likely to lead to death. The first record of the rabies 
virus infecting and killing humans was in 2300 B.C. Since then, the exact pathogen-
esis of the virus still remains unknown. The rabies virus is a helical, enveloped, 
negative-sense, single-stranded RNA virus. Once contacted with the virus, the dis-
ease will lead to a coma and eventually death if not treated immediately. It is specu-
lated that the virus can replicate directly in the muscle tissue—after a bite from an 
animal for instance—or the virus can rapidly  traverse to the peripheral nervous 
system (PNS) and replicate there. The inability to identify antigens of the rabies 
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virus in organs during the early stages of infection has led to uncertainties regarding 
the exact location of replication. Once the virus traverses into the PNS, it rapidly 
moves into the central nervous system (CNS) and symptoms begin promptly there-
after [40]. If not treated immediately, the virus will lead to encephalomyelitis in the 
CNS. HRIG is highly effective in post-exposure prophylaxis; however, the major 
concern lies on the present global shortage for these immunoglobulins. In develop-
ing countries, this shortage has led to the majority of deaths after rabies virus expo-
sure. Hence, the discovery for new antiviral drug treatments to combat the virus has 
been of great interest.

Ribavirin, which is currently used to treat chronic hepatitis C, in conjunction 
with the use of interferon-alpha, has shown success during in vitro experiments; 
however, the effectiveness of this combination for in  vivo experiments remains 
unclear. Historically, the two other antivirals that were used to combat the rabies 
virus were ketamine and amantadine. Ketamine is an NMDA antagonist and aman-
tadine is a drug that has been used to treat influenza A. In 2004, the combination of 
ketamine, amantadine, and a few other drugs, collectively known as the “Milwaukee 
Protocol,” initially demonstrated promising effects for treating the rabies virus [52]. 
Unfortunately, it was quickly discovered that the combination of these drugs was 
ineffective and unreproducible for treating the viral infection. An emerging treat-
ment for rabies —favipiravir—is currently approved to treat the influenza virus in 
Japan. Favipiravir has been demonstrated to have antiviral effects against the rabies 
virus in experiments. Although the exact mechanism of the drug is not fully under-
stood, it has shown promising effects in treating the infection when the rabies virus 
was injected intramuscularly in mice. Notably, favipiravir must be used immedi-
ately after initial infection. If the use of the drug was delayed 1–2 days post- 
infection, it was deemed ineffective. This indicates that the drug is unable to treat 
the rabies virus once it has already entered the CNS. In order to treat CNS effects 
caused by the virus, antivirals must be able to access the cerebrospinal fluid and tap 
into the CNS efficiently—which poses a significant barrier for these drugs. Along 
with the already present immunoglobulins, antivirals will be a vital addition for 
treating the rabies virus infection.

5  Human Papillomavirus

Approximately 79 million Americans are currently infected by the human papillo-
mavirus (HPV) and 14 million people are being infected every year [22]. Nearly 
80% of sexually active individuals are infected with the virus at some point in their 
lives; however, most individuals are never aware. The HPV is a naked, double- 
stranded, icosahedral DNA virus. The HPV is categorized within the Papillomaviridae 
family. The virus uses the host DNA polymerase to replicate in the nucleus of the 
cell. There are over 200 strains of the virus and approximately 30–40 strains are 
anogenital while 15–20 strains are oncogenic. Many of the HPV strains lead to geni-
tal warts; however, persistent infection of the HPV may lead to certain cancers espe-
cially, with strains that are of higher risk.
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The HPV grows from the basal layer of the skin and progresses superficially 
through the epidermis. Beginning at the basal layer, the virus proceeds to the supra-
basal layer to maintain the genome and amplify as the cell starts to proliferate. As the 
virus progresses from the suprabasal layer to the granular layer, it begins to assemble 
and is eventually released from the granular cell layer. The early genes of the virus 
are E1-E7, which are heavily present in the basal and suprabasal layer of infection. 
Particularly, the E6 and E7 proteins have been linked to the malignant transformation 
of cells. The E5 protein has a role in the pathogenesis of the virus; however, it is not 
required for the HPV to progress to cancer. The HPV strains are divided into three 
different categories: low-risk, intermediate-risk, and high-risk. The low-risk strains 
are solely found in benign lesions and these strains include 6, 11, 42, 43, and 44. The 
intermediate-risk strains are found in invasive cancers as well as in benign lesions; 
these strains include 31, 33, 35, 51, 52, and 58. The high- risk strains are nearly 
always found in carcinomas and these strains include 16, 18, 45, and 56 [54]. 

The human papillomavirus 9-valent vaccine (Gardasil) is the currently approved 
HPV vaccine in the United States. The HPV 9-valent vaccine uses the recombinant 
L1 capsid proteins located on specific HPV strains to protect against the infection. 
The vaccine is geared toward the HPV 16 and 18 strains, which typically lead to 
cervical cancer. The vaccine also protects against the HPV 6 and 11 strains, which 
typically lead to genital warts. Notably, there are no approved antiviral drugs to 
combat the HPV; however, researchers with San Diego-based Hera Therapeutics 
presented findings at the 29th Annual International Papillomavirus Conference sup-
porting a potential antiviral treatment for HPV [42]. The emerging drug inhibited 
the replication of the HPV 16, 18, and 11 strains. Although the specific mechanism 
of action for the antiviral drug is unknown, the drug essentially inhibits the virus 
from DNA replication.

6  Human Immunodeficiency Virus and MERS-Cov

One of the leading causes of disease in the United States is HIV. In 2020, there were 
37.7 million people living with HIV and 1.5 million people were newly infected that 
same year [81]. HIV is a retrovirus that infects a variety of species. The three types 
of retroviruses are oncoretroviruses, lentiviruses, and spumaviruses. HIV-1 and 
HIV-2 are in the subfamily of lentiviruses. There are three major groups of lentivi-
ruses: HIV-1, HIV-2, and Simian immunodeficiency virus (SIV). These three groups 
share similar features which include variations in the presentation of the disease as 
well as following three typical stages of infection. The three stages of infection for 
lentiviruses include the acute infection, the latent period and a period of high levels 
of viral replication during opportunistic times. HIV is an enveloped positive-sense 
RNA virus. It is also classified as a retrovirus due to the production of a DNA inter-
mediate during its replication process. The positive-sense RNA virus must first be 
transcribed by a viral reverse transcriptase. This will then transition the RNA to a 
negative-sense single-stranded DNA genome. Once the DNA becomes double- 
stranded, the HIV genome itself is infectious.
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The HIV genome is polycistronic since it covers all three reading frames. Gag, 
Pol, and Env are the main structural proteins that are responsible for the function of 
the virus. Gag is responsible for forming the nucleocapsid, the viral matrix as well 
as the capsid. Pol is responsible for producing the reverse transcriptase and other 
important enzymes. Env is vital for the production of the envelope protein. The HIV 
genome contains other regulatory and accessory proteins as well. The regulatory 
proteins include Tat and Rev, while the accessory proteins include Vpr, Vpu, Vif, and 
Nef. During the early stages of HIV, Tat, Rev, and Nef are produced. Later in the life 
cycle, Vpr, Vpu, and Vif are produced after the virus has infected the cell [50]. Once 
HIV is in the genome, Gag is myristoylated and attaches to the cell membrane. Once 
Gag is attached to the cell membrane, it recruits 2 copies of viral RNA as well as 
other proteins. When this process is completed, the virus buds off. Once the virus 
has budded, the Gag is then cleaved by viral proteases and broken down into several 
proteins that form the matrix, nucleocapsid, and capsid protein. Essentially, the Gag 
protein is vital for forming nearly the entire structure of the virus. Opposed to other 
retroviruses, HIV is unique in its ability to enter and replicate in non-dividing termi-
nally differentiated cells [29]. HIV forms a pre- integration complex (PIC) that 
allows the virus to enter the nucleus. The size of HIV is too large to pass through the 
nuclear pores, and thus, the viral capsid must be uncoated in the cytoplasm in order 
for the viral RNA to enter the nucleus.

The Gag protein is transcribed on the first reading frame, while the Pol protein is 
transcribed on the third reading frame; however, Gag-Pol precursors are formed 5% 
of the time. This occurs when the ribosome switches reading frames after it has 
translated the Gag protein. Thus, the formation of Gag-Pol precursors is 20:1. If a 
Gag-Pol precursor is produced, it is cleaved by a viral protease and broken down 
into its respective components. Pol is responsible for forming the enzymes neces-
sary for the pathogenesis of HIV-1. This includes RNase, integrase, protease, and 
reverse transcriptase. Many of the antivirals used for the treatment of HIV are bro-
ken down into categories that can disrupt these enzymes. Nucleoside reverse tran-
scriptase inhibitors (NRTIs) are nucleosides that are missing a 3′ hydroxyl group. 
When NRTIs are attached to a growing viral RNA, they terminate and interfere with 
its replication process. These NRTIs can be divided into adenosine, guanosine, cyti-
dine, and thymidine analogs. Current NRTIs used to treat HIV are zidovudine (a 
thymidine analog) and didanosine (an adenosine analog). Non-nucleoside reverse 
transcriptase inhibitors (NNRTIs) bind to an area on the reverse transcriptase protein 
and inhibit the function of the enzyme. Examples of NNRTIs include nevirapine and 
delavirdine. Researchers have discovered the 3D structure of the viral protease pro-
duced by the Pol structural protein which has further led to the discovery of another 
class of antivirals termed as protease inhibitors. Initially, ritonavir was designed as a 
protease inhibitor; however, clinical trials have shown that ritonavir has a strong 
inhibition for the cytochrome P450 3A4 isoenzyme (CYP3A4). Since this isoen-
zyme is responsible for the degradation of drugs, ritonavir is currently used to 
enhance the effects of other protease inhibitors [35]. Ritonavir has decreased the 
amount of drug and drug frequency needed to treat HIV due to its ability to inhibit 
CYP3A4. Examples of other protease inhibitors include atazanavir and darunavir. 
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Additionally, a more novel class of drugs that are currently in experimental research 
includes the portmanteau inhibitors. These drugs inhibit the integrase and reverse 
transcriptase enzymes. Another structural protein that is highly targeted by antiviral 
drugs includes Env (gp160). Env is divided into the gp120 and gp41 subunits. These 
subunits are processed in the Golgi apparatus and the endoplasmic reticulum. The 
gp120 subunit of Env forms the receptor that is located on the external surface of 
HIV. The gp41 subunit forms the transmembrane portion responsible for viral entry. 
The gp120 and gp41 subunits are non-covalently bonded to one another to form a 
trimer. Once HIV targets a T cell or macrophage, the gp120 subunit binds to the 
CD4 receptor located on macrophages and T cells. After the gp120 subunit is bound 
to the CD4 receptor, the V3 loop (also known as the V3 hypervariable region) located 
on the gp120 subunit is exposed and binds to the CXCR4 receptor on a T cell or the 
CCR5 receptor on a macrophage. Prior to the interaction between the gp120 subunit 
and the CD4 receptor, a hydrophobic patch covers the V3 loop [88]. This highly 
conserved hydrophobic patch has been a prime target for new antiviral drugs. 
Research studies have shown that targeting certain amino acid residues on this 
hydrophobic patch have shown an increase in viral gp120 shedding. Notably, adding 
even a single glycine residue in crucial regions on this hydrophobic patch has dem-
onstrated destabilization of the Env (gp160) trimer. Fostemsavir (Rukobia) is a first-
in-class attachment inhibitor that prevents the binding of gp120 with the CD4 
receptor. Due to the novel mechanism of action, fostemsavir may be active against 
HIV strains that have become resistant to the current drugs used to treat HIV [44].

In 2012, the first case of the Middle East respiratory syndrome coronavirus 
(MERS-Cov) occurred in Saudi Arabia. Since then, the virus has led to at least 2468 
cases and 851 deaths globally [76]. MERS-Cov is believed to have originated from 
dromedary camels and has limited human-to-human transmission. With time; how-
ever, possible mutation of the virus can render it highly transmissible. MERS-Cov 
is a positive-sense, enveloped single-stranded RNA virus that is categorized within 
the Coronaviridae family. MERS-Cov targets a functional receptor—dipeptidyl 
dipeptidase 4 (DPP4)—which is present on the majority of cells in the body [72]. 
DPP4 is an enzyme necessary for the conversion of frequent amino acid sequences. 
DPP4 is predominantly present in the epithelial cells of the lower respiratory tract 
in humans; however, these receptors are seen more frequently in the upper respira-
tory tract of dromedary camels. Researchers believe that this makes MERS-Cov less 
transmissible to humans; however, that has not fully  been confirmed. Currently, 
there are no specific treatments or vaccines used for MERS-Cov; however, a combi-
nation of lopinavir, ritonavir, and interferon-beta have shown benefits during in vitro 
experiments [76]. Lopinavir is an HIV protease inhibitor typically given jointly with 
ritonavir. Ritonavir increases the half-life of lopinavir and thus has increased the 
effect of the drug and decreased the necessary dosage. Researchers have also tested 
the addition of remdesivir to the combination of lopinavir, ritonavir and interferon- 
beta. Remdesivir is a broad-spectrum antiviral drug and its mechanism of action 
against MERS-Cov is likely through pretermination of the viral RNA transcription. 
Although recent meta-analysis and modeling have suggested that interferon treat-
ment may not improve clinical outcomes in MERS-CoV patients, the fixed dose 
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combination of remdesivir and interferon-beta provides strong antiviral activity 
against MERS-CoV in vitro and in vivo as compared to the combination without 
remdesivir. In addition, remdesivir was the only treatment to significantly reduce 
pulmonary pathology [76].

7  SARS-CoV-2

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has provided 
for a pandemic involving 118.9 million cases as of March 12, 2021 [47]. 
Approximately 5% of patients who are infected by CoVs progress to complications 
including acute respiratory distress syndrome [47]. The coronaviruses (CoVs) 
include a diverse family of positively charged, single-stranded RNA viruses that are 
responsible for respiratory infections in human, other mammals, and avian species 
[84]. Within the Coronaviridae family lies the Orthocoronaviridae subfamily, which 
consists of α-CoV, β-CoV, γ-CoV, and δ-CoV [36]. The γ-CoV and δ-CoV species 
primarily infect avian species, while the α-CoV and β-CoV species exclusively 
infect mammals [36].

Human coronaviruses (HCoVs) have been prevalent for a significant period of 
time, with the first isolation of strain HCoV-B814  in 1965 [58]. More recently, 
pathogenic strains including SARS-CoV, Middle East respiratory syndrome corona-
virus (MERS-CoV), and SARS-CoV-2 have become of significant concern  [19]. 
Since its emergence in 2019, SARS-CoV-2 has fashioned a devastating spread over 
the world [34]. As of December 10, 2021, there have been 267,865,289 confirmed 
cases of COVID-19, including 5,285,888 deaths, reported to World Health 
Organization [87].

The prominent symptoms of SARS-CoV-2 infection include anosmia, ageusia, 
and fever [27]. In addition, cough, chest pain, and shortness of breath have been 
noted as general acute symptoms for patients throughout the course of infection 
[27]. The CDC classifies the potential symptoms of COVID-19 into mild-to- 
moderate, severe, and critical symptoms. The mild-to-moderate symptoms include 
cough, fever, myalgias, and mild pneumonia. Severe symptoms include dyspnea, 
hypoxia, or more that 50% lung involvement on imaging. Finally, critical symptoms 
include respiratory failure, shock, or multiorgan system dysfunction. It is important 
to note that there is a high rate of asymptomatic or pre-symptomatic individuals. A 
recent trial suggested that 44.2% of randomly selected individuals and 20.2% of 
nonrandom participants reported a lack of SARS-CoV-2 symptoms within 2 weeks 
of a positive RT-PCR test [27].

This provides for a discussion of the transmission of SARS-CoV, an area that has 
become of extreme importance by the Centers for Disease Control and Prevention. 
The updated CDC guidelines suggest that the primary mode by which people are 
infected by SARS-CoV2 is via exposure to respiratory fluids that contain traces of 
the virus [19]. Furthermore, the CDC suggests that exposure can occur in the fol-
lowing three ways: “inhalation of very fine respiratory droplets and aerosol parti-
cles, deposition of respiratory droplets and particles on exposed mucous membranes 
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in the mouth, nose, or eye by direct splashes and sprays, and touching mucous 
membranes with hands that have been soiled either directly by virus-containing 
respiratory fluids or indirectly by touching surfaces with virus on them” [19]. Such 
exposure can be prevented through non-pharmaceutical interventions including 
masking, hand hygiene, and physical distance from infected people. Social distanc-
ing, movement restrictions, and sanitized public transport reflect key public health 
endeavors to reduce spread of COVID-19 [19]. Pharmaceutical treatments and vac-
cination are described later in this section.

7.1  Virulence Factors

The mechanism of infection and action of coronavirus has been studied excessively 
and is summarized here. The pathogen contains a spike (S) protein that binds to cel-
lular entry receptors including human aminopeptidase N, dipeptidyl peptidase 4, 
and angiotensin-converting enzyme 2 [84]. The spike protein ensures specificity for 
these entry receptors during viral fusion with this host cell membrane. The envelope 
and the membrane are structural proteins that are utilized for the incorporation of 
RNA into the new viral particle during replication. Once entry has been completed, 
the coronavirus replicates and expresses pathogenic RNA which will be further 
encompassed in newly replicated viruses. Specifically, the viral genome is catego-
rized by positive-sense, single-stranded RNA that is covered by a nucleocapsid [84].

These nonstructural proteins lead to the formation of the transcription and repli-
cation complex of coronavirus. After translation is completed, the structural pro-
teins are translocated to the endoplasmic reticulum (ER) and through the ER-to-Golgi 
intermediate compartment. Newly formed coronavirus particles are secreted from 
the infected cell via exocytosis and this process continues [84].

7.2  Current and Future Treatment

The FDA approved remdesivir (Veklury) as a viable treatment for COVID-19 for 
adults and children who are 12 years and older and weigh at least 40 kg. It is indi-
cated that remdesivir should be administered to patients in a hospital or in a facility 
that can provide patients with acute care comparable to inpatients hospital treat-
ment. It is important to note that clinical trials regarding the safety and efficacy of 
remdesivir in the pediatric patient population are still being conducted. Aside from 
remdesivir, patients with COVID-19 should also make sure to receive supportive 
care to mitigate symptoms [8].

The CDC suggests that patients with a mild-to-moderate clinical presentation of 
the disease, which means an absence of viral pneumonia and hypoxia, may be able 
to manage their symptoms through supportive care at home. Pulse oximetry can be 
utilized as a tool to gain insight into the patient’s oxygenation status. Severe and 
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clinical presentations of COVID-19 may require hospitalization and support includ-
ing supplemental oxygen and mechanical ventilatory support. The (FDA) recently 
expanded the authorization of two monoclonal antibodies for treatment and post- 
exposure prevention of COVID-19 from only adults to pediatric patients, including 
newborns [23]. These monoclonal antibodies are bamlanivimab and etesevimab that 
are targeted against the spike protein of SARS-CoV-2 [23]. These two antibodies 
are given together and are designed to block viral attachment and cellular entry. It is 
important to note the potential serious side effects including hypersensitivity and 
infusion-related reactions of treatment with bamlanivimab and etesevimab. Nausea, 
dizziness, pruritus, and rash have also been observed in patients [23].

Aside from these previously mentioned treatments for patients infected with 
COVID-19, vaccinations present a powerful avenue to preventing infection in the 
future. The CDC does not recommend one of the currently available vaccines over 
another, but the three vaccines currently utilized have different efficacies. The 
Pfizer-BioNTech is recommended for people ages 5 or older and consists of two 
doses given 21 days apart. The Moderna vaccine is recommended for people ages 
18 or older and consists of 2 doses given 28  days apart. Both the Moderna and 
Pfizer-BioNTech vaccines are mRNA vaccines. The Johnson & Johnson’s Janssen 
vaccine is also recommended for people 18 years or older and only consists of 1 
dose that contains a modified vector virus as its mechanism of action. It should be 
indicated that there is significantly increased risk of thrombosis with thrombocyto-
penia syndrome (TTS) with the use of the Johnson & Johnson’s Janssen vac-
cine [18].

A currently ongoing, double-blind, phase 3 trial is testing the effects of the pan- 
sarbecovirus monoclonal antibody sotrovimab compared to placebo in symptomatic 
patients with COVID-19. The study demonstrated that 1% of patients in the sotro-
vimab group, compared to the 7% of patients in the placebo group, presented dis-
ease progression resulting in hospitalization or death (P = 0.002) [31]. Sotrovimab 
represents a viable future treatment to reduce disease progression for high-risk 
patients with mild-to-moderate COVID-19 [31]. Furthermore, ivermectin, an anti-
parasitic, has been extensively studied as a possible treatment in reducing mortality 
in patients with COVID-19 infection. A recent meta-analysis found that ivermectin 
reduced risk of death compared to treatment without ivermectin (confidence interval 
0.19–0.73) [9]. This provides evidence that ivermectin has strong potential and must 
be further studied to be utilized to reduce disease progression in the future.

Molnupiravir has recently been noted as an active oral agent that reduces the risk 
of COVID-19 progression. Molnupiravir is a small-molecule ribonucleoside pro-
drug of N-hydroxycytidine (NHC) and has activity against a wide range of RNA 
viruses. NHC is phosphorylated intracellularly and incorporated into viral RNA by 
viral RNA polymerase leading to deleterious errors in the viral genome. A phase 3, 
randomized, double-blind, placebo-controlled trial was conducted in non- 
hospitalized, unvaccinated adults with mild-to-moderate, laboratory-confirmed 
COVID-19 and at least one risk factor for COVID-19 illness [39]. Over the course 
of 5 days, participants were either assigned to receive 800 mg of molnupiravir or 
placebo twice daily. Study results demonstrated that the risk of hospitalization for 
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any cause or death through day 29 was significantly lower in the molnupiravir group 
compared to the placebo group (difference, −6.8 percentage points; 95% confidence 
interval, −11.3 to −2.4; P = 0.001). Adverse events were indicated in 33% of the 
placebo group and 30.4% of the molnupiravir group [39].

8  Hepatitis A

Viral hepatitis is still a prominent public health issue in the United States, account-
ing for 20,000 deaths each year [65]. The World Health Organization (WHO) sug-
gests that approximately 1.5 million people are infected with hepatitis A virus 
(HAV) yearly [37]. HAV can be classified as an RNA virus in the Picornaviridae 
family and is known to be transmitted through the fecal–oral route. This occurs with 
exposure to contaminated food, water, or contact with another infected person. It is 
important to note that high-risk groups include men who have sex with men, people 
traveling to endemic locations, and people who use drugs via injection. The CDC 
has also suggested that person-to-person transmission is very prevalent among 
homeless persons due to close quarters and illicit drug use [37]. Historically, the 
most recent outbreaks of HAV in the United States occurred in 2012–2013 and 
2015–2016 [20]. Given this, the incidence of HAV in an acute setting has decreased 
drastically, approximately reduced by 92% since 1995, since the utilization of the 
vaccine [59].

The acute symptoms of HAV infection often include nausea, right upper quad-
rant abdominal discomfort, vomiting, fatigue, malaise, and fever [59]. Furthermore, 
patients with severe illness may develop dark-colored urine, pale stools, jaundice, 
pruritus, and icteric sclera. It has been found that most adults are symptomatic but 
70% of children under 6 years who are infected with HAV are asymptomatic [37]. 
It should also be noted that there are several significant values that can be tracked to 
observe disease progression. These include elevated concentrations of “serum ala-
nine, aminotransferase, aspartate aminotransferase, bilirubin, and alkaline phospha-
tase” [37]. Clinical suspicion of HAV may also prompt testing for the HAV 
immunoglobulin M antibody [37]. Lemon S.M. et al. describe five major patterns of 
infection with regard to HAV that illustrate clearly its clinical presentation: asymp-
tomatic infection, symptomatic infection, cholestatic hepatitis, relapsing infection, 
and fulminant hepatitis [53].

8.1  Mechanism of Actions

HAV is transmitted via a fecal–oral pathway and gains access to the host blood-
stream. The virus enters the liver and possesses a long incubation period lasting 
approximately 4–6 weeks [37]. As indicated above, an HAV-specific IgM antibody 
test can be conducted initially, and elevated titers here may be present alongside 
elevated serum liver antibodies suggesting liver damage. The specific mechanism of 
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action of liver injury in acute hepatitis A is not fully understood, but there are sev-
eral pathological and immunological signs that demonstrate acute infection.

There appears to be a reduced induction of type I interferon-stimulated genes in 
the liver during acute infection which may be due to HAV protease-mediated cleave 
of mitochondrial antiviral signaling proteins (MAVS) and TIR-domain-containing 
adaptor-inducing interferon-β (TRIF). MAVS and TRIF serve as adaptor proteins in 
the cytoplasmic viral RNA sensing pathways, and their cleavage leads to a detri-
mental type I interferon (IFN) blunting that prolongs HAV survival. The virus acts 
by stimulating CD8 T cells which are differentiated into effector cytotoxic T cells 
which causes hepatocyte damage. A significant concentration of IL-15 and IL-19 is 
present in the serum and in the macrophages and hepatocytes, respectively. IL-18 
activates natural killer cells and causes damage to infected and uninfected hepato-
cytes [10].

8.2  Treatment Options

With respect to acute HAV infection, supportive care is provided as the primary 
methodology of treatment. Full recovery from symptoms may take several weeks or 
months, and patients are advised to avoid alcohol or other medications or substances 
that are considered hepatotoxic. It should be noted that less than 1% of patients 
develop acute liver failure, a scenario that may require emergency organ transplant 
[59]. The World Health Organization suggests that food safety, hydration, sanita-
tion, and immunization are strong ways to prevent infection [59].

Within the United States, there is currently a vaccination available against hepa-
titis A. These are considered inactivated, single-antigen vaccines, and HAVRIX and 
VAQTA are two currently implemented examples [37]. These vaccinations have 
demonstrated long-term protection and are highly recommended for high-risk peo-
ple including travelers to endemic areas and IV drug users. The CDC suggests that 
it is highly recommended for infants ages 6–11 months who are traveling interna-
tionally to receive a vaccine against hepatitis A [59]. Alternatives include a single 
dose of HAV immune globulin (IG) intramuscularly to provide short-term protection.

9  Hepatitis B Virus

The hepatitis B virus (HBV) is an infectious entity that primarily causes liver dis-
ease with both acute and chronic manifestations. HBV contains a double-stranded 
DNA (dsDNA) genome with 8 genotypes (A-H) and belongs to the Hepadnaviridae 
family [56]. HBV is a common infectious agent with infection rates in the United 
States around 4.3% in 2020 [46]. Globally, an estimated 257 million people suffer 
from chronic HBV infection, and the virus accounts for about 887,000 deaths annu-
ally [79]. HBV is transmitted human-to-human via bodily fluids such as blood and 
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semen, and transmission most commonly occurs via sexual contact, sharing nee-
dles, or vaginal childbirth [16]. 

HBV infection can vary from acute to chronic depending on the viral genotype 
and the infected individual’s strength of immune response and ability to receive 
treatment. Infantile infection has a significantly higher chance of conferring a 
chronic infection. While around 90% of infantile cases of HBV become chronic, 
only 2–6% of infected adults suffer from a chronic infection [16].

Acute HBV infection can be asymptomatic [56] or can present with symptoms 
from jaundice, fatigue, stomach pain, and nausea to acute hepatic failure [16]. While 
both acute and chronic HBV infections can cause acute hepatic failure, chronic 
disease can also cause cirrhosis and hepatocellular carcinoma of the liver [56], rep-
resenting the majority of morbidity and mortality associated with HBV infection. 
Extrahepatic manifestations of infection are rare and include systemic, renal, and 
vascular entities. Some of the most common examples of such entities include a 
serum sickness-like syndrome, Polyarteritis Nodosa, membranous glomerulone-
phritis, and Gianotti–Crosti syndrome [56].

Fortunately, HBV infection rates are falling in the United States. One of the big-
gest reasons for this decline is the development of a vaccine against HBV infection 
in the early 1980s. Those currently in use are DNA recombinant vaccinations that 
utilize the hepatitis B surface antigen (HBsAg) to promote an immune response 
[24]. The vaccination period begins in infancy, and the vaccinated population in the 
United States is 25.2% [46]. Other means of infection prevention include education 
about contraception and needle safety.

9.1  Virulence Factors

HBV relies on a couple of key proteins to infect liver hepatocytes and cause disease. 
HBV attaches to hepatocyte heparan sulfate proteoglycans (poly-l-lysine) and initi-
ates cellular entry via binding of its envelope protein with hepatocyte sodium tauro-
cholate co-transporting polypeptide (NTCP) receptor [26, 45, 71, 74]. Following 
this binding, the virus is endocytosed into a vesicle where it uncoats and releases its 
dsDNA. HBV dsDNA is transported to the hepatocyte nucleus where it utilizes host 
cell DNA polymerase to form covalently closed circular DNA (cccDNA) which acts 
as the template for all subsequent viral mRNA [79].

HBV utilizes four viral transcripts to build seven proteins. These proteins serve 
key purposes in the viral life cycle; core proteins combine to build a nucleocapsid, 
polymerase forms new mRNA from existing cccDNA, and surface proteins coat 
mature viral capsids that infect new cells [79]. As knowledge of these proteins has 
grown, emerging drugs aim to target one or multiple proteins to disrupt the HBV 
viral cycle.
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9.2  Current Treatment

HBV treatment varies based on available treatments and the duration of the infec-
tion. The mainstay treatment for acute HBV infection is monoclonal antibodies tar-
geting the NTCP receptor on hepatocytes [79]. These neutralizing antibodies, 
similar to those produced following vaccination, block the ability of the virus to 
penetrate and infect host cells. The swift administration of antibodies upon HBV 
exposure is imperative to its efficacy—once the virus has entered the cell, the neu-
tralizing antibodies are unable to prevent infection. Administration of antibodies is 
particularly important in neonatal cases, as the vast majority of untreated infections 
will persist to a chronic infection. In addition to antibodies, unvaccinated individu-
als should also receive a dose of the hepatitis B adult vaccine (Engerix-B) for long- 
term antibody protection.

Chronic infection requires long-term treatment to eradicate or control infection. 
Current goals of treatment are to reduce serum HBV DNA to undetectable concen-
trations (<105 copies/mL), sustained loss of the hepatitis B envelope antigen 
(HBeAg), and improvement of hepatic and systemic manifestations including nor-
malization of aminotransferases, decrease in hepatic inflammation and tissue dam-
age, and stopped progression of hepatic fibrosis [28].

The primary medications utilized to treat HBV infection include recombinant 
subcutaneous pegylated interferon-α (PEG-IFN-α) and nucleoside or nucleotide 
analogs [79]. The complete mechanism of action of PEG-IGN-α is not known; how-
ever, it has been shown to decrease viral replication by decreasing RNA transcrip-
tion via downregulation of cccDNA, resulting from histone hypo-acetylation and 
repressor protein recruitment [85]. Nucleotide analogs such as tenofovir and adefo-
vir and nucleoside analogs such as lamivudine and entecavir block viral replication 
and reduce chronic infection complications [25, 28, 79].

9.3  Emerging Treatments

The majority of emerging treatments for HBV focus on chronic infection manage-
ment. This push is due to the high efficacy of current treatments for acute HBV 
infection, as well as the high demand for better treatments of chronic disease. 
Developing medications can be categorized into compounds that directly target the 
virus, indirectly target the virus through host factor modification, and increasing 
host immune response via immunotherapy [79]. This section will discuss some 
developing compounds with an emphasis on those that directly target the virus.

Viral entry blockers aim to disrupt HBV entry into hepatocytes. Heparin, sura-
min, and synthetic peptides can bind and block initial adhesion of the virus to hepa-
tocyte poly-l-lysine; however, they have not been evaluated in a clinical setting [26, 
45, 71, 74]. Additional drugs aim to disrupt viral envelope protein binding to the 
hepatocyte NTCP receptor. The NTCP receptor is reversibly inhibited by 
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taurocholate and ezetimibe [61, 69] and irreversibly inhibited by cyclosporine and 
bulevirtide [70, 82]. Of these compounds, only bulevirtide has been clinically 
studied.

Another big target of developing drugs is the cccDNA. Many enzymes including 
endonucleases, zinc-finger nucleases, transcription activator-like effector nucleases, 
and CRISP/Cas-9 have shown promising results of inhibiting HBV replication 
in vitro [79]. A different approach is utilizing cytokines to upregulate viral RNA 
deaminases to degrade cccDNA.  IFN-α and lymphotoxin-β may be promising in 
this regard as in vitro studies have shown some non-toxic degradation cccDNA [62].

A third class of compounds target viral transcripts. Multiple small-interfering 
RNAs (SiRNAs) have been tested with ARC-520 and ARC-521 showing promising 
results in clinical trials when used with entecavir [89]. Anti-sense oligonucleotides 
such as IONIS-HBVRx and IONIS-HBVLRx are in phase 1 trials and aim to inhibit 
viral RNA via degradation or steric hinderance [32].

Core protein assembly modulators (CpAMs) bind to the HBV capsid and inhibit 
nucleocapsid assembly and/or encapsidation of RNA, leading to inhibition of 
dsDNA synthesis. The two classes of CpAMs include heteroaryldihydropyridines 
which cause the formation of misassembled core proteins or phenylpropanamides 
which lead to the formation of capsids lacking RNA and HBV polymerase ([79]). 
These compounds are in various stages of clinical trials.

Additional HBV polymerase inhibitors, nucleoside analogs and nucleotide ana-
logs, are being developed in search of increased efficacy, better oral bioavailability, 
and better safety as compared to those medications that are currently approved for 
treatment [43]. Some examples of  emerging medications  include CMX-157, 
AGX-1009, lagociclovir, and besifovir ([1, 51, 78]). Of note, besifovir is currently 
in phase III trials with promising results [89].

The final group of compounds to be discussed are HBsAg release inhibitors. 
Synthetic nucleic acid polymers (NAPs) have been shown to bind HBsAg and block 
its release [2]. In particular, REP-2139 and REP-2165 are NAPs in clinical develop-
ment that are being studied in conjunction with tenofovir and PEG-IFN-2α [7].

10  Hepatitis C Virus

The hepatitis C virus (HCV) is a positive-sense single-stranded RNA virus belong-
ing to the Flavivirus family. HCV has 7 genotypes with 67 subtypes [17]. The CDC 
estimates that 2.4 million individuals in the United States, about 1% of the popula-
tion, were infected with HCV between 2013 and 2016. Worldwide, HCV infected 
approximately 170 million people in 2015, alone [55].

HCV is mainly spread via blood and blood products. Historically, HCV has been 
spread via blood transfusions; however, this transmission was greatly reduced fol-
lowing the introduction of blood testing prior to transfusion in the early 1970s [75]. 
The most common routes of viral transmission occur with needle sharing with an 
infected individual or in infants via vaginal childbirth [17].
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HCV infection can have acute and chronic manifestations. However, unlike 
HBV, an uncured acute HCV infection is much more likely to persist to a chronic 
infection with 50–80% of all acute infections becoming chronic [55]. Acute infec-
tion can cause constitutional symptoms, jaundice, dark urine, clay-colored stool, 
and acute hepatitis [17]. Chronic complications of HCV infection include chronic 
hepatitis, cirrhosis, and hepatocellular carcinoma of the liver [17]. Extrahepatic 
manifestations of chronic HCV infections have been documented and include dia-
betes mellitus, glomerulonephritis, cryoglobulinemia, porphyria cutanea tarda, and 
non-Hodgkin’s lymphoma [17].

There is no currently approved vaccine against HCV infection [17]. Thus, pri-
mary strategies for HCV prevention include testing all blood products for HCV, as 
well as educating about clean needle use and healthcare safety precautions [12].

10.1  Virulence Factors

HCV targets liver hepatocytes, binding via its envelope proteins, E1 and E2 to hepa-
tocyte high-density lipoprotein receptor scavenger B1, tetraspanin CD81, claudin-1, 
and occludin [90]. Once bound to one of these targets, HCV is internalized into the 
cell cytoplasm where the virus uncoats. This releases the HCV RNA which can be 
translated to make viral protein or reverse-transcribed to yield viral DNA.

Viral proteins such as NS3, NS4B, NS5A, and NS5B are required for viral repli-
cation, allowing for sustained cellular infection [55]. Of note, NS5B is the HCV 
RNA-dependent RNA polymerase, and NS3/4A acts as a serine protease which is 
crucial for proper viral protein synthesis. The aforementioned proteins are critical 
for the HCV viral cycle, and thus, they are targeted in current and emerging 
pharmacotherapies.

10.2  Current Treatment

HCV treatments have made vast improvements in the past decade. In the early 
2010s, interferon-α in combination with ribavirin was the mainstay of treatment. In 
2014, interferon-free regimens were approved and greatly increased the cure rate of 
HCV infection to about 95% [83]. Viral cure is defined as undetectable HCV RNA 
for greater than 6 months. Not only do these regimens have around double the cure 
rate of the previous interferon-α regimen, but they also have many fewer reported 
side effects [55].

Current treatments for HCV infection depend on the HCV genotype, previously 
received antiviral treatment, and hepatic complications such as cirrhosis. First-line 
medications for treatment-naïve adults without cirrhosis are 8 weeks of glecaprevir/
pibrentasvir or 12  weeks of sofosbuvir/velpatasvir [3]. Glecaprevir inhibits the 
NS3/4A protease, while pibrentasvir inhibits the NS5A protein, required for viral 
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replication and virion assembly [66]. Conversely, sofosbuvir and velpatasvir inhibit 
NS5B and NS5A, respectively [67]. Pharmacotherapy for treatment-naïve adults 
with cirrhosis differs only in individuals infected with HCV genotype 3 who must 
receive 8 weeks of glecaprevir/pibrentasvir [4].

Guideline therapy for HCV with decompensated cirrhosis is liver transplant [6]. 
Pharmacotherapy for individuals who cannot receive a transplant or are waiting for 
transplant includes either daily ledipasvir/sofosbuvir plus ribavirin for genotypes 1, 
4, 5, and 6 or daily sofosbuvir/velpatasvir plus ribavirin for all genotypes [5]. 
Ledipasvir is another NS3/4A protease inhibitor, and ribavirin is a synthetic guano-
sine analog used for its viral replication inhibition effects [68].

10.3  Emerging Treatments

Investigation of plant-derived compounds has yielded exciting results for future 
treatment of acute and chronic HCV infection. These compounds are being pursued 
due to a high chemical diversity, cheaper cost of production, and better safety profile 
[38]. The compounds have specificity for different HCV genotypes and have been 
categorized into entry inhibitors, replication inhibitors, and assembly and release 
blockers.

Griffithsin and scytovirin are proteins isolated from algae that have been shown 
to block HCV cell entry by targeting envelope glycoproteins E1 and E2 in cell cul-
tures and pseudoparticle assays [38]. SSb2, a Bupleurum kaoi root extract, can neu-
tralize free HCV particles by inhibiting viral envelope glycoproteins [57]. BJ486K, 
a compound isolated from Marrubium peregrinum, inhibits an unknown post-
attachment step required for cell entry. This compound has been shown to inhibit 
infection of human hepatocytes by all genotypes of HCV in vitro [38].

A variety of replication inhibitors have also been described in literature. Ethanol 
extract from mangosteen fruit peels has been shown to have an additive effect with 
NS5A inhibitors to reduce HCV protein and RNA levels via inhibiting NS5B 
in  vitro [21]. In addition, animal trials of xanthohumol, found in Humulus 
L. Cannabaceae, have displayed an inhibitory effect on HCV replication [60]. This 
effect may result from host modulation as opposed to direct effects on the virus. 
Apigenin, a flavonoid found in many fruits and vegetables, can inhibit maturation of 
micro-RNA 122, a compound required for HCV stability in hepatocytes [77]. 
Further, triterpenes from Cynomorium songaricum have been shown to inhibit the 
HCV NS3/4A protease [63].

A currently developing release and assembly inhibitor is naringenin, a flavonoid 
found in citrus fruit. This compound can inhibit HCV release [64], as well as inhibit 
the assembly of intracellular HCV particles [30]. The effect of naringenin on HCV 
viral assembly is likely due to its ability to stimulate PPAR-α, a hepatic transcrip-
tion factor involved in lipid metabolism that is closely linked with HCV viral assem-
bly. Naringenin has additionally been theorized to inhibit the HCV NS2 protease, 
but no trials have been completed to confirm this activity [41].
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Infection Medication/Compound Mechanism of Action
Picornavirus L-Citrulline Indirectly increases nitric oxide synthesis
Rotaviruses Nitazoxamide Reduces the size and architecuture of viroplasms
Orthomyxovirus Peramivir Inhibition of influenza virus neuraminidase 

Zanamivir Inhibition of influenza virus neuraminidase 
Oseltamivir phosphate Inhibition of influenza virus neuraminidase 
Baloxavir marboxil Inhibits viral polymerase subunit to prevent replication

Rhabdovirus Ribavirin with IFN-α Guanosine analog used to stop viral RNA synthesis and capping
Favipiravir Selectively and potently inhibits the RNA-dependent RNA polymerase

Human Papillomavirus Gardasil Prophylactic, induces high initial serum HPV type specific antibodies
Human Immunodeficiency Virus Zidovudine Thymidine analogue, blocks viral replication

Didanosine Adenosine analogue, blocks viral replication
Nevirapine Reverse transcriptase inhibitor
Delavirdine Reverse transcriptase inhibitor
Ritonavir Cytochrome P450 3A4 isoenzyme inhibitor
Fostemsavir Binds to gp120 subunit to inhibit viral interaction with host CD4 receptors

MERS-CoV Lopinavir, Ritonavir, IFN-β Protease Inhibitor
Remdesivir, IFN-β Pre-termination of viral RNA transcription

SARS-CoV-2 Remdesivir Pre-termination of viral RNA transcription
Bamalanivmab Targets spike protein of SARS-CoV-2
Etesevimab Targets spike protein of SARS-CoV-2
Sotrovimab Targets spike protein of SARS-CoV-2
Ivermectin Inhibitor of nuclear transport mediated by the importin α/β1 heterodimer
Molnupiravir Isopropylester cytidine analog

Hepatitis A Virus HAVRIX Inactivated, single-antigen vaccine
VAQTA Inactivated, single-antigen vaccine

Hepatitis B Virus (HBV) Engerix- B Production of endogenous anti-Hepatitis B antibodies
Hepatitis B monoclonal antibiotics Passive Hepatitis B antibodies, block viral entry into cell
PEG-IFN-α Decreases RNA transcription via downregulation of cccDNA
Tenofovir, Adefovir Nucleotide analogs, block viral replication
Lamivudine, Entecavir Nucleoside analogs, block viral replication
Heparin, Suramine Inhibit viral adhesion to hepatocyte poly-l-lysine
Taurocholate, Ezetimibe Hepatocyte NTCP receptor inhibitors (reversible)
Cyclosporine, Bulevirtide Hepatocyte NTCP receptor inhibitors (irreversible)
CRISP/Cas-9, Nucleases Target cccDNA to inhibit replication
INF-α, Lymphotoxin-β Degrade cccDNA via upregulation of RNA deaminases 
ARC-520, ARC-521 Small interfering RNAs, viral RNA inhibitors
IONIS-HBVRx, IONIS-HBVLRx Anti-sense oligonucleotides, viral RNA inhibitors
Heteroaryldihydropyridines Formation of miassembled viral capsid
Phenylpropenamides Formation of viral capsids lacking RNA and HBV polymerase
CMX-157, AG-1009, Lagociclovir, Besifovir Nucleoside/Nucleotide analogs, block viral replication
REP-2139, REP-2165 HBsAg release inhibitors

Hepatitis C Virus Glecaprevir, Ledipasvir NS3/4A protease inhibitor
Pibrentasvir, Velpatasvir NS5A inhibitor, inhibits replication
Sofosbuvir NS5B inhibitor, inhibits replication
Ribavirin Guanosine analog, inhibits replication
Griffithsin, Scytovirin (algae) Target E1 and E2 envelope glycoproteins to inhibit cell entry
SSb2 (Bepleurum kaoi) Neutralizes free viral particles via inhibiting viral envelope glycoproteins
BJ486K (Marrubium peregrinum Lamiacaea) Inhibits cell entry via an unknown mechanism
Ethanol extract (Mangosteen) NS5B inhibitor, inhibits replication
Xanthohumol (Humulus L. Cannabacaea) Replication inhibitor via host-modulation
Apigenin (fruits and vegetables) Micro-RNA 122 inhibitor leading to viral instability
Triterpenes (Cynomoroim songaricum) NS3/4A protease inhibitor
Naringenin (citrus fruits)` PPAR-α stimulator, inhibits viral release and intracellular assembly

Legend
Currently Used for Treatment
In Development

Table 1 Infectious agents, medications, and drug targets

11  Conclusion

Over the past half a century, there have been significant improvements on antiviral 
drugs and their overall efficacies. There are; however, viruses that continue to spread 
globally year after year. Viruses such as the COVID-19, Nipah virus, Ebola virus, 
and MERS-Cov, have been more difficult to treat with broad or even narrow- 
spectrum antivirals [80]. Nucleoside analogs such as Ribavirin, have been heavily 
researched on its potential use for emerging infectious diseases. Ribavirin has activ-
ity against broad-spectrum RNA viruses through its inhibition of viral polymerase 
activity. Since ribavirin inhibits inosine-5′-monophosphate dehydrogenase, it leads 
to a decrease of intracellular GTP levels which seems promising when combating 
certain viral infections [80]. Recent reports have also shown that favipiravir (T-705) 
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may have slight effectiveness against the Ebola virus. Although the mechanism is 
unknown, T-705 has shown its potential to merit further research. Overall, this chap-
ter has provided a brief overview of the developing therapies used to treat viral 
infections. This is not an exhaustive list, but the described examples highlight some 
of the main targets and sources of future therapies regarding infectious diseases. 
Table 1 is a list of antivirals and their mechanism of action.
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Abstract Malaria has been accountable for the utmost mortality in the majority of 
malaria-endemic countries. Even after decades of malaria control campaigns, it still 
continues as a disease of high mortality owing to inappropriate diagnosis and fast- 
evolving drug-resistant malarial parasites. For well-organized and economical 
malaria management, WHO suggests that all malaria-suspected patients must get an 
appropriate diagnosis before administering drugs. In malaria-endemic countries, 
routine diagnosis is stuck with technical and infrastructural challenges to laborato-
ries. These laboratories are deficient in standard facilities, expertise, or diagnostic 
supplies; therefore, therapy is administered based on clinical or self-diagnosis. 
Traditional methods for diagnosing malaria remain problematic; so, it is thus imper-
ative to develop fast, effective, economical, and accurate techniques for the diagno-
sis of malaria both in symptomatic and asymptomatic individuals. 
Nanotechnology-based diagnostics methodologies can boost up detection of malaria 
at lower parasite levels while presenting a speedy, accurate, sensitive, and easy 
method. As a result, nanotechnology-based diagnosis tool is fascinating lots of 
research interest, and a small number of researchers have proposed prospective 
nanotechnology-based tools for malarial diagnostics which can conquer some of the 
difficulties currently facing a malarial diagnosis. Future innovation will be essential 
to make possible the appliance of more sensitive and affordable nanotechnology- 
based methods for malaria diagnosis in resource-limited settings. Finally, the level 
of malaria endemicity, the necessity of diagnosis, the experience of the general 
practitioner, the efficiency of healthcare workers, and budget resources are all fac-
tors influencing the choice of malaria-diagnostic technique.
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1  Introduction

Malaria is a severe contagious, hematologic disease that has an enormous impact on 
mankind caused by the Plasmodium genus protozoan. There are five different spe-
cies of the Plasmodium genus namely Plasmodium vivax (P. vivax), Plasmodium 
knowlesi (P. knowlesi), Plasmodium malariae (P. malariae), Plasmodium ovale 
(P. ovale), and Plasmodium falciparum (P. falciparum), which is responsible for 
causing malaria in human beings, and among them, two species namely P. falci-
parum and P. vivax posing the serious risk. P. falciparum species is the life- 
threatening malaria parasite and the most common in the African region. P. vivax 
species is the predominant malaria parasite in the majority of countries outside of 
Sub-Saharan Africa [1–3].

In 2019, almost half of the world’s populace was in danger of malaria, and more 
than half a million deaths resulting from malaria and its complications are reported 
each year, making it a significant global health problem. Malaria most likely infects 
anyone exposed to the parasite. However, a few populace groups are at noticeably 
greater risk of contractile malaria and developing serious ailment: children and 
pregnant women are the most affected because of the immature immune systems 
and lowered immunity, correspondingly [4]. Patients suffering from human immu-
nodeficiency virus/acquired immunodeficiency syndrome (HIV/AIDS) and people 
with very low-immune systems shifting to regions with severe malaria transmission 
like immigrant workers, mobile populaces, and travelers are also at high risk [5].

As stated in the most recent World malaria report, there were 229 million cases 
of malaria in 2019 in comparison with 228 million cases in 2018. The predictable 
number of malaria deaths stood at 409000  in 2019 worldwide, compared with 
411,000 deaths in 2018. Kids under 5 years of age are the most susceptible group 
influenced by malaria; in 2019 they reported for 67% (274,000) of all malaria deaths 
universally. The WHO African area continues to carry an unreasonably high share 
of universal malaria encumbers. In 2019, the African area was habitat to 94% of all 
malaria cases and casualties [6].

The malaria parasite life cycle starts with the female Anopheles mosquito carry-
ing the malaria-causing parasite which enters into the human body when the infected 
mosquito bites and injects the parasites through sporozoites into the blood circula-
tion of the individual. The sporozoites then target and enter the liver (hepatocytes) 
where it undergoes multiplication asexually and differentiation into merozoites. 
This phase of the parasite life cycle is named the pre-erythrocytic stage, and this 
stage is fundamental in establishing malaria infection. During this stage, the infec-
tivity stays symptomless, however, it is difficult for diagnostic tools to detect sporo-
zoites because hepatocytes invasion occurs within 30–45 min after sporozoites are 
inoculated by the infected mosquito. This short time and low numbers of sporozo-
ites injected leaves little time for their detection [7]. In the erythrocytic stage of 
infection, the sporozoites then grow and create haploids called merozoites which 
once more re-enter the bloodstream, beginning a cycle of invasion of red blood 
cells, asexual reproduction, and release of newly formed merozoites from the red 
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blood cells repetitively. A few merozoite-infected blood cells depart the cycle of 
asexual reproduction and grow into sexual forms of the parasite, named male and 
female gametocytes that circulate in the bloodstream. When a mosquito bites an 
infected human, it ingests the gametocytes which further develop into gametes, 
ookinetes, and sporozoites. The cycle of human infection re-starts when the mos-
quito bites a human, injecting the sporozoites from its salivary glands into the 
human bloodstream [1, 4, 8].

High fever, headache, shaking chills, and sweating are the first symptoms most 
commonly appeared 10–15  days after the infective mosquito bite, and might be 
gentle and hard to rely on these symptoms for early diagnosis of malaria. It is then 
followed up by more hostile symptoms like severe headache, nausea and/or vomit-
ing, diarrhea, fatigue, jaundice, and later seizures, confusion, and kidney failure. A 
clinical sign of malaria comprises severe anemia, hypoglycemia, thrombocytope-
nia, metabolic acidosis, and others [9]. Severe malaria appears when infections are 
intricate by severe organ collapses or deformities in the patient’s blood or else 
metabolism. The symptoms of severe malaria are as follows: (i) abnormality in 
blood coagulation; (ii) acute kidney damage; (iii) acute respiratory distress syn-
drome, an inflammatory response in the lungs that restrains oxygen transfer, which 
may take place in spite of the parasite loads have declined to respond to the treat-
ment; (iv) cerebral malaria, with unusual behavior, impairment of consciousness, 
convulsions, unconsciousness, or other neurologic abnormality; (v) hemoglobin in 
the urine because of hemolysis; (vi) hyperparasitemia, wherein greater than 5% of 
red blood cells (RBCs) are infected by malaria parasites; (vii) lower blood pressure 
resulted by cardiovascular failure; (viii) metabolic acidosis (too much acidity in the 
blood as well as tissue fluids), many times together with; (ix) hypoglycemia, which 
might also happen in pregnant women with uncomplicated malaria or following 
therapy with quinine; and (x) severe anemia caused by damage of RBCs. Severe 
malaria is a case of emergency and should be treated with urgency [10]. If left 
untreated, P. falciparum malaria can step forward to serious illness and death within 
a period of 24 h.

The malaria parasite relies mainly on iron for growth as several enzymes of the 
parasite metabolic pathways rely upon iron [11]. Clinical symptoms of malaria 
appeared in the intra-erythrocytic stage. During this stage, P. falciparum degrades 
greater than 80% of hemoglobin present in the food vacuoles to serve up as a source 
of amino acids [12]. Free heme or iron protoporphyrin IX together with oxygen gets 
released as a result of hemoglobin degradation. As this free heme is very noxious to 
the parasite, P. falciparum alters the reactive heme species into a compact, insolu-
ble, weakly magnetic crystal named hemozoin inside host erythrocytes with a 
diminished pro-oxidant ability which is non-hazardous to the parasite [13]. 
Hemozoin, also termed as malaria pigment, is a visible marker in identifying malar-
ial parasites chemically as well as structurally identical to a distinguishing hematin 
pigment, referred to as β-hematin. This β-hematin has been widely investigated as a 
biomarker for malaria diagnosis [14].

The possibility to detect certain biomarkers for Plasmodium-mediated infection 
at the early stages of malaria can be crucial for formulating disease management 
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strategies and choosing the correct prophylaxis for the disease. In general, for the 
widespread zones of Africa where asymptomatic malaria is uncontrolled, biomarker- 
based diagnostic methods together with appropriate treatment strategies might nota-
bly help lessen human reservoirs of the parasite that often add to the tenacity of 
malaria spread in such areas. The use of biomarkers provides us with sensitive and 
effective means for the investigation of disease pathogenesis. Currently, several 
malaria-associated biomarkers have been utilized for disease identification [15]. 
Malaria diagnostic devices are mostly contingent on explicit Plasmodium biomark-
ers, with the exception of clinical judgment, which is dependent on the signs that a 
patient puts on view. These special biomarkers can be straightforwardly linked with 
the parasite density the patient is bearing, which can vary from 1 parasite/μL to 
more than 10,000 parasites/μL [16]. Currently, there are six main Plasmodium bio-
markers that serve as targets in the faster and easier diagnosis of malaria. These 
include unique parasite proteins P. falciparum histidine-rich protein 2 (PfHRP-2), 
Plasmodium lactate dehydrogenase (pLDH), Plasmodium aldolase, glutamate 
dehydrogenase (GDH), and hypoxanthine-guanine phosphoribosyltransferase and a 
pigment marker hemozoin. The utilization of hemozoin is highly suggested as a 
biomarker in the development of malarial diagnostic tools as it is more affordable, 
stable, and easily available in comparison to PfHRP-2. It is also recognized that 
hemozoin is chemically and structurally identical to β-hematin. That is why, the 
majority of researchers make use of β-hematin to mimic hemozoin in the improve-
ment of malarial sensor devices. They can be detected in a diagnostic test using a 
recognition element (e.g., antibodies or aptamers), generating a signal that is trans-
duced into an output that can afterward be subject to interpreting [1].

An accurate and well-timed diagnosis of the malarial contagion in human beings 
is the principal factor in the successful management of this parasitic disease. For 
effective treatment, early diagnosis is needed to reduce the morbidity and mortality 
occurring from malaria. Accustomed distinctive tools requisite for diagnosis of 
malaria, comprise the aptitude to establish the presence or absence of infection, 
determination of the malarial species present, quantify parasitemia (i.e., parasite/μL 
of blood or % RBCs get infected), identify low-level parasitemia, and permit moni-
toring of response to antimalarial therapy (including detection of recrudescence or 
relapse). To date, not a single malaria diagnostic tool has been developed that meets 
all of these criteria [8]. Therefore in this chapter, we mainly focus on current con-
ventional and novel diagnostic technologies and their challenges of detecting the 
malaria parasite and nanotechnology-based methods which have been developed for 
simple and accurate diagnosis of malaria.

2  Diagnosis of Malaria

The number of malaria cases worldwide seems to be greater than before, due to 
increased transmission risk in areas where malaria control has declined, the rising 
prevalence of drug-resistant strains of parasites, and in a comparatively few cases, 
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considerable increases in worldwide travel as well as migration. The need for effec-
tive and practical diagnostics for global malaria control is increasing since effectual 
and accurate diagnosis reduces both complications and mortality from malaria. The 
universal impact of malaria has urged attention in developing effective diagnostic 
strategies for not only resource-limited regions where malaria is a great encumber 
on society but also in developed countries, where malaria diagnostic expertness is 
often deficient. Malaria diagnosis entails detecting malaria parasites or antigens/
products in the patient’s bloodstream. Though this might look simple, the diagnostic 
effectiveness is dependent on many factors. The diverse forms of the five malarial 
species, such as the different stages of erythrocytic schizogony; the endemicity of 
different varieties; the interrelationship among levels of spread, drug resistance, 
inhabitants movement, immunity, parasitemia, and signs and symptoms; the diffi-
culties of recurrent malaria, persisting viable or non-viable parasitemia, and seques-
tration of the parasites in the deepest tissues; and the utilization of chemoprophylaxis 
or even presumptive management on the basis of clinical judgment, can all affect 
the detection as well as interpretation of malaria parasitemia in a diagnostic test [17, 
18]. A number of conventional methods are used for the diagnosis of malaria pre-
sented in Fig. 1.

2.1  Clinical Diagnosis of Malaria

Clinical identification of malaria is long-established among general practitioners. 
This technique is the least expensive and most commonly practiced. Clinical identi-
fication is based on the patient’s signs and symptoms, and on physical findings at an 
examination. The earliest symptoms of malaria are very non-specific and varying, 
and consist of fever, headache, weakness, myalgia, chills, dizziness, abdominal 
pain, diarrhea, nausea, vomiting, and anorexia. Despite its gigantic burden, with 
40% of the world’s population at risk of infection, the clinical diagnosis of malaria 
is often not straightforward fairly because non-specific nature of signs and symp-
toms which bear a resemblance to those of other common or life-threatening dis-
eases, e.g., usual viral or bacterial infections and other feverous diseases. The 
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overlapping of malaria symptoms with other diseases weakens diagnostic specific-
ity. For this reason, the accurateness of malaria diagnosis can be significantly 
enhanced by combining clinical and parasite-based findings. The usual distinctive 
tools necessary for malaria diagnosis include the ability to establish the presence or 
absence of infection, determination of the malarial species present, quantify parasit-
emia, and detect low-level parasitemia. To date, not a single malaria diagnostic tool 
has been developed that meets all of these criteria [18, 19].

2.2  Laboratory Diagnosis of Malaria

Fast and efficient malaria diagnosis not merely eases suffering but also reduces 
community transmission. The unclear nature of the clinical signs as well as symp-
toms of malaria might give rise to over-treatment of malaria or non-treatment of 
other illnesses in malaria-endemic regions, and misdiagnosis in non-endemic 
regions. In this section, various laboratory methods for the diagnosis of malaria with 
their advantages and shortcomings have been described [20].

For a long time, microscopy analysis was the standard process to diagnose 
malaria, especially in developing countries. This technique required only a micro-
scope and a drop of blood to test the malaria-induced parasites. Malaria is diag-
nosed by staining thick and thin blood films on a glass slide to visualize malaria 
parasites microscopically. The ample acceptance of this technique by laboratories 
all around the world can be because of its ease, low cost, its ability to identify the 
presence of parasites, the infecting species, and measure parasite density-all consid-
erations valuable for the management of malaria. Despite that, this method has 
numerous downsides for the detection of malarial infection. The staining and inter-
pretation procedures are labor-intensive, time-consuming, and need considerable 
expertise and skilled healthcare workers specifically for diagnosing species accu-
rately at low parasitemia. It is also difficult to distinguish different species of malar-
ial parasites without skillful technicians. The most important shortcomings of 
microscopic examination are its relatively low sensitivity, particularly at low- 
parasite levels as low concentrations of parasites can be extremely hard to diagnose. 
Even though the expert microscopist can identify up to 5 parasites/μL, the common 
microscopist identifies only 50–100 parasites/μL.  This is most likely resulted in 
understanding malaria infection rates, especially cases with low parasitemia and 
asymptomatic malaria. The ability to uphold the required levels of malaria diagnos-
tics expertise is challenging. Microscopy is laborious and ill-suited for high- 
throughput use and species identification at low-parasite density is still challenging 
[21–23].

The quantitative buffy coat (QBC) technique was designed to improve the micro-
scopic detection of parasites and simplify malaria diagnosis. QBC technique entails 
staining parasite deoxyribonucleic acid (DNA) in micro hematocrit tubes using 
fluorescent dyes like acridine orange and its subsequent finding by epi-fluorescent 
microscopy. This method is a quick and responsive test for diagnosing malaria in 
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several laboratories setting. Though the QBC technique is easy, trustworthy, and 
user-friendly, it necessitates specialized instrumentation, is more expensive than 
usual light microscopy, and is inadequate at determining species as well as a number 
of parasites [23, 24].

A rapid diagnostic test (RDT) is an alternate way of quickly establishing the 
diagnosis of malaria infection by detecting specific malaria antigens in a person’s 
blood. Unlike usual microscopic identification by staining thin and thick peripheral 
blood coats, and the QBC method, RDTs are all dependent on the same principle 
and identify malaria antigen in blood flowing the length of a membrane having spe-
cific anti-malaria antibodies; they do not have need of electrical energy or specific 
laboratory instrumentation. Most products target a P. falciparum-specific protein, 
e.g., pLDH or PfHRP-2. Although most RDTs are suitable for P. falciparum malaria 
diagnosis, some also claim that they can efficiently and rapidly diagnose P. vivax 
malaria. RDTs present a probability to lengthen the advantages of parasite-based 
identification of malaria outside the confines of light microscopy, with potentially 
noteworthy benefits in the managing of feverish disease in isolated malaria-endemic 
regions. RDT performance for diagnosis of malaria has been reported as excellent; 
however, some reports from remote malaria-endemic areas have shown wide varia-
tions in sensitivity. Overall, RDTs appear a highly valuable, rapid malaria- diagnostic 
tool for healthcare workers; however, they must currently be used in conjunction 
with other methods to confirm the results, characterize infection, and monitor treat-
ment. In malaria-endemic regions where light microscopy facility not available that 
may benefit from RDTs, upgrading is essential for affordability, ease of use, sensi-
tivity for non-falciparum infection, and stability. The WHO is at the present devel-
oping guidelines to make sure lot-to-lot quality control, which is indispensable for 
the community’s self-confidence in this novel diagnostic device [17, 18].

2.3  Serological Tests

The serological tests are considered as the benchmark for malarial serology testing 
which is generally on the basis of detecting antibodies against asexual blood-stage 
malaria parasites. The immunofluorescence antibody testing (IFA) is considered to 
be a trustworthy serologic test for malaria. Even though IFA is time-consuming and 
subjective, it is a very much sensitive and precise technique. IFA is helpful in epide-
miological surveys, for screening prospective blood donors, and periodically for 
providing proof of recent infection in non-immunes. As of the time, it was a vali-
dated technique for identifying Plasmodium-specific antibodies in a variety of blood 
bank units, which was helpful for screening potential blood donors, so circumvent-
ing transfusion-transmitted malaria. This technique cannot be automated, which 
restricts the number of sera that can be studied every day. It also has the need for 
fluorescence microscopy and qualified technicians; readings can be affected by the 
level of training of the technologist, predominantly for those serum samples which 
have low-antibody titers. Furthermore, the need for IFA reagent standardization 
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puts it impractical for everyday use in blood-transfusion centers, and for harmoniz-
ing inter-laboratory outcomes [18, 25].

2.4  Molecular Diagnosis Methods

As mentioned above, conventional malaria diagnostic techniques stay put problem-
atical. New laboratory diagnostic techniques that put on view higher sensitivity as 
well as higher specificity, exclusive of subjective variation, are immediately required 
in different laboratories. Latest advances in molecular biological methodologies, 
e.g., polymerase chain reaction (PCR), loop-mediated isothermal amplification 
(LAMP), laser desorption mass spectrometry (LDMS), and flow cytometric (FCM) 
assay techniques, have allowed comprehensive characterization of the malaria para-
site and are creating new approaches for malaria diagnosis.

Over the past few decades, PCR was considered to be the most specific as well 
as a sensitive diagnostic technique for the identification of malaria with low parasit-
emia or else mixed infection. For authentication of malaria infection, follow-up 
therapeutic response, and discovery of the drug resistance, the PCR technique was 
extensively utilized. Even if PCR emerges to have conquered the two major difficul-
ties of malaria diagnosis-sensitivity and specificity, the usefulness of PCR is 
restricted by complex methodologies, pricey instrumentation, and the requirement 
for specifically trained technicians. For that reason, PCR is not routinely put into 
practice in developing countries on account of the complication of the testing and 
the inadequacy of resources to carry out these tests satisfactorily and routinely. 
Quality control in addition to equipment maintenance is as well indispensable for 
the PCR method; therefore, it might not be appropriate for malaria diagnosis in 
isolated rural regions or even in regular clinical diagnostic settings. The identifica-
tion techniques like culture and microscopy, PCR strategies have appreciably 
favored the identification of communicable diseases and significantly promoted the 
prevention and management of malaria, but these methods are time-consuming, 
costly, inaccurate, and need skilled technicians [21, 26].

The LAMP system is identified as a trouble-free and economical molecular 
malaria-diagnostic test. It is a very sensitive as well as specific methodology, not 
only for P. falciparum but also for P. vivax, P. ovale, and P. malariae. LAMP is a 
relatively newer technique for nucleic-acid amplification first time described in 
2000, and further customized for ease of visualization of amplified product with a 
fluorescent or colorimetric dye. The limit of detection by the LAMP technique is 
much the same as that of the PCR technique as they are both in the range of 0.5–5 
parasites/μL of blood. It is quicker than the PCR technique and the results can be 
evaluated visually with no need for any costly thermocycler. The method has a need 
for a moderately skilled workforce and has a multifaceted primer design [27, 28].

LDMS is speedy, high throughput, and automatic. As compared with the micro-
scopic method, which needs a skilled microscopist and up to 30–60 min to check 
each peripheral blood smear, LDMS can examine a sample in <1 min. Though, the 
remote rural areas devoid of electricity are unfriendly for existing high-tech mass 
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Table 1 Currently used diagnostic test around the world [17, 18, 21–23, 26]

Method for 
malaria 
diagnosis

Principle 
technique & 
interpretation Sensitivity Specificity

Detection 
time Advantages

Microscopy Morphologic 
interpretation; 
quantitative

Up to 5 parasites/
μl (the expert 
microscopist) 
50–100 parasites/
μl (the common 
microscopist)

High (unless for 
P. knowlesi), 
difficult to 
distinguish mix 
and single 
infection

Up to 
60 min

Low cost, can 
be stored for 
a long time

RDT Antigen and 
antibody 
binding; 
qualitative

50–250 parasites/
μl

Moderate 
(limited to P. 
falciparum and 
P. vivax), cannot 
identify P. ovale, 
P. malariae, and 
P. knowlesi

10–
20 min

Simple, fast, 
more 
practical, and 
applicable 
method

PCR DNA 
amplification; 
quantitative and 
qualitative

Below 5 
parasites/μl

High, can 
identify and 
differentiate 
among species

2–8 h Requiring 
only a small 
sample

spectrometers. Future upgrading in instrumentation and techniques must make this 
technique more realistic [29].

FCM technique has putatively been utilized for malaria diagnosis. This tech-
nique may offer a sensitivity of 49–98% and a specificity of 82–97%, for malarial 
identification, and is feasibly functional for diagnosing clinically unsuspected 
malaria. The drawbacks are its labor intensiveness, the requirement for trained tech-
nicians, expensive diagnostic instruments, and false positives that may take place 
with other bacterial or else viral infections. So, this technique should be painstaking 
a screening tool for malaria [18, 30] (Table 1).

3  Novel Malaria Diagnostic Methods Under Development

Novel malaria diagnostic methods were identified as nucleic acid sequence-based 
amplification (NASBA), isothermal thermophilic helicase-dependent amplification 
(tHDA), saliva-based test for nucleic-acid amplification, saliva-based test for 
Plasmodium protein detection, and urine malaria test (UMT) (Fig. 2).

3.1  Nucleic Acid Sequence-Based Amplification (NASBA)

This is a diagnostic method for malaria that involves the use of three enzymes, such 
as reverse transcriptase, T7 Ribonucleic acid (RNA) polymerase, and Ribonuclease 
H, to amplify RNA targets in a double-stranded DNA background. The RNA target, 
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Fig. 2 Novel malaria diagnostic methods under development

such as 18S RNA, is copied into complementary DNA with reverse transcriptase 
and, afterward, the complementary DNA is amplified using T7 RNA polymerase. It 
does not require a thermocycler as the reaction can be carried out at 41 °C resulting 
in more than 108-fold amplification of the target RNA sequence. The sensitivity of 
the technique, when compared to the microscopy method, ranges from 97.40% to 
100% while the specificity ranges from 80.90% to 94%. The limit of detection is 
0.01–0.1 parasites/μL of blood. The test is approximated to take about 1 h to com-
plete. NASBA, like the LAMP technique, does not require a thermocycler and has a 
very lower limit of detection. However, it necessitates extensive training of person-
nel to make sure the trustworthiness of the results and the cost per test is much 
higher than other methods [28, 31].

3.2  Isothermal Thermophilic Helicase-Dependent 
Amplification (tHDA)

In this novel malaria diagnostic technique, the double-stranded DNA is separated by 
helicase, and single-stranded DNA-binding proteins are attached to the separated 
strands. Specific primers attach to the strands and DNA polymerase synthesizes new 
strands, and the test is carried out at 65 °C in about 2 h. In the appliance of tHDA 
for malaria detection, the 18S Ribosomal RNA gene is amplified from whole blood 
directly with no heat denaturation or else nucleic acid amplification. Probes labeled 
with either fluorescein or digoxigenin hybridize to the amplicon and the amplifica-
tion product is sensed with a lateral-flow strip that has anti-fluorescein or anti-
digoxigenin antibodies. The sensitivity and specificity of the tHDA method are 
96.6% and 100%, respectively, in that order when microscopy is utilized as the gold 
standard. The limit of detection is 200 parasites/μL of blood and the results can be 
achieved within 1–2 h. It does not necessitate the exploit of a thermocycler so the 
expenditure may be more reasonable than the PCR technique. Besides its more 
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reasonable cost, whole blood can be utilized straightforwardly without any treat-
ment, hence making the method simpler. However, the limit of detection is higher 
than any other nucleic acid-based techniques and it requires modestly trained work-
ers, the higher limit of detection is not appropriate to identify malaria in patients 
with low-parasitic load [31, 32].

3.3  Saliva-Based Test with Nucleic-Acid Amplification

This saliva-based malaria diagnosis technique entails the identification of a 
Plasmodium gene, 18S ribosomal RNA, or P. falciparum dihydrofolate reductase 
gene in saliva with a nested polymerase chain reaction (nPCR). The nPCR requires 
a similar procedure as conventional PCR but exploits two primer sets and has two 
consecutive PCR steps. The product obtained from the first PCR reaction stands for 
the template for the second reaction. A thermocycler is essential for the procedure, 
and it is mandatory to extract nucleic acid first from the saliva sample previous to 
nPCR is performed. The sensitivity and specificity of this technique range from 
86.36% to 95%, respectively. The specificity varies from 93% to 98.4% in relation 
to microscopy. The limit of detection is 1–10 parasites/μL of blood for this tech-
nique. Saliva-based tests are non-invasive and need minor training for health per-
sonnel for the collection of the sample. However, the technique still entails the 
utilization of PCR, and health personnel will require sophisticated training on the 
actual PCR protocol. The procedure acquires approximately 6 h to finish, so this can 
be a most important obstruction for its implementation. It can be expected that the 
charge of the test will be similar to that of a blood-based PCR test as it needs two 
PCR reactions using a thermocycler [28, 33].

3.4  Saliva-Based Plasmodium Protein Detection

This saliva-based test finds out the presence of specific Plasmodium proteins in the 
saliva of an infected person even before actual symptoms initiate. The sensitivity of 
the test using the whole saliva was 77.9–97.2% and a specificity of 95.4% in com-
parison with the microscopy method. The limit of detection for this technique is 
higher at about 1000 parasites/μL of blood. The limit of detection ranges from 1 to 
10 gametocytes/μL of blood. The test can be finished between 3 and 30 min. For this 
technique, the estimated sensitivity in symptomatic patients was found to be 83% 
when compared to the PCR technique. This method of diagnosis is non-invasive and 
the same as that of blood-based RDTs. The sensitivity differs and test results are 
required to be confirmed using microscopy technique, the limit of detection is very 
high, and more investigation requires to be put into effect to improve it to an accept-
able range. It has the prospective to be employed not only for the identification of 
symptomatic patients but also for asymptomatic individuals. This may be 
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particularly beneficial for control programs to recognize and treat carriers of the 
parasite favorable for malaria transmission. The sensitivity of the test is as good as 
current RDTs. Even if this test is not yet commercialized, it can be expected that the 
price will be much the same as that of existing blood-based RDTs. Similar to blood-
based RDTs, this method of diagnosis is not quantitative and will not be practical 
for determining the percentage of parasitemia in patients [28, 34].

3.5  Urine-Based Malaria Test

Urine-based malaria diagnostic tests involve the detection of PfHRP-2. An eco-
nomically available test, named the urine malaria test (UMT), includes dipping the 
test strip into a urine sample for about 2 min, succeeded by incubation for 20 min. 
Similar to the frequently used RDTs, a positive result is acknowledged by dark- 
colored lines on the test strip. Nevertheless, the differentiating factor is that the 
UMT technique does not entail a finger stick and can be conducted non-invasively. 
The limit of detection for the UMT test is 125 parasites/μL. The UMT test is some-
what reasonably priced and does not need costly instrumentation or highly trained 
technician. The limitation of the UMT test is that it only detects PfHRP-2 from 
P. falciparum parasites [28, 35, 36].

Even if undoubtedly novel, these aforementioned techniques of malaria diagno-
sis still require establishing their practicality for point of care in low-resource set-
tings and show a clinically appropriate limit of detection. Hence, there is a vital 
requirement to grow novel technologies that facilitate early diagnosis and detection, 
with their higher sensitivity [21].

4  Nanotechnology in Malaria Diagnosis

Attributable to the unique properties of nanomaterials in optical, mechanical, mag-
netic, catalytic, and electrical perspectives [37], advancement in nanotechnology 
has seen many applications especially in biomedical applications such as tissue 
engineering, drug delivery, bioimaging, and nanodiagnostics. The inimitable prop-
erties of nanomaterials or nanostructures present the nano-diagnostic platforms on 
the aptitude of fast and real-time diagnosis of diseases by only using very few vol-
umes of samples from patients. Nanodiagnostics appliances have drawn increasing 
interest for the diagnosis of infectious diseases like malaria owing to their unique 
characteristics in early detection and higher sensitivity and their potential to offer 
affordability, portability, and robustness.

World Malaria Day has functioned under the theme “Invest in the future: defeat 
malaria,” and nanotechnology is one among the weapons in this fight against malaria 
since 2013. The utilization of nanoparticles in the RDTs was first introduced in the 
1990s and has since perked up our perception of the burden of the disease. Increased 
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admittance to those tests, which give an easy yes/no answer, has also improved the 
speed of therapeutic intervention. In addition, nanostructured surfaces can be cus-
tomized with polymers or else other functional groups to get better nanostructure 
monodispersity or lessen non-specific binding of environmental or biological con-
taminants (e.g., serum proteins). Surfaces can also be personalized with molecules 
such as aptamers, antibodies, or peptides which allocate nanoparticles to target a 
particular gene, protein, cell, or organ in vivo. Thus far, researchers have first and 
foremost exploited nanostructures in malaria diagnosis. An imperative area of focus 
for recent and future nanotechnology research is the growth of nanotechnology- 
based molecular diagnostic platforms. Although merely a handful of nanotechnol-
ogy investigations are focused on malaria diagnosis, many existing nanotechnology 
platforms could be adapted for malaria diagnostics [4].

Many of these RDTs are based on antibody-labeled gold nanoparticles that are 
specific for lysed malarial antigens. If the malaria parasites are present, the labeled 
nanoparticles get attached to malaria parasites and are caught on the test strip, gen-
erating a band that is visible by the naked eye and representing a positive result. The 
attractiveness of these tests is their ease. Unlike the current standard test for malaria 
(microscopic examination of blood films) very little sample is required – just a drop 
of blood that can be taken from a finger prick. Additionally, the tests have need of 
little specialist training, chemicals, or equipment, and therefore the results are 
achieved in minutes, as contrasting to days. Although, these tests are not perfect, 
and the discrepancies in their manufacturing can cause inconsistencies in sensitivity 
and false positives. This represents that the WHO on a regular basis estimates these 
RDTs to notify users of the consistency of their performance.

Nanotechnology has aided in identifying as well as fully characterizing malaria 
biomarkers in the development of novel sensors for diagnostic tests with the objec-
tive of improving quality, reproducibility, and sensitivity while lessening the associ-
ated expenditures. Nanotechnology also can be functional to perk up diagnostic 
tools already in exploitation. The core element of nearly all RDTs is immunosen-
sors, which make use of antibodies for the detection of biomarkers. Adding to these 
platforms nanomaterials, for example, gold nanoparticles (AuNPs) [38] or design-
ing multiplex immunoassays with the capacity to detect multiple biomarkers at the 
same time [39], can improve the sensitivity as well as the overall functioning of 
sensors, resulting in a superior and more accurate diagnosis. Molecular methods for 
malaria diagnosis based on nucleic-acid amplification have also been improved 
through nanotechnology. Taken as a whole, it is very important that the attack on 
malaria stays constant; the aptitude of the disease to propagate, mainly during the 
rainy season, can speedily overturn any progress. This needs real solutions to diffi-
culties such as the logistics of giving out interventions and constant funding for 
research into an efficient technique for the diagnosis of malaria. It seems as though 
researchers that nanotechnology has a role to play in defeating malaria [40].

Populaces suffering from the primary stage of malaria step forward to cerebral 
malaria even if systematic treatment was followed indicating that advanced and 
precise ground-breaking diagnosis techniques required to be urbanized and diag-
nosed the infection at a primary phase that may improve their care. It is very 
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imperative to broaden an easy, convenient, and economical system that can be func-
tion outside the laboratory by inexperienced individuals for diagnosis of the primary 
stage of malaria. This diagnosis methodology ought to be reasonably priced and 
beneficial to the large section of occupants in developing states.

Nanotechnology-based diagnostics methodologies can boost up detection of 
malaria at lower parasite levels while presenting a speedy, accurate, and easy 
method. Therefore, nanotechnology-based diagnosis tool is fascinating lots of 
research interest, and a small number of researchers have proposed prospective 
nanotechnology-based tools for malarial diagnostics which can conquer some of the 
difficulties currently facing a malarial diagnosis. In this section, we focus on various 
nanotechnologies-based methods which have been developed for simple and accu-
rate diagnosis of malaria.

4.1  Colorimetric Detection Using AuNPs

A quick, precise, sensitive single-stranded DNA aptamer-based technique for 
malaria diagnosis has been productively developed by Jeon and co-workers. The 
technique is on the basis of interaction among the Plasmodium lactate dehydro-
genase (pLDH), which is a biomarker for malaria, and pL1 aptamer against 
P. vivax lactate dehydrogenase and P. falciparum lactate dehydrogenase. 
Additionally, the cationic polymers, poly(allylamine hydrochloride) and 
poly(diallyldimethylammonium chloride), aggregate AuNPs that should be prob-
able to monitor the alteration in color from red to blue, which rely upon pLDH 
concentration. AuNPs have been employed in biosensors owing to distinctive 
characteristics, for example, larger surface area, excellent biocompatibility, 
effortless conjugation of biomolecules, and higher absorption coefficient. 
Therefore, these types of biosensors have been studied for the detection of nucleic 
acids as well as small molecules. The pLDH proteins were successfully detected 
using this aptasensor with little detection limits. In addition, the specificity test 
confirmed that the aptasenor is incredibly precise in targeting proteins over other 
interfering proteins. Thus, the AuNPs have obtained great attention as colorimet-
ric reporters, due to their high-extinction coefficients, ease of synthesis, and 
strongly distance-dependent optical characteristics. Colorimetric AuNPs aptas-
ensors have gained considerable attention for the detection of different targets 
because the molecular recognition events can be easily detected by the naked 
eyes without the need for any sophisticated equipment. Based on all that has been 
said, colorimetric AuNPs aptasensors have great potential as commercial diag-
nostic tools. By using this system, the P. vivax and P. falciparum were determined 
[41, 42].

A colorimetric assay using AuNPs and Merozoite Surface Protein 10 (MSP10) 
DNA detection in urine can offer quick, simple, safe, and inexpensive identification 
of P. vivax. The assessment exhibited good sensitivity (84%), high specificity (97%), 
and only mild cross-reactivity with P. falciparum (21%). It is easy to use, with an 
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observable color change that counteracts the requirement for a spectrometer, mak-
ing it appropriate for exploitation in serious conditions. Using urine gets rid of the 
need for finger-prick, rising both the safety profile as well as patient acceptance of 
this model. Inventive use of MSP10 as a marker for P. vivax has potential for global 
appliance in mass screening programs [43].

4.2  Aptamer-Conjugated Nanoparticles

Aptamers are oligonucleotide sequences that are fabricated to distinctively bind 
desired targets, basically DNA-based antibodies. The stability, as well as economi-
cal manufacturing of short DNA sequences, produces aptamers a feasible alterna-
tive to antibodies in malaria diagnosis (aptamers are generally <50 bases in length). 
The most common malaria antigens which are identified by the majority of malaria 
diagnosis blood tests are PfHRP-2 and pLDH. Aptamers for these antigens have 
been urbanized, characterized, and established to combine with nanomolar affini-
ties. Conjugation of these aptamers to AuNPs as well as silver nanoparticles has 
enabled for visual detection of PfHRP-2 and pLDH in solution, and the next step of 
this research is to include such aptamer-functionalized nanoparticles into a paper- 
based lateral flow device for future sensitive, economical, and user-friendly malaria 
diagnostics [44].

4.3  AuNP-Based Fluorescence Immunoassay

One more AuNPs-based simple and susceptible immunoassay described by Guirgis 
and co-workers productively identifies malaria antigens in infected blood cultures. 
In this technique, AuNPs functionalized with an antiHsp70 monoclonal antibody 
attached with cyanine 3B-labeled recombinant P. falciparum heat shock protein 70. 
The cyanine 3B-labeled recombinant P. falciparum heat shock protein 70 is released 
after competition with the free antigen, to the solution which increases the fluores-
cence intensity. In this study, two types of AuNP-antibody conjugates were exploited 
as probes, first acquired by electrostatic adsorption of the antibody on the surface of 
AuNPs and the second acquired by covalent attachment with protein cross-linking 
agents. With reference to the cross-linked antibodies, electrostatic adsorption of the 
antibodies to the surface of AuNPs produced conjugates with augmented activity in 
addition to the linearity of response, in a range of antigen concentrations 8.2–23.8  μg/
mL. The approximated limit of detection and limit of quantification for the assay are 
2.4 μg/mL and 7.3 μg/mL, respectively. This AuNPs-based fluorescence immunoas-
say was fruitfully employed for the diagnosis of antigen in malaria-infected human 
blood cultures at about 3% parasitemia level and is supposed to sense parasite den-
sities as low as 1000 parasites/μL [45].
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4.4  Indocyanine Green Liposomal Formulation

Cerebral malaria is a severe form of malaria which is caused by the P. falciparum. 
Misdiagnosis or delayed diagnosis usually delays the treatment that causes death. 
Therefore, to conquer these problems, Portnoy et al. have developed a nanometer- 
sized liposomal formulation containing an FDA-approved fluorescent dye indocya-
nine green for the detection of cerebral malaria in the murine model. Emission 
intensities of the liposomal formulation were observed high as compared to the free 
indocyanine green. Liposomal formulation loaded with indocyanine green showed 
higher emission in the brain of the infected mice as opposed to the control mice as 
well as drug-treated mice. Histopathological examination showed that the buildup 
of liposomal formulation in the vasculature of the brain is attributable to the exten-
sive uptake of liposomes with the activated macrophages. Therefore, liposomal for-
mulation loaded with indocyanine green can be a helpful diagnostic tool and 
biomarker for the early detection of cerebral malaria [46].

4.5  Nanosensors

Portable diagnostics nanosensor device with β-hematin for malaria diagnosis was 
developed by Armani et al. With the device, the researchers established its impend-
ing exploit in the early point-of-care diagnosis of malaria by identifying β-hematin 
in whole rabbit blood. The limit of detection attained was less than 8.1 ng/mL in 
500 μL of blood which is comparable to less than 26 parasites/μL [47].

A recent investigation demonstrated the use of gold (Au) electrodes modified 
with copper oxide (CuO) nanoparticles, to develop electrochemical sensor devices 
for the detection of β-hematin in the serum of infected mice as well as human sera 
identified with malaria parasite with square wave voltammetry method. The process 
followed the standard addition method, and the consequences pointed out that the 
β-hematin peak was experiential at around −0.80 V in animal serum and −0.91 V in 
human serum. The β-hematin peak was not present in animal serum that was not 
contaminated with malaria parasite revealed as control serum. After pointing the 
contaminated serum samples with a standard concentration of β-hematin, their out-
comes showed a current response raise with rising β-hematin concentration. These 
outcomes indicated percentage recoveries within the established recovery range 
(75–110%) for a consistent analytical tool. Therefore, researchers established that 
the nanosensors would quantitatively detect malaria parasites in human serum 
inside acceptable limits [14]. Regardless of their enormous perspective in the pro-
duction of point-of-care diagnostic devices, malaria nanosensors have not been very 
much investigated. A lot of research is so desirable to perk up the established nano-
sensors and upscale their applicability further than the laboratories to the hospitals.
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4.6  Magnetic Nanoparticles

In recent times, the Raman spectroscopy technique was found to be able to detect 
hemozoin, produced by the malaria parasite. Raman spectroscopy technique offers 
a prospective substitute for malaria diagnosis. However, Raman signals can be weak 
in this technique attributable to the considerably little concentration of hemozoin 
particularly in the early stage of malaria infection [48]. Therefore, Liu and Yuen 
suggested the utilization of magnetic nanoparticles for surface-enhanced Raman 
spectroscopy (SERS) for sensitive as well as rapid detection of enriched β-hematin, 
whose spectroscopic properties are equivalent to hemozoin. Magnetic nanoparticles 
can be helpful for the attainment of a few orders of magnitude enrichment in the 
Raman signal of β-hematin. Additionally, the effect of the magnetic field on SERS 
augmentation is explored. Briefly, the magnetic nanoparticles with silver shell can 
augment the Raman signal of β-hematin beneath the influence of a magnetic field, 
presenting the enormous potential for exploitation in malaria diagnosis [49].

4.7  Transdermal Hemozoin-induced Vapor Nanobubbles

In this method, the detection of hemozoin-generated vapor nanobubbles is done 
using an ultrasound sensor. A very short pulse of laser administered to blood vessels 
through the skin localizes heat and evaporates the liquid around the hemozoin crys-
tals. This evaporation of liquid forms expanding and collapsing small-sized vapor 
nanobubbles inside the malarial parasites. Following the laser is activated, the probe 
is able to sense acoustic pulse and generates an electrical signal as an acoustic trace. 
A sufferer with confirmed malaria was checked with the prototype, and hemozoin- 
generated vapor nanobubbles were identified. The short laser pulse administered is 
safe to skin and the test is expected to take only a few seconds to carry out and is 
proficient to detect 0.00034% parasitemia. Since hemozoin clears from the blood 
within 9 days, in comparison to PfHRP-2 which is cleared only after several months, 
this technique is estimated to generate few false-positive results. Researchers 
reported studies of hemozoin-induced vapor nanobubbles in water, whole blood, 
and individual human RBCs infected with P. falciparum and evaluated their non- 
invasive transdermal detection in P. yoelii infected mice. The most important bene-
fits of this method are that it is non-invasive, requires no reagents, and the results 
can be obtained within seconds. The method has a very low limit of detection and 
may potentially detect subclinical carriers which are useful for disease surveillance. 
Highly trained personnel will be needed for the initial deployment of the method in 
both clinical and field settings. Color of skin has also been found to affect the results 
of the test and more investigations are considered necessary to address this concern. 
In addition, there is a need for further studies to determine the safety of extended 
laser application, even at low pulses, to the skin [50].
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4.8  Multi-Walled Carbon Nanotube–Zinc Oxide Nanofiber

A flexible, lightweight, and disposable multi-walled carbon nanotube (MWCNT)– 
zinc oxide (ZnO) nanofiber-based chemiresistive biosensor for label-free detection 
of the malaria biomarker, PfHRP-2, was developed by Paul et al.. The sensing plat-
form is formed by depositing nanofibers in between the source and drain electrodes 
patterned on a thin, flexible polyethylene terephthalate substrate. The MWCNT–
ZnO nanofibers are produced by the use of the electrospinning technique followed 
by a calcination procedure. This approach creates functional groups on the nanofi-
ber surface that are used for the one-step immobilization of PfHRP-2 antibodies 
without further surface modification. The device exhibits good sensitivity and a 
wide detection range of 10  fg/mL to 10 ng/mL, and it is specific to the targeted 
PfHRP-2 biomarker. The fabricated chemiresistive biosensor was reviewed for the 
detection of the malaria biomarker and can be extended in the future to several other 
biomarker detection systems towards the smart point of care diagnostics [51].

4.9  Screen-Printed Electrodes Modified with Gold 
Nanoparticles and MWCNT

A specific and more sensitive screen-printed electrode (SPE) modified with gold 
nanoparticles and multiwall carbon nanotubes (Nano-Au/MWCNT/SPE) was 
developed for detection of PfHRP-2 in human serum by an amperometric method 
by Sharma et al. Nano-Au/MWCNT/SPE immunosensor demonstrated a high level 
of sensitivity for the detection of PfHRP-2 over those of the bare SPE (by 10 times), 
the Nano-Au/SPEs, and the MWCNT/SPE. The current Nano-Au/MWCNT/SPE 
can be packaged without difficulty into a handheld potentiostat device for the iden-
tification of PfHRP-2 under field conditions. The materials necessary to perform the 
immunosensor technique in the field are disposable SPEs as a sensing part, biomol-
ecules like antibodies and alkaline phosphatase conjugate, a battery-operated poten-
tiostat, and a magnetic stirrer. All these items are easily manageable, and experiments 
can be carried out in the field. In this setting, the potentiostat is not susceptible to 
any environmental condition. Still, safety measures should be taken with the modi-
fied SPE (coated with capturing antibodies) and biomolecules. These modified SPE 
and biomolecules should be preserved at 2–8 °C [52].

4.10  Nanowire-Based Biosensor

The nanotechnology community is also functioning to counterbalance the rise in 
antimalarial resistance by improving the accurateness of the diagnosis. By means of 
components bought on eBay, Jonathan O’Halloran urbanized a nanowire-based bio-
sensor that can read DNA directly from blood samples. Afterward, the company 
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namely Quantu MDX was set up and, over the past 6 years, has functioned to build 
up the technology into a handheld point of care device for comprehensive malaria 
diagnostics. This methodology needs a drop of blood laden into a cassette that seg-
regates the malarial DNA. The malarial DNA is afterward amplified and sent to a 
biosensor array having 100–1000 nanowire field-effect transistors, each one func-
tionalized to sense different malarial strains, subtypes as well as resistance markers. 
The device presents readout within 15 min, detailing the species of parasite and its 
prospective for drug resistance. This information can then be utilized to generate a 
course of therapy that is individually tailored to counter the resistance. Additionally, 
the data generated can be shared using a mobile data connection system, favorable 
for the epidemiological profile of the disease and its strains [40].

4.11  Magneto Immunoassays

Magneto immunoassay-based strategies for the detection of PfHRP-2 for diagnosis 
of malaria are described by Castilho et  al. using magnetic nanoparticles. This 
immunoassay- based technique is fast, sensitive, inexpensive, and user-friendly with 
respect to classical assays for the malaria diagnosis based on the detection of 
PfHRP-2  in serum. The assay depends for the first time on a sandwich magneto 
immunoassay among PfHRP-2  in the sample and two commercially accessible 
monoclonal antibodies that aim at two diverse epitopes of the antigen, one of them 
covalently tied to magnetic nanoparticles and the other labeled with the enzyme 
horseradish peroxidase (HRP) to provide the electrochemical signal. The custom-
ized magnetic nanoparticles are then captured with the magnetic field on the mag-
neto electrode. This electrochemical magneto immunosensor attached with magnetic 
nanoparticles has revealed superior analytical performance with regard to the limit 
of detection (0.36 ng/mL), which is much lesser than the limit of detection reported 
by other techniques. In addition, at a lower level of PfHRP-2 concentration of 
31.0 ng/mL, a signal of 15.30 μA was attained with a cutoff value of 0.34 μA, grant-
ing an obvious positive outcome with a non-specified adsorption ratio of 51. The 
magneto immunosensor is competent to present a quantitative result for the PfHRP-2 
protein related to malaria in serum samples with a minimum pretreatment. Also, 
because of high sensitivity, this novel method offers an enormous guarantee for fast, 
simple, cost-effective, and on-site detection of P. falciparum malaria in patients and 
also be valuable to screen out at-risk blood samples for the avoidance of transfusion- 
transmitted malaria [39].

4.12  Integrated Magnetic Bead—Quantum Dot Immunoassay

Kim et  al. developed an integrated magnetic bead—quantum dot immunoassay 
technique in which immunoassay using magnetic beads was utilized for capture and 
quantum dots utilized for detection of PfHRP-2. Conventional immunoassays, such 
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as enzyme-linked immunoassay, and molecular analysis tools, such as PCR, are 
complicated to put into practice in low-resource settings. For that reason, to offer a 
proof-of-principle of translation of this assay to low-resource settings, researchers 
demonstrated PfHRP-2 detection in an automated droplet-based microfluidic 
device. The exploitation of magnetic beads and quantum dots permits compara-
tively speedy and easy detection of malaria antigen with an overall assay time of 
about 1.5 h. This assay with an optimized pair of capture in addition to detection 
antibodies permits quantitative and sensitive measurement of the target antigen. 
Translation of the vial assay to an automated droplet-based tool will possibly put 
forward a user-friendly diagnostic tool for malaria that need minimum training and 
enabling testing in low-resource settings [53].

5  Conclusion and Future Prospects

Accurate and efficient diagnosis is the initial step to further carry-on efforts to elim-
inate and diminish the universal burden of malaria by 90% in 2030. Conventional 
microscopic testing of peripheral thick and thin blood smears stays the gold stan-
dard for malaria diagnosis. Even though this technique needs a skilled microscopist, 
sensitivity and specificity show a discrepancy compared with the latest technical 
advances, it is inexpensive and trustworthy. Rapid and convenient RDTs are pres-
ently implemented in various remote settings, but are expensive and require 
improved quality control. Serological tests are valuable for epidemiological sur-
veys, but not appropriate for the identification of acute malaria. Molecular-biological 
techniques are suitable for research laboratories; they can be utilized to recognize 
the development of drug resistance; they are functional for species detection and 
also for quantifying parasite density with low parasitemia. These conventional diag-
nostic techniques can identify malaria symptomatic infections but frequently miss 
out on asymptomatic cases. Innovative technologies are desirable to make novel 
advances and allow rapid diagnosis, an area in which nanotechnology could play a 
leading role. The increase in the proportion of asymptomatic infections in low- 
transmission regions calls for nanotechnology-based diagnostic tests that can iden-
tify the hidden parasite reservoir. Through the exploitation of AuNPs, AuNPs- based 
fluorescence immunoassay, magnetic nanoparticles, magneto immunoassays, nano-
sensors, nanowire, transdermal vapor nanobubbles are already in the development 
for malaria diagnosis.

While the growth in research, as well as feasibility demonstrations of 
nanotechnology- based diagnostics for malaria, has been fast, the commercialization 
and translation are simply beginning to turn out to be a reality. Challenges still com-
prise the cost of manufacturing, production, and scale up itself and the consequent 
business models for economic success. Continued charitable sources and financial 
support from the developed world would be importantly desired to continue further 
investments for commercialization of the hopeful nanotechnology-based approaches 
for malaria diagnosis. The prospective for impact is unlimited as millions of 
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populaces can benefit if these technologies can be commercialized and brought into 
the hands of the health care providers in the world’s poorest areas that are exces-
sively impacted by malaria.

Finally, the level of malaria endemicity, the necessity of diagnosis, the experi-
ence of the general practitioner, the efficiency of healthcare workers, and budget 
resources are all factors influencing the choice of malaria-diagnostic technique.
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Nanotechnology in TB Diagnosis

Jayvadan Patel, Anita Patel, and Nisarg Patel

Abstract Tuberculosis (TB), caused by the bacterium Mycobacterium tuberculosis 
(Mtb), is still a significant worldwide health issue, and it is the second largest cause 
of mortality among all infectious diseases (Mtb). TB is most usually associated with 
the lungs, although it can also damage the kidneys, brain, and spine. The detection 
of latent tuberculosis infection (LTBI), extrapulmonary tuberculosis (EPTB), drug- 
resistant tuberculosis (DR-TB), Human immune deficiency virus (HIV)-associated 
tuberculosis (TB), and pediatric tuberculosis remains difficult in poor countries. 
This is mostly due to tuberculosis that has been delayed or misdiagnosed, which is 
feeding the global epidemic. Because an adequate screening test is currently unavail-
able, tuberculosis must be diagnosed using traditional methods, despite their limited 
diagnostic capacity. Nanoparticles have exhibited promising features in improving 
pharmaceutical distribution, reducing treatment frequency, and improving disease 
diagnosis. Scientific world believe that nanotechnology has proposed new ways to 
address residual scientific concerns for TB. Nanotechnology-based concepts have 
significant potential for diagnosing, treating, and preventing tuberculosis. The cre-
ation of antigen/antibody nanocarriers is an intriguing new frontier in the field of 
diagnostics, with the potential to pave the way for better TB diagnostics. This chap-
ter reviews the current diagnostic techniques for tuberculosis and emphasizes recent 
advances in nanotechnology-based Mycobacterium tuberculosis detection methods.
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1  Introduction

It is an infectious disease that is caused by the tubercle bacillus, Mycobacterium 
tuberculosis [1]. During the eighteenth and nineteenth centuries, tuberculosis 
reached near-epidemic proportions in the rapidly urbanizing and industrializing 
societies of Europe and North America. Indeed, “consumption”, as it was then 
known, was the leading cause of death for all age groups in the Western world from 
that period until the early twentieth century, at which time improved health and 
hygiene brought about a steady decline in mortality rates [2]. Today, in less- 
developed countries where population is dense and hygienic standards poor, tuber-
culosis remains a major fatal disease. The prevalence of the disease has increased in 
association with the HIV/AIDS epidemic; an estimated one out of every four deaths 
from tuberculosis involves an individual co-infected with HIV [3].

Multidrug-resistant (MDR) Mycobacterium tuberculosis strains, which are resis-
tant to both isoniazid (INH) and rifampicin (RIF), as well as extensively Drug- 
Resistant Tuberculosis (XDR-TB) strains, which are MDR TB strains plus resistance 
to any fluoroquinolone and at least one of three injectable second-line drugs (ami-
kacin, kanamycin, or capreomycin) that is virtually chronic. However, antibiotics 
used to treat TB have several modes of action through various metabolic levels 
including DNA/RNA/protein synthesis and ability to interfere or inhibit the growth 
of a specific microorganism [4].

Between 2000 and 2020, it was anticipated that almost a billion people will con-
tract tuberculosis for the first time. Tuberculosis will have killed 1.5 million people 
by 2020 (including 214,000 people with HIV). TB is the world’s 13th top cause of 
death and the second most deadly infectious disease (after HIV/AIDS). By 2020, an 
estimate of ten million people will have contracted tuberculosis (TB). In which, 
there are 5.6 million men, 3.3 million women, and 1.1 million children. MDR-TB, 
or multidrug-resistant tuberculosis, is still a public health concern and a security 
threat. In 2020, just around one-third of patients with drug-resistant tuberculosis 
received treatment [5].

Nanotechnology, also known as general-purpose technology, makes use of 
nanoscale molecules with diameters ranging from 1 to 100 nanometers. The notion 
of nanotechnology has been used to produce biomedical applications such as tissue 
engineering, medication delivery, bioimaging, and nanodiagnostics for several 
decades. Nanodiagnostics-based fast tests for infectious diseases have gotten a lot 
of attention because of their unique properties in early detection with high sensitiv-
ity and specificity [6].

2  Pathogenesis

The cycle of TB infection begins with the dispersion of Mycobacterium tubercu-
losis aerosols. In the patient’s lung, the bacilli are phagocytized by alveolar mac-
rophage cells, which then invade the underlying epithelium. Here, monocytes 
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from the nearby blood vessels form the beginning of a granuloma. Within the 
granuloma, a core of infected macrophages is surrounded by foamy macrophages, 
mononuclear phagocytes, and lymphocytes. The result is a fibrous capsule with 
increased foamy macrophages, presumed to create the typical caseous debris 
(necrotic tissue resembling cheese) in the center of the granuloma. The cycle is 
complete as the damaged lungs produce a cough that, once again, contains the 
highly transmissible infectious droplet nuclei. Infected macrophages may be car-
ried by the lymphatic system to the lungs, lymph nodes, kidneys, epiphyses of the 
long bones, and other areas of the body. In general, hypersensitivity develops dur-
ing the three-to-eight-week period after infection, signaling the action of cellular 
immunity and control of the infection. However, as previously stated, in high-risk 
groups, the progression of disease to cavitation in the lung and hematogenous dis-
semination are likely to occur [7].

3  Diagnosis

Sputum microscopy with a standard light microscope is the predominant 
approach for diagnosing pulmonary tuberculosis in low- and middle-income 
countries, where the majority of tuberculosis cases occur. Conventional micros-
copy has a low sensitivity when compared to culture, which is especially prob-
lematic in HIV-positive patients. In high-income countries, fluorescence 
microscopy, instead of conventional microscopy, is the standard diagnostic pro-
cedure. Fluorescence microscopy is associated with improved sensitivity as 
well as reduced work effort.

Different microscopic alternatives such as fluorescent microscopy, Kinyoun 
staining, and modified carbol-fuchsin staining were also tried for the diagnosis of 
TB. As per a systematic review of 45 relevant studies, fluorescent microscopy has 
been found to be on an average 10% more sensitive than conventional microscopy 
(95% CI: 5–15%) and almost 98% specific [8].

However, initially, fluorescent microscopy was not widely implemented due to 
high cost, frequent burn-out of expensive mercury vapor lamps, continuous power 
supply necessity, and the need for a dark room. The advent of light emitting diode 
(LED)-based fluorescent microscopes has overcome these short-comings and are 
now being increasingly used [9].

Different staining techniques like Ziehl–Neelsen staining (ZN), fluorescent 
Auramine-O staining (AO), and culture on modified Lowenstein–Jensen media 
(gold standard) were employed for the detection of Mycobacterium tuberculosis in 
the conventional microscopy technique [10].The three tiers of the network of TB 
laboratories and the responsibilities and the tests offered at each level (Table 1) [11] 
and the list of diagnostic tests/kits are tabulated in Table 2 [12].
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Table 1 Three tiers of the network of TB laboratories and the responsibilities and the tests offered 
at each level

Sr. No. Levels Tests

1 Peripheral
(Community level)

Smear microscopy (ZN/LED), LAM, and Digital X-ray

2 Intermediate
(Regional, district, 
and sub-district 
level)

Smear microscopy(ZN / LED), LAM, Xpert MTB RIF, Xpert 
MTB RIF ULTRA, and Solid culture (including drug-
susceptibility testing (DST))

3 Referral
(Reference level)

Smear microscopy, LAM, Xpert MTB RIF, Xpert MTB RIF 
ULTRA, Solid and liquid culture media,Drug-susceptibility testing 
(DST) first and second line, NAAT, and Rapid speciation tests

Adapted from WHO [11]

3.1  Smear Sputum Microscopy

It is a simple, quick, and economical approach that is very specific in places where 
tuberculosis is prevalent.

It also recognizes the most infectious patients and can be used in a wide range of 
communities and socioeconomic levels. As a result, it has become an important part 
of the global TB control strategy. Sputum smear microscopy, on the other hand, has 
severe limits in terms of performance. When the bacterial load in a sputum sample 
is fewer than 10,000 organisms/ml, the sensitivity is severely impaired [13].

It also has a bad track record in patients with extrapulmonary tuberculosis, pedi-
atric tuberculosis, and HIV-TB co-infection.

Because serial sputum examinations are required, some patients who do not 
return for additional sputum testing are referred to as “diagnostic defaulters.” A 
personal observation revealed that limited resources, high quantities of samples, and 
all of these factors combined often cut the observation time per slide to less than 
60 seconds, lowering the test’s sensitivity [14].

3.2  Fluorescence Microscopy

It was first used in the 1930s to improve the results of smear microscopy. The smear 
is stained with fluorochrome dyes. To excite and fluoresce the dye, a halogen or 
high-pressure mercury vapor lamp is traditionally utilized. A meta-analysis of stud-
ies comparing fluorescence and conventional microscopy indicated that fluores-
cence microscopy’s sensitivity was 10% higher than conventional microscopy, and 
that it remained high even after the samples were concentrated [15].

The sensitivity of low-grade smear positive sputum was shown to be higher. The 
estimates of specificity, on the other hand, were comparable to conventional micros-
copy, while turnaround times were lower. According to the findings of this 
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Table 2 List of diagnostic tests/kits for TB

Sr. 
No Diagnostic tests Manufacturers Methods

Detection limit/
sensitivity (%)

1 Conventional solid media Various Growth-based 
detection

1000–
10,000 CFU/ml
28–75%

2 Automated liquid culture 
systems

BD, bioMe’rieux, Trek Growth-based 
detection

81.5%

3 Phage-based detection Biotec Growth-based 
detection

100 CFU/mL

4 Conventional microscopy 
with acid-fast staining

Various Direct 
visualization

20–43%

5 Fluorescent microscopy 
with nonspecific cell-wall 
staining

Various Direct 
visualization

52–97%

6 Detection of diagnostic 
antibody responses to TB

Various Antibody 
detection

89.4%

7 Automated, nonintegrated 
NAAT

GenProbe, Roche, BD, 
many others

Molecular 
detection

97.7%

8 Luminescent probe of 
culture isolate

GenProbe Species 
identification

<100 CFU/ml

9 Reverse hybridization line 
probe from culture isolates

Innogenetics, Hain Species 
identification

2 × 103 CFU/ml

10 Tuberculin skin test with 
PPD

Various LTBI detection 87–98%

11 Whole-blood IFN-γ release 
assay

Cellestis LTBI detection 75–84%

12 ELISPOT IFN-γ release 
assay

Oxford Immunotech LTBI detection 97%

13 Abbott RealTime MTB 
Amplification Reagent Kit

Abbott GmbH & Co 
KG, Wiesbaden, 
Germany

Molecular 
detection

17 CFU/ml
93%

14 BD MAX™ MDR -TB Becton Dickenson & 
Co, BD Bioscience

Molecular 
detection

100%

15 Truenat™ MTB Molbio Diagnostics 
Pvt. Ltd. Goa, India

RTPCR 95–99%
(29.2 cells/ml)

16 T-SPOT®.TB 8 with T-Cell 
Select

Oxford Immunotec Ltd Antibody 
detection

98.8%

17 STANDARD™ E 
TB-Feron ELISA

SD Biosensor Inc Antibody 
detection

98.03%

LTBI latent TB infection, IFN interferon (Modified from Refs. [12, 24])

meta- analysis, successful and broad application of fluorescence microscopy could 
improve case detection by increasing sensitivity and reducing time spent on micro-
scopic examination. With fluorescence microscopy, cost is a big concern. This can 
be avoided by using light-emitting diodes (LEDs), which cost less than a tenth of 
the price of a mercury vapor lamp [16].
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1890-1908
PPD test

1930-1935
Culture

1995-1998
IGRA test

Nanotechnology

1800-1805
Microscopy

1890-1950
Radiography

1985
PCR

1998-1999
Lateral flow test

Fig. 1 Timeline of the 
evolution of tuberculosis 
diagnostic assays

3.3  Rapid Culture-Based Methods

This comprises fast automated liquid culture, which can produce results in a matter 
of weeks, thin layer agar culture, which takes an average of 11.5  days, and the 
Microscopic Observation Drug-Susceptibility Assay (MODS), which takes an aver-
age of 9.2 days [17] (Fig. 1).

4  Immunological Methods

4.1  Tuberculin Skin Test

The Tuberculin Skin Test (TST) is also known as the Mantoux Test. It is a skin test 
to detect if you have been infected with TB bacteria. The tuberculosis skin test is 
another name for the tuberculin test or PPD test. The PPD test determines if some-
one has developed an immune response to the bacterium that causes tuberculosis 
(TB). The skin test is the preferred test in children under 5 years of age. The stan-
dard recommended tuberculin test is the Mantoux test, which is administered by 
injecting 0.1 mL of liquid containing 5 TU (tuberculin units) PPD (purified protein 
derivative) into the top layers of the skin of the forearm. The basis of the reading of 
the skin test is the presence or absence and the amount of induration (localized 
swelling). A negative test does not always mean that a person is free of tuberculosis.

The tuberculin skin test is based on the fact that infection with Mycobacterium 
tuberculosis bacterium produces a delayed-type hypersensitivity skin reaction to 
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certain components of the bacterium. Reaction in the skin to tuberculin PPD begins 
when specialized immune cells, called T cells, sensitized by prior infection, are 
attracted by the immune system to the skin site where they release chemical mes-
sengers called lymphokines. These lymphokines induce induration (a hard, raised 
area with clearly defined margins at and around the injection site) through local 
vasodilation (expansion of the diameter of blood vessels) leading to fluid deposition 
known as edema, fibrin deposition, and attraction of other types of inflammatory 
cells to the area [18].

4.2  ELISA

The ELISA test for the diagnosis of tuberculosis using highly purified A 60 antigen 
extracted from mycobacteria was developed by Anda Biologicals, France, during 
the late 1980s. It is claimed to have about 95% sensitivity and specificity. Both IgG 
and IgM antibodies can be separately tested. IgM antibodies appear early in the 
disease and IgG appears later. The test is negative in healthy, normal subjects and is 
not related to the tuberculin test or BCG vaccination status. The A 60 antigen is 
common to many mycobacteria including Mycobacterium tuberculosis, 
Mycobacterium leprae, Mycobacterium bovis, and Mycobacterium avium. Hence, 
clinical, radiological, and other laboratory data must be considered along with the 
results of the Elisa test for final diagnosis.

The Mycobacterium tuberculosis antigen is bound on the surface of the microti-
ter strips. Diluted patient serum or ready-to-use standards are pipetted into the wells 
of the microtiter plate. A binding between the IgG antibodies of the serum and the 
immobilized Mycobacterium tuberculosis antigen takes place. After 1 hour of incu-
bation at room temperature, the plate is rinsed with diluted wash solution, in order 
to remove unbound material. Then ready-to-use anti-human-IgG peroxidase conju-
gate is added and incubated for 30 minutes. After a further washing step, the sub-
strate (TMB) solution is pipetted and incubated for 20  minutes, inducing the 
development of a blue dye in the wells. The color development is terminated by the 
addition of a stop solution, which changes the color from blue to yellow. The result-
ing dye is measured spectrophotometrically at the wavelength of 450 nm. The con-
centration of IgG antibodies is directly proportional to the intensity of the color [19].

4.3  Interferon Gamma Determination

B assay is a new test to diagnose tuberculosis infection by measuring in vitro T-cell 
interferon gamma release in response to two Mycobacterium tuberculosis-specific 
antigens: early secreted antigenic target 6 (ESAT-6) and culture filtrate protein 10 
(CFP-10).IGRAs are in vitro blood tests of cell-mediated immune response; they 
measure T-cell release of IFN-γ following stimulation by antigens specific to the 
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Mycobacterium tuberculosis complex (with the exception of BCG substrains), i.e., 
early secreted antigenic target 6 (ESAT-6) and culture filtrate protein 10 (CFP-10). 
These antigens are encoded by genes in the Mycobacterium tuberculosis genome’s 
region of difference 1 (RD1) locus [20].

They are more specific than the purified protein derivative (PPD) for 
Mycobacterium tuberculosis because they are not encoded in the genomes of any 
BCG vaccine strains or most species of nontuberculous mycobacterium (NTM), 
other than Mycobacterium marinum, Mycobacterium kansasii, Mycobacterium 
szulgai, and Mycobacterium flavescens.

However, not all nontuberculous mycobacteria (NTMs) have been studied for 
cross-reactivity. There is some evidence of cross-reactivity between ESAT-6 and 
CFP-10 of M. tuberculosis and Mycobacterium leprae but the clinical significance 
of this in settings where leprosy and TB are endemic (e.g., India and Brazil) is 
poorly characterized. Two commercial IGRAs are available in many countries: the 
QuantiFERON-TB Gold In-Tube (QFT) assay (Cellestis/Qiagen, Carnegie, 
Australia) and the T-SPOT.TB assay (Oxford Immunotec, Abingdon, United 
Kingdom). Both tests are approved by the U.S.  Food and Drug Administration 
(FDA) and Health Canada and are CE (Conformité Européenne) marked for use in 
Europe [21].

The QFT assay is an enzyme-linked immunosorbent assay (ELISA)-based, 
whole-blood test that uses peptides from the RD1 antigens ESAT-6 and CFP-10 as 
well as peptides from one additional antigen (TB7.7 [Rv2654c], which is not an 
RD1 antigen) in an in-tube format. The result is reported as the quantification of 
IFN-γ in international units (IU) per milliliter. An individual is considered positive 
for Mycobacterium tuberculosis infection if the IFN-γ response to the TB antigens 
is above the test cutoff (after subtracting the background IFN-γ response of the 
negative control) [22].

The T-SPOT.TB assay is an enzyme-linked immunosorbent spot (ELISPOT) 
assay performed on separated and counted peripheral blood mononuclear cells 
(PBMCs) that are incubated with ESAT-6 and CFP-10 peptides. The result is 
reported as the number of IFN-γ-producing T cells (spot-forming cells). An indi-
vidual is considered positive for Mycobacterium tuberculosis infection if the spot 
counts in the TB antigen wells exceed a specific threshold relative to the negative- 
control wells [23].

4.4  FDA Guidelines on the Diagnostic Test

In order to provide reasonable assurance of the safety and effectiveness of nucleic 
acid-based in  vitro diagnostic devices for the detection of the MTB-complex in 
respiratory specimens, FDA concludes that special controls, when combined with 
the general controls of the Federal Food, Drug, and Cosmetic Act, are required. 
Before marketing a device of this type, a manufacturer must (1) comply with the 
Federal Food, Drug, and Cosmetic Act’s general controls, including the premarket 
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notification requirements described in 21 CFR 807 Subpart E, (2) address the spe-
cific safety and effectiveness issues identified in this guideline, and (3) obtain a 
substantial equivalence determination from FDA.

The classification regulation for nucleic acid-based in vitro diagnostic tools for 
the detection of MTB-complex in respiratory specimens is identified in this guide-
line. Other sections of this guidance include health hazards and mitigation actions 
that, if implemented by manufacturers and combined with general controls, will 
address the risks associated with these devices and, in most cases, will result in a 
prompt premarket notification [510(k)] review. This document will be used in con-
junction with other FDA publications to address the particular content requirements 
of a premarket notification submission for nucleic acid-based in vitro diagnostic 
instruments for the detection of the MTB-complex in respiratory specimens. 
Furthermore, the performance of devices for other intended uses, such as the exis-
tence of mutations associated with MTB-complex medication resistance that may 
be paired with MTB-complex detection, is not addressed by this guidance [25].

5  Novel Diagnostic Methods

5.1  Nucleic Acid Amplification Test

To improve the diagnosis of Mycobacterium tuberculosis complex (MTBC), vari-
ous nucleic acid amplification tests (NAATs) have been developed over the past few 
decades.

Most NAATs are based on the detection of multicopy insertion sequences (ISs), 
which is expected to increase the sensitivity of the tests. IS986, IS987, IS1081, and 
IS6110 have long been used as NAAT targets for the diagnosis of MTBC.

In nature, ISs, which exhibit high transposition ability, play a role in the major 
regions of bacterial repetitive elements; these sequences are therefore often used for 
typing different species and strains and can help their host adapt to the environ-
ment [26].

In the application of NAATs, ISs, especially IS6110, have been employed in 
multiplex PCR for the identification of MTBC in various types of clinical speci-
mens, including pulmonary and extrapulmonary specimens, as such sequences 
exhibit high copy numbers in most MTBC strains (up to 25 copies per genome) 
although strains with only a single copy or no copies have also been identified in 
rare cases, as found in Mycobacterium bovis and its substrains, such as 
Mycobacterium bovis BCG.

One NAAT that has the potential to be approachable and cost-effective is loop- 
mediated isothermal amplification (LAMP). For the identification of pulmonary 
tuberculosis, LAMP is being tested as a point-of-care (POC) diagnostic. The gen-
eral performance parameters of LAMP and fluorescent smear microscopy appear to 
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be similar. The performance of LAMP in smear negative samples, on the other hand, 
was not fully adequate [27].

The commercial Xpert MTB/RIF Ultra kit (Sunnyvale, USA, Ultra), which tar-
gets IS6110 and IS1081 for detection, is recommended by the WHO as the initial 
diagnostic test for all adults and children with the signs and symptoms of MTBC.

It is one of the most widely used automated, integrated, cartridge-based molecu-
lar assay systems for NAATs [28].

5.2  Amplified Mycobacterium Tuberculosis Direct Test

The Amplified Mycobacterium Tuberculosis Direct (AMTD) test detects 
Mycobacterium tuberculosis rRNA. By using the culture of Mycobacterium tuber-
culosis as a gold standard, a number of different diagnostic indices were examined 
in an attempt to determine the diagnostic performance of the AMTD test and dem-
onstrate how it might usefully be interpreted during the early management of 
disease.

The Amplified Mycobacterium Tuberculosis Direct test (AMTD test; Gen-Probe, 
Inc., San Diego, Calif.) can be used to detect Mycobacterium tuberculosis rRNA in 
respiratory specimens (sputum, broncho-alveolar lavage [BAL], and bronchial and 
tracheal secretions) and can be performed in approximately 3.5 h. With this test, 
specific RNA amplification products are hybridized to complementary acridinium- 
ester- labeled DNA probes. Subsequent degradation of the acridinium-ester probes 
results in luminescence that is measured in relative light units (RLU).

According to the manufacturers, an RLU reading of >30,000 signifies a positive 
test, but they recommend repeating the tests at between 30,000 and 100,000 
RLU. Sensitivities and specificities of the test at other RLU values, in comparison 
with the clinical diagnosis of tuberculosis, have been reported with the results of 
around 90% for each [29].

To qualitatively detect Mycobacterium tuberculosis complex ribosomal ribonu-
cleic acid (rRNA), the MTD test employs Transcription-Mediated Amplification 
(TMA) and the Hybridization Protection Assay (HPA2). Both cultivable and non- 
cultivable organisms will be detected by the MTD test. Mycobacterium tuberculo-
sis, Mycobacterium bovis, Mycobacterium bovis BCG, Mycobacterium africanum, 
Mycobacterium microti, and Mycobacterium canetti are all members of the 
Mycobacterium tuberculosis complex. All organisms in the Mycobacterium tuber-
culosis complex will be detected by the MTD test. M. microti, on the other hand, 
only infects animals; Mycobacterium bovis is rarely passed from sick animals to 
humans; and Mycobacterium africanum develops pulmonary disease in humans in 
tropical Africa. Mycobacterium tuberculosis is by far the most widespread member 
of the tuberculosis complex, which causes human disease all throughout the world. 
The Centers for Disease Control and Prevention (CDC) has reported an increase in 
tuberculosis infections associated with AIDS, foreign-borne cases, and increased 
transmission in higher-risk populations [30].
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Traditional tuberculosis culture methods can identify tuberculosis growth in as 
little as 1 week, but it can take up to 8 weeks. The MTD test, on the other hand, 
detects Mycobacterium tuberculosis complex rRNA within 2.5–3.5 hours of starting 
the test procedure. While the MTD test cannot determine medication susceptibility, 
it can be used to diagnose Mycobacterium tuberculosis quickly and accurately. This 
could lead to more appropriate utilization of isolation facilities, earlier discovery 
and containment of infected contacts, and more suitable therapy initiation [31].

5.3  Multiplex Polymerase Chain Reaction (PCR)

Amplification techniques like various types of PCR have attracted considerable 
interest in the diagnosis of tuberculosis, particularly extrapulmonary tuberculosis 
(EPTB), with the hope of shortening the time required for detection. Insertion 
sequence, IS6110, is the most commonly used target due to its multiple-copy pres-
ence in the genome of Mycobacterium tuberculosis. Most studies using IS6110 as a 
single target reported variable success.

More importantly, studies have shown that IS6110 may be absent in around 
10–15% isolates of Mycobacterium tuberculosis in India. Studies that have evalu-
ated a combination of target genes have reported higher sensitivity and specific-
ity [32].

Few studies have reported a promising role of Protein b, MPB64, and IS6110 
genes when used in combination to confer a higher sensitivity and specificity for 
EPTB. Thus, it is logical to hypothesize that a multiple PCR using multiple targets 
may provide better sensitivity for the diagnosis of EPTB.  A large number of 
sequences of mycobacterial genome like IS6110, IS986, 65 kDa, and 38 kDa anti-
gens have been used as targets in the polymerase chain reaction (PCR) test.

Multiplex PCR was standardized, and the DNA equal to 2–3 organisms was 
found to have quantitative sensitivity. It tested positive for Mycobacterium tubercu-
losis H37RV, a common tuberculosis strain. The results of each independent MPCR 
experiment were compared to those of one positive and one negative control. The 
positive control included was the DNA of H37Rv and the negative control included 
was the PCR grade water. The identification of M. tuberculosis was done using a 
specific pair of primers designed to amplify IS6110 and Protein b in the 
Mycobacterium tuberculosis complex and the expected band size was about 123 bp 
for IS6110 and 419 bp for Protein b [33].

5.4  LAMP Test

TB-LAMP is a manual assay that requires less than 1 hour to perform and requires 
minimal instrument in the form of a heating block, and generates a fluorescent result 
that can be detected with the naked eye.

Nanotechnology in TB Diagnosis



112

WHO recommends that TB-LAMP can be used as a replacement for microscopy 
for the diagnosis of pulmonary TB in adults with the signs and symptoms of TB. It 
can also be considered as a follow-on test to microscopy in adults with signs and 
symptoms of pulmonary TB, especially when further testing of sputum smear- 
negative specimens is necessary [34].

Additionally, it has the potential for higher throughput as it can test up to 14 
samples per test run (max. 70 samples per day). TB-LAMP, which is a simple, accu-
rate, robust, and affordable test, has been developed for use in high burden and 
resource limited settings. The TB-LAMP assay includes loop primers for a total of 
six primers binding to 8 locations. This requirement for homogeneous sequence at 
multiple binding-sites preserves the specificity of the assay even in the absence of a 
probe. The LAMP method is relatively insensitive to the accumulation of DNA and 
DNA by-products (pyrophosphate salts), so the reaction proceeds until large 
amounts of amplicon are generated. This feature makes visible detection of success-
ful amplification possible by using dsDNA-binding dyes such as SYBR green, by 
detecting turbidity caused by precipitating magnesium pyrophosphate, or by using 
a non-inhibitory fluorescing reagent that is quenched in the presence of divalent 
cations [35].

5.5  Real-Time PCR

In recent years, PCR technologies have improved markedly with the development 
of RT-PCR for the detection of mycobacterial infection.

This method has the advantage over conventional PCR in speed, automation, 
high sensitivity and specificity, and a low risk of cross-contamination. The RT-PCR 
technique is widely used to assess whether MTB DNA or a sequence is present in a 
sample, and it detects amplified DNA in real time as the reaction advances. It uses 
complementary primers to monitor the amplification of a targeted DNA/RNA mol-
ecule throughout PCR amplification, rather than at the end, as in conventional 
PCR. The amount of DNA/RNA contained in the sample is proportional to the cycle 
of the PCR technique in which considerable fluorescence emerges. Cycle threshold 
(Ct) or cycle quantification is the name given to this number (Cq). RT-PCR is sensi-
tive, specific, and repeatable, and automating the operation lowers hands-on time 
and cross-contamination risk [36]. Within 2 hours, RT-PCR-based approaches have 
been proven to identify MTB directly from positive cultures or clinical specimens 
with greater sensitivity and specificity.

In comparison to smear microscopy, which requires 5000–10,000 bacilli/ml, it 
requires approximately 6 copies/ml of MTB DNA. Smear microscopy sensitivity 
has been shown to increase by up to 39% for concentrated samples like sputum. To 
produce a positive culture, which is the gold standard, at least 100 live bacilli are 
required, with a turnaround time of 2–10 weeks [37].
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5.6  Xpert MTB/RIF Assay

The Xpert MTB/RIF assay is an automated, cartridge-based nucleic acid amplifica-
tion test that uses the multi-disease GeneXpert platform. The assay can be per-
formed directly on sputum, on processed sputum sediments, and on selected 
extrapulmonary specimens, from both adults and children.

The Xpert MTB/RIF assay simultaneously detects Mycobacterium tuberculosis 
and rifampicin resistance in less than 2 hours. The sensitivity of the Xpert MTB/RIF 
assay for detecting TB is superior to that of microscopy and comparable to that of 
solid culture, along with high specificity. The biosafety precautions required for 
Xpert MTB/RIF are similar to those for smear microscopy and allow the use of the 
assay outside of conventional laboratories. Training requirements are minimal, 
which allows testing by non-laboratory staff. WHO recommends the use of Xpert 
MTB/RIF as the initial diagnostic test in patients with suspected TB meningitis, 
instead of conventional microscopy, phenotypic culture and DST; treatment should 
follow immediately if the result is positive; additional testing is needed if the initial 
Xpert MTB/RIF result is negative [38].

5.7  PCR Restriction-Enzyme Analysis

PCR restriction analysis (PRA), a simple, easy-to-read, reproducible, and rapid 
molecular technique, has been used in recent years for the identification of 
Mycobacterium species. PRA techniques have been developed for several mycobac-
terial genes, such as hsp65 the 16S–23S rRNA gene spacer and rpoB [39].

However, most of these techniques require the use of an algorithm to identify the 
Mycobacterium species. Also, the formation of short restrictions or small differ-
ences between bands requires the use of NuSieve or MetaPhor agarose, both of 
which are expensive, or polyacrylamide gel, which is difficult to handle, thus mak-
ing the assay technically demanding.

PRA is simple to perform, easy to read, and reproducible and is used in several 
laboratories to identify NTM. Most PRA techniques used, however, are impeded by 
difficulties such as minor differences in band sizes between species, the occurrence 
of new patterns which have not been reported earlier, and the need to use elaborate 
algorithms to identify species [40].

5.8  Lab-on-Chip

Lab-on-Chip devices are promising solutions for closing the diagnosis gap in low- 
income countries because they combine multiple laboratory components on a single 
chip, decreasing infrastructure and technological requirements while maintaining 
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analytical capabilities. Other important advantages of Lab-on-Chips are operating 
speed, simplicity of customization (adding/removing probes), the capacity to run 
multiplex testing, and the flexibility to scale-down costs. Micro-Electro-Mechanical- 
Systems (MEMS) and microfluidics are used in the Lab-on-Chip technology to 
merge multiplexed DNA amplification with microarray detection for the rapid, cost- 
effective, and accurate study of biological materials.

Multiple disorders can be discovered in a single test thanks to the technology. 
Mycobacterium Tuberculosis Complex (TB) and its drug-resistant mutant forms, as 
well as nine additional non-TB mycobacterium diseases that are frequently mis-
taken as TB due to similar symptoms, may all be detected quickly with Lab-on- 
Chip. In less than 3 hours, all of these strains and mutations can be identified using 
a single test from direct sputum or cultured samples [41].

6  Diagnostic Gaps Between Existing Technologies and Its 
Unmet Clinical Need

Mycobacterium tuberculosis was discovered more than a century ago, yet diagnosis 
remains a serious healthcare issue in the developing world due to a number of obsta-
cles, which are outlined below. For starters, Mycobacterium tuberculosis cannot 
provide assistance for on-site patient care because it is a slow-growing bacterium. 
Second, Pulmonary Tuberculosis (PTB) patients do not develop symptoms until 
later in the infection, delaying medical treatment. Third, even active PTB infections 
frequently have low sputum bacteria counts, making smear microscopy and other 
POC diagnostic procedures difficult to detect in the developing world. Fourth, exist-
ing processes make it more difficult to identify tuberculosis from sputum and other 
invasive bodily fluids than from blood and urine samples [42].

The lack of specific and confirmed biomarkers (for Active TB and LTBI infec-
tion) derived from either the host or the pathogen stems from a lack of understand-
ing of the host–pathogen interaction, pathogenesis, and guarded immune response 
triggered by Mycobacterium tuberculosis during infection, which limits the utility 
of rapid TB diagnostic tests. Although Xpert MTB can diagnose tuberculosis on the 
same day, its application is limited due to its high cost and low detection rate in 
extrapulmonary tuberculosis (EPTB) [43].

As a result, there is an urgent need for a low-cost tuberculosis diagnostic test for 
resource-constrained situations in order to miniaturize tuberculosis detection, which 
can be accomplished utilizing a revolutionary nanotechnology method.
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7  Role of Nanotechnology in the Diagnosis of TB

7.1  Nanoparticles

The use of nanotechnology in diagnostic applications, known as nano diagnostics, 
has been extensively researched for the development of high-sensitivity diagnostic 
tests that can be used before infection is detected. Because of the small size of 
nanoparticles and their great surface-to-volume ratio, this field is unique and signifi-
cant in a wide range of human activities. Nanomaterials or nanostructures have 
unique features that influence nanodiagnostic platforms and the capacity to detect 
small amounts of clinical samples quickly [44].

The technology itself is diverse, with various possibilities such as nanosuspen-
sions, nanoemulsions, and niosomes (nonionic surfactant-based vesicles). As a 
result, nanodiagnostic techniques have a high likelihood of becoming cost-effective, 
user-friendly, and durable.

Nanotechnology has made significant development in the last two decades, 
revealing its extensive potential and useful applications in biomedicine, biotechnol-
ogy, human and animal health, as well as nanodiagnostics and nanomedicines. 
Although the majority of nanodiagnostic work has been done in the field of cancer 
diagnostics, this approach has also proven to be useful in the diagnosis of a variety 
of infectious disorders [45].

Certain infectious disease-producing organisms, such as bacteria (Mycobacterium 
tuberculosis), viruses (SARS), and fungi, are capable of causing epidemic out-
breaks, which increase morbidity and death. As a result, building nano-based diag-
nostic systems in a clinical setting is becoming more crucial. This is owing to 
nanodiagnostics’ ability to use diverse body fluids from patients, such as blood, 
sputum, or urine samples, to acquire consistent and rapid results using simple and 
movable tools [6].

Furthermore, high-potential highly sensitive nanodiagnostics platforms must be 
stable, cost-effective, reproducible, and might be extremely valuable in the diagno-
sis of infectious diseases, especially in resource-constrained areas of developing 
countries (Fig. 2).

7.2  Gold Nanoparticles Based Diagnostics for TB

AuNPs have distinct physiochemical (inert and nontoxic) and optical features, mak-
ing them useful for clinical diagnosis, treatments, and other cross-disciplinary stud-
ies. The potential of AuNPs to interact optically with antibodies, antigens, and other 
biomolecules allows them to be used in the diagnosis of a variety of infections. 
Furthermore, even after antigen immobilization, AuNPs had little effect on func-
tional activity. The surface functionalization of gold nanoparticles enhances the 
antibody–antigen response, enhancing immunoassay signals and, as a result, test 
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Fig. 2 Outline of nanotechnology-based approach for diagnosis of tuberculosis

sensitivity. It provides a simple, low-cost assay that permits multiple samples to be 
tested at the same time. Even with a small amount of mycobacterial DNA, the assay 
was found to be very specific and generate trustworthy findings. AuNP probes 
(thiol-linked single-stranded DNA, or ssDNA, modified gold nanoparticles) provide 
a low-cost option for the colorimetric detection of target genes/sequences from test 
DNA samples [46].

Initially, researchers who employed DNA probes (oligonucleotides produced 
from the gene sequence of the Mycobacterium tuberculosis RNA polymerase com-
ponent) in combination with AuNPs for Mycobacterium tuberculosis colorimetric 
detection, described the use of AuNPs in TB diagnosis. When complementary DNA 
is present, the nanoprobe solution remains pink (no DNA probe aggregation) at 
wavelength 526 nm; however, when complementary DNA is absent, the solution 
turns purple (due to nanoprobe aggregation at a high NaCl concentration).When 
compared to other diagnostic procedures, such as InnoLiPA-Rif-TB, which had 
100% concordance, the method is more accurate. The technique has proven to be 
more sensitive than smear microscopy and may be conveniently observed for detec-
tion. The main advantage of this process is that it has a low risk of contamination 
(since it is performed in a single tube), and it is rapid (takes approximately 15 min 
per sample).

Following that, the activity of this method was compared to that of an automated 
liquid culture system (BACTECTM MGITTM) and semi-nested PCR revealing that 
the test has higher sensitivity and specificity in the detection of Mycobacterium 
tuberculosis complex [47]. Microfluidics technology, which utilized calorimetric 
detection of AuNPs in combination with the Mycobacterium tuberculosis insertion 
sequence (IS6110), was also used to boost the sensitivity of this test [48]. The 
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unique metal gold (Au), which gives the AuNPs colloid a red color, has gotten a lot 
of attention thanks to Surface Plasmon Resonance (SPR). The method is based on 
continuous monitoring of changes in the refractive index of the surface, which are 
caused by the molecules’ affiliation or dissociation with the sensor [49].

The optical sensor sensitivity of the SPR-based test allows it to identify even 
minute amounts of disease-specific analyte from complicated fluid without requir-
ing any special procedures. SPR has evolved as a potent optical instrument that can 
provide valuable data in the examination of biological and chemical investigations 
as a result of these advantages. In clinical samples, the SPR-based CFP-10 antigen 
detection system was created, and it proved to be reliable in TB diagnosis [50].

AuNPs modified indium tin oxide (ITO) electrodes were developed for the detec-
tion of Mycobacterium tuberculosis directly from clinical samples utilizing genomic 
DNA (gDNA) [51]. The approach used two probes: a capture probe and a gold 
nanoprobe, both of which were combined with the alkaline phosphatase (ALP) 
enzyme as the detection probe. The ITO probe is first triggered with a capture probe, 
and then immersed in gDNA-containing hybridization buffer to create double- 
strand DNA (dsDNA) through hybridization of the probe and target nucleotide 
sequence. Finally, to create a hybridization sandwich, ITO is put as an electrode in 
the buffer containing the detection probe. Voltammetry is then used to record the 
electric signals.

7.3  Gold Nanoparticles Dipstick Assay

Alkanethiol derivatives and anti-MTB rabbit antibodies were used to coat colloidal 
AuNPs with the Mycobacterium tuberculosis antigen. In this test, the antigen-coated 
AuNPs serve as a counter or detector reagent. The Mycobacterium tuberculosis 
antigen coated on AuNPs binds to blood samples or antibodies immobilized on 
nitrocellulose (NC) membranes. The ensuing binding could be observed with the 
naked eye due to the development of the red color caused by the gold nanoparticles 
on the nitrocellulose membrane (NC) [52].

7.4  Silica Nanoparticles Based Detection

Mesoporous silica nanoparticles (SiO2NPs) have been used in a variety of applica-
tions, including imaging, drug delivery, and biosensors. For the detection of 
Mycobacterium tuberculosis, indirect immunofluorescence microscopy has been 
devised using nanoparticles linked with fluorescent dye [53].SYBR Green 
I-mediated assay stained only bio-conjugated fluorescent silica nanoparticles, 
according to the technology. The intensity of fluorescent signals is five times higher 
than that of a standard FITC-based detection approach. This assay produces 

Nanotechnology in TB Diagnosis



118

encouraging results in less than 2 hours, making it a viable approach for detecting 
Mycobacterium tuberculosis quickly [54].

7.5  Magnetic Nanoparticles Based Detection

Nature contains magnetic nanoparticles (MNPs), which are nanoscale-sized mole-
cules. They have properties that make them suitable for use in nano-biomedicine, 
specifically imaging treatment [55]. MNPs may be easily changed on the surface 
with recognition moieties, such as antibodies, antibiotics, and carbohydrates, allow-
ing them to be used for bacterial detection. The super paramagnetic iron oxide 
nanoparticles (IONPs), which are made up of magnetite [Fe3O4] or maghemite 
[-Fe2O3] nanoparticles, are widely employed in drug therapy, cell tracking, and drug 
delivery via magnetic resonance imaging (MRI). Using IONPs in combination with 
IgG has dramatically increased the detection limit (104 CFU/mL) of bacterial cells 
when using nano-MALDI platforms. Several studies have used diagnostic magnetic 
resonance (DMR) in combination with iron oxide nanoparticles to detect 
Mycobacterium tuberculosis DNA [56].

Engstrom and his colleagues created a new platform for detecting rifampicin 
mutations in Mycobacterium tuberculosis rpoB gene using streptavidin-tagged 
magnetic nanobeads labeled with biotin. The test consisted of 11 padlock probes 
(PLPs) that targeted Mycobacterium tuberculosis‘23S ITS region. One probe was 
designed to identify MTBC, another PLP for wild-type, and the remaining nine 
PLPs were designed to detect a common mutation in the RRDR-rpoB gene. The 
signal is detected using AC susceptometry and is based on the Brownian relaxation 
principle [57].

The effectiveness of super-paramagnetic iron oxide (SPIO) nanoparticles in 
improving the sensitivity and specificity of MRI systems in TB diagnosis has also 
been tested [58]. This approach is more effective at diagnosing tuberculosis at the 
molecular level, and it also serves as a useful tool for analyzing antibody-antigen 
and parasite-host interactions. In order to generate conjugates, SPIO nanoparticles 
are activated with an anti-MTB surface antibody. The conjugate was then incubated 
with mycobacterium before being imaged with MRI, which reduces signal intensity 
and demonstrates specific target identification. For the detection of EPTB, this 
approach is more specific (Musculoskeletal TB, Central nervous system TB, 
abdominal TB).

7.6  Quantum Dots Based Detection System

Quantum dots, or semiconductor nanocrystals, have remarkable optical and physi-
cal characteristics that make them excellent for medical study [59]. Quantum dots 
have a number of advantages over alternative fluorescence-based approaches, 
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including broad absorption spectra, limited emission spectra, slow excited-state 
decay rates, and broad absorption cross-sections. It can also identify numerous tar-
gets at the same time, making it a popular application for detecting many diseases 
in a single clinical sample.

For TB detection, the hybrid detection method (Quantum dots and magnetic 
beads) employs Mycobacterium tuberculosis-specific molecular probes. The first 
probe detects the mycobacterium’s 23S rRNA gene with extreme precision, whereas 
the second probe recognizes the IS900 conserved sequence in mycobacterium 
treated with sulphurous acid chromium quantum dots with extreme precision. After 
hybridization with target gene sequences of mycobacterium DNA extracted from 
suspected TB patient samples, a sandwich is created. After that, the quantum dots 
and magnetic bead conjugates are subjected to UV radiation, which causes red fluo-
rescence. (This can be seen with the naked eye).

These conjugate detection approaches are also very versatile molecular probes 
that can be easily tailored to suit diagnostic requirements. The approach can directly 
identify Mycobacterium tuberculosis complex unamplified DNA from clinical sam-
ples [60].

Liandris and his colleagues used the quantum dots of CdSeO3 in conjugation 
with streptavidin and species-specific probes to detect the surface antigen of myco-
bacterium species in a similar investigation. Sandwich hybridization was used to 
target mycobacterial gDNA, which is composed of two biotinylated probes that 
acknowledged and detected the target DNA selectively. The detection limit of the 
sample is approximately 104 cells/mL [61].

7.7  Magnetic Barcode Assays

Magnetic barcode (MB) assays work in a similar way to QDs in terms of principle. 
As probes for TB detection, the test utilized unique complementary DNA sequences 
of Mycobacterium tuberculosis. The most notable difference is the need for DNA 
extraction and PCR amplification, which is not, required in quantum dots tests. 
After probes grab DNA, complementary magnetic nanoparticle probes label the 
resulting conjugate, which is subsequently identified using nuclear magnetic reso-
nance (NMR) techniques [62].

7.8  Biosensors Based Detection System

A biosensor is an analytical system that incorporates a bio-recognition element to 
detect the presence or absence of a specific biological analyte (transduction system, 
amplifiers, and display unit). The biosensor is made up of an analytical equipment 
and biological analytes that detect physiological and chemical changes in the sens-
ing area [63]. The biosensor works by detecting short Mycobacterium tuberculosis 
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DNA nucleotide sequences. The following categories of TB biosensors exist: mass/
piezoelectric, biochemical, electrical, and optical sensors. These sensing platforms 
employ antibody-antigen interaction, nucleic acid hybridization, and entire myco-
bacterium bacilli to detect antigen-antigen interactions [64].

7.9  Protein Chips

Proteomics plays a significant role in illness diagnosis and drug development. 
Protein chips can be treated with TB bacilli tiny modular protein components that 
can attach to proteins with a specific biochemical or structural motif [65].

7.10  Imaging Nanotechnology

Labelling of targeted TB-bacilli molecules with quantum dots or synthetic chromo-
phores such as fluorescent proteins that will facilitate direct investigation of intra-
cellular signalling complex by optical techniques, for examples: confocal 
fluorescence microscopy or correlation imaging [66].

7.11  Sparse Cell Detection

This approach can take use of sparse cells’ distinctive features, which are exhibited 
in variances in internal TB bacilli deformation. In normal physiological settings, 
sparse cells are both rare and physiologically distinct from their surrounding cells. 
Identifying and then isolating these sparse cells are difficult [65].

7.12  NMR with Microfluidic System

Iron-based magnetic nanoparticles tagged with antibodies are used for binding the 
Mycobacterium tuberculosis bacilli while the microfluidic system deliver 
Mycobacterium tuberculosis and buffer solutions. Concentrating the specimens 
with the membrane filter can markedly improve the detection sensitivity. Magnetic 
nanoparticles have high sensitive detection of Bacillus Calmette-Guerin. Integration 
with quantum dots can detect not only Mycobacterium tuberculosis but also 
Mycobacterium avium subspecies “paratuberculosis” [66].

Super paramagnetic NPs are made of different magnetic materials such as nickel, 
iron, cobalt etc., which are pushed for biomedical applications because they act 
non-magnetically when they are not under the influence of an external magnetic 
field, avoiding undesirable self-magnetic agglomeration [67].
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7.13  Nano-Fabricated Devices

Nano-fabricated devices are ideal for point-of-care application in the detection of 
Mycobacterium tuberculosis because of the reduced costs of the automated sensi-
tive detection and ability of nanostructured zinc-oxide-films detection of genomic 
target up to 100 pM in clinical specimens [66].

8  Conclusion and Future Perspectives

Approximately 40–50% of tuberculosis infections are now undiscovered, either due 
to a lack of diagnostic services, a lack of public awareness, or a lack of tubercle 
bacilli in clinical samples. Due to their low detection sensitivity, assays targeting the 
whole bacillus in clinical samples miss many cases in such circumstances. This 
demonstrated that detecting bacillary by-products or caused changes in the host- 
immune response might be used as an alternative tuberculosis diagnostic tool (TB). 
There have been several experiments in this area, but none have shown to be thera-
peutically useful.

Nanodiagnostics for tuberculosis within hours are clearly advantageous. 
However, only a tiny percentage of these have been translated into clinical TB 
molecular diagnostics, and there are only a few approaches that can be used directly 
in respiratory samples.

Nanotechnology is a rapidly evolving field that attracts multi-disciplinary teams 
to address numerous healthcare concerns such as infectious disease diagnostics and 
therapy, cancer treatment, and cardiovascular disease treatment. These technologies 
have made a substantial contribution to the diagnosis of bacterial and viral illnesses. 
Nano-based technologies, in particular, aid in the miniaturization of diagnostic 
instruments and implants. In the field of tuberculosis, which is a significant killer 
disease, nano-biotechnology can aid TB management with the added benefits of 
speed, convenience of administering tests, and lower costs, which is especially ben-
eficial for resource-constrained countries.

Nanotechnology is advancing as a technique for targeted medicine delivery and 
disease detection around the world. In compared to traditional microbiological and 
molecular biology approaches, nanotechnology-based diagnostic schemes have the 
ability to produce results in hours, with enhanced sensitivities and specificities for a 
fraction of the cost. Nanotechnology has the ability to enable a local response to 
various issues in an area where many infectious illnesses exist, such as tuberculosis 
detection, treatment, and prevention. Future advances in nano diagnostics will 
enable non-specialized health staff to use them by miniaturizing biochip technology 
to the nano-scale range for point-of-care diagnostics using a specimen-in answer- 
out strategy.

Nanotechnology in TB Diagnosis



122

References

1. Kerantzas CA, Jacobs WR. Origins of combination therapy for tuberculosis: lessons for future 
antimicrobial development and application. MBio. 2017;8(2):e01586–16.

2. Rohde K, Yates RM, Purdy GE, Russell DG. Mycobacterium tuberculosis and the environment 
within the phagosome. Immunol Rev. 2007;219(1):37–54.

3. Jalhan S, Jindal A, Aggarwal S, Gupta A, Hemraj. Review on current trends and advancement in 
drugs trends and drug targets for tuberculosis therapy. Int J Pharm Bio Sci. 2013;4(1):320–33.

4. Shubladze N, Tadumadze N, Bablishvili N.  Molecular patterns of multidrug resistance of 
Mycobacterium tuberculosis in Georgia. Int J Mycobact. 2013;2(2):73–8.

5. World Health Organization 2021. Tuberculosis – key facts. World Health Organization, viewed 
21 Nov 2021. https://www.who.int/news- room/fact- sheets/detail/tuberculosis.

6. Wang Y, Yu L, Kong X, Sun L. Application of nanodiagnostics in point-of-care tests for infec-
tious diseases. Int J Nanomedicine. 2017;12:4789–803.

7. Sharma D, Sarkar D.  Pathophysiology of tuberculosis: an update review. PharmaTutor. 
2018;6(2):15–21.

8. Kivihya-Ndugga LEA, Van Cleeff MR, Githui WA, Nganga LW, Kibuga DK, Odhiambo JA, 
Klatser PR.  A comprehensive comparison of Ziehl-Neelsen and fluorescence microscopy 
for the diagnosis of tuberculosis in a resource-poor urban setting. Int J Tuberc Lung Dis. 
2003;7:1163–71.

9. Singhal R, Myneedu VP.  Microscopy as a diagnostic tool in pulmonary tuberculosis. Int J 
Mycobacteriol. 2015;4(1):1–6.

10. Bennedsen J, Larsen SO. Examination for tubercle bacilli by fluorescence microscopy. Scand 
J Respir Dis. 1966;47:114–20.

11. World Health Organization. Implementing the End TB strategy: the essentials. Geneva; 2015. 
http://www.who.int/tb/publications/2015/The Essentials to End TB/en/.

12. Perkins MD, Cunningham J. Facing the crisis: improving the diagnosis of tuberculosis in the 
HIV era. J Infect Dis. 2007;196(Suppl 1):S15–27.

13. Cambanis A, Ramsay A, Wirkom V, Tata E, Cuevas LE.  Investing time in microscopy, an 
opportunity to optimize smear-based case detection of tuberculosis. Int J Tuberc Lung Dis. 
2007;11(1):40–5.

14. Steingart KR, Ng V, Henry M, Hopewell PC, Ramsay A, Cunningham J, Urbanczik R, Perkins 
MD, Aziz MA, Pai M. Sputum processing methods to improve the sensitivity of smear micros-
copy for tuberculosis: a systematic review. Lancet Infect Dis. 2006;6(10):664–74.

15. Bell WJ, Brown PP. Fluorescence microscopy in the laboratory diagnosis and assessment of 
pulmonary tuberculosis. Cent Afr J Med. 1962;8:4–9.

16. Somlo AM, Black TC, Somlo LI. The value of fluorescence microscopy in the detection of 
acid-fast bacteria. Tech Bull Regist Med Technol. 1969;39:51–4.

17. Hung NV, Sy DN, Anthony RM, Cobelens FG, Van Soolingen D. Fluorescence microscopy for 
tuberculosis diagnosis. Lancet Infect Dis. 2007;7:238–9.

18. Snider DE. The tuberculin skin test. Am Rev Respir Dis. 1982;125(3P2):108–18.
19. Daftary VG, Banker DD, Daftary GV.  ELISA test for tuberculosis. Indian J Med Sci. 

1994;48(2):39–42.
20. Pai M, Denkinger CM, Kik SV, Rangaka MX, Zwerling A, Oxlade O, Metcalfe JZ, 

Cattamanchi A, Dowdy DW, Dheda K, Banaei N. Gamma interferon release assays for detec-
tion of Mycobacterium tuberculosis infection. Clin Microbiol Rev. 2014;27(1):3–20.

21. Sorensen AL, Nagai S, Houen G, Andersen P, Andersen AB. Purification and characteriza-
tion of a low-molecular-mass T-cell antigen secreted by Mycobacterium tuberculosis. Infect 
Immun. 1995;63:1710–7.

22. Andersen P, Munk ME, Pollock JM, Doherty TM. Specific immune-based diagnosis of tuber-
culosis. Lancet. 2000;356:1099–04.

23. Geluk A, Van Meijgaarden KE, Franken KL, Subronto YW, Wieles B, Arend SM, Sampaio 
EP, De Boer T, Faber WR, Naafs B, Ottenhoff TH. Identification and characterization of the 

J. Patel et al.

https://www.who.int/news-room/fact-sheets/detail/tuberculosis
http://www.who.int/tb/publications/2015/The Essentials to End TB/en/


123

ESAT-6 homologue of Mycobacterium leprae and T-cell cross-reactivity with Mycobacterium 
tuberculosis. Infect Immun. 2002;70:2544–8.

24. The Global Fund 2021. List of TB Diagnostic test kits and equipments classified according to 
the Global Fund Quality Assurance Policy, viewed 20 Nov 2021. https://www.theglobalfund.
org/media/9461/psm_productsdiagnosticstb_list_en.pdf

25. U.S.  Food & Drug Administration. Nucleic acid-based in  vitro diagnostic devices for the 
detection of mycobacterium tuberculosis complex in respiratory specimens  – class II spe-
cial controls guideline for industry and Food and Drug Administration Staff. 27 Feb 2018. 
https://www.fda.gov/medical- devices/guidance- documents- medical- devices- and- radiation- 
emitting- products/nucleic- acid- based- in- vitro- diagnostic- devices- detection- mycobacterium- 
tuberculosis- complex- respiratory.

26. Caws M, Wilson SM, Clough C, Drobniewski F. Role of IS6110-targeted PCR, culture, bio-
chemical, clinical, and immunological criteria for diagnosis of tuberculous meningitis. J Clin 
Microbiol. 2000;38:3150–5.

27. Alonso H, Samper S, Martin C, Otal I. Mapping IS6110 in high-copy number Mycobacterium 
tuberculosis strains shows specific insertion points in the Beijing genotype. BMC Genomics. 
2013;14:422–7.

28. Dorman SE, et  al. Xpert MTB/RIF Ultra for detection of Mycobacterium tuberculosis and 
rifampicin resistance: a prospective multicentre diagnostic accuracy study. Lancet Infect Dis. 
2018;18(1):76–84.

29. Alcala L, Ruiz-Serrano MJ, Hernangomez S, Marin M, de Viedma DG, San Juan R, Bouza 
E. Evaluation of the upgraded amplified Mycobacterium tuberculosis direct test (Gen-Probe) 
for the direct detection of Mycobacterium tuberculosis in respiratory and non-respiratory spec-
imens. Diagn Microbiol Infect Dis. 2001;41:51–6.

30. Bradley ST, Reed SL, Catanzaro A. Clinical efficacy of the amplified Mycobacterium tuber-
culosis direct test for the diagnosis of pulmonary tuberculosis. Am J Respir Crit Care Med. 
1996;153:1606–10.

31. Pitchenik AE, Fertel D, Block AB. Mycobacterial disease: epidemiology, diagnosis, treatment, 
and prevention. Clin Chest Med. 1988;9:425–41.

32. Sekine K, Nagata N, Shindo T, Morino E, Shimbo T, Akiyama J, Mizokami M, Uemura 
N.  Combined identifying granuloma and biopsy culture is useful for diagnosing intestinal 
tuberculosis. Int J Color Dis. 2015;30:939–45.

33. Chauhan DS, Sharma VD, Parashar D. Molecular typing of Mycobacterium tuberculosis iso-
lates from different parts of India based on IS6110 element polymorphism using RFLP analy-
sis. Indian J Med Res. 2007;125(4):577–81.

34. Boehme CC, Nabeta P, Henostroza G, Raqib R, Rahim Z, Gerhardt M, Sanga E, Hoelscher 
M, Notomi T, Hase T, Perkins MD. Operational feasibility of using loop-mediated isothermal 
amplification for diagnosis of pulmonary tuberculosis in microscopy centers of developing 
countries. J Clin Microbiol. 2007;45:1936–40.

35. Yadav R, Sharma N, Khaneja R, Agarwal P, Kanga A, Behera D, Sethi S. Evaluation of the 
TB-LAMP assay for the rapid diagnosis of pulmonary tuberculosis in Northern India. Int J 
Tuberc Lung Dis. 2017;21:1150–3.

36. Espy MJ, Uhl JR, Sloan LM, Buckwalter SP, Jones MF, Vetter EA, Yao JD, Wengenack NL, 
Rosenblatt JE, Cockerill FR 3rd, Smith TF. Real-time PCR in clinical microbiology: applica-
tions for routine laboratory testing. Clin Microbiol Rev. 2006;19(1):165–56.

37. Palomino JC. Nonconventional and new methods in the diagnosis of tuberculosis: feasibility 
and applicability in the field. Eur Respir J. 2005;26(2):339–50.

38. Rachow A, Zumla A, Heinrich N, Rojas-Ponce G, Mtafya B, Reither K, Ntinginya EN, 
O'Grady J, Huggett J, Dheda K, Boehme C, Perkins M, Saathoff E, Hoelscher M. Rapid and 
accurate detection of Mycobacterium tuberculosis in sputum samples by Cepheid Xpert MTB/
RIF assay-a clinical validation study. PLoS One. 2011;6:e20458.

Nanotechnology in TB Diagnosis

https://www.theglobalfund.org/media/9461/psm_productsdiagnosticstb_list_en.pdf
https://www.theglobalfund.org/media/9461/psm_productsdiagnosticstb_list_en.pdf
https://www.fda.gov/medical-devices/guidance-documents-medical-devices-and-radiation-emitting-products/nucleic-acid-based-in-vitro-diagnostic-devices-detection-mycobacterium-tuberculosis-complex-respiratory
https://www.fda.gov/medical-devices/guidance-documents-medical-devices-and-radiation-emitting-products/nucleic-acid-based-in-vitro-diagnostic-devices-detection-mycobacterium-tuberculosis-complex-respiratory
https://www.fda.gov/medical-devices/guidance-documents-medical-devices-and-radiation-emitting-products/nucleic-acid-based-in-vitro-diagnostic-devices-detection-mycobacterium-tuberculosis-complex-respiratory


124

39. Kim BJ, Lee KH, Park BN, Kim SJ, Bai GH, Kook YH. Differentiation of mycobacterial spe-
cies by PCR-restriction analysis of DNA (342 base pairs) of the RNA polymerase gene (rpoB). 
J Clin Microbiol. 2001;39:2102–9.

40. Lee H, Park HJ, Cho SN, Bai GH, Kim SJ. Species identification of mycobacteria by PCR restric-
tion fragment length polymorphism of the rpoBgene. J Clin Microbiol. 2000;38(8):2966–71.

41. Cabibbe AM, Miotto P, Moure R, Alcaide F, Feuerriegel S, GianniPozzi VN, Drobniewski 
F, Niemann S, Reither K, Cirillo DM. A lab-on-chip based platform for fast molecular diag-
nosis of multi-drug resistant tuberculosis. J Clin Microbiol. 2015; https://doi.org/10.1128/
JCM.01824- 15.

42. Sharma S, Zapatero RJ, Estrela P, O’Kennedy R. Point-of-care diagnostics in low resource set-
tings: present status and future role of microfluidics. Biosensors. 2015;5:577–601.

43. Rufai SB, Singh S, Singh A, Kumar P, Singh J, Vishal A. Performance of Xpert MTB/RIF on 
ascitic fluid samples for detection of abdominal tuberculosis. J Lab Physicians. 2017;9:47–52.

44. Azzazy HME, Mansour MMH, Kazmierczak SC. Nanodiagnostics: a new frontier for clinical 
laboratory medicine. Clin Chem. 2006;52:1238–46.

45. Kumar A, Mazinder Boruah B, Liang XJ. Gold nanoparticles: promising nanomaterials for the 
diagnosis of cancer and HIV/AIDS. J Nanomater. 2011:1–17.

46. Kim J, Oh SY, Shukla S, Hong SB, Heo NS, Bajpai VK, Chun HS, Jo CH, Choi BG, Huh 
YS, Han YK. Heteroassembled gold nanoparticles with sandwich-immunoassay LSPR chip 
format for rapid and sensitive detection of hepatitis B virus surface antigen (HBsAg). Biosens 
Bioelectron. 2018;107:118–22.

47. Cordeiro M, Ferreira Carlos F, Pedrosa P, Lopez A, Baptista PV. Gold nanoparticles for diag-
nostics: advances towards points of care. Diagnostics. 2016;6:1–20.

48. Tsai TT, Huang CY, Chen CA, Shen SW, Wang MC, Cheng CM, Chen CF. Diagnosis of tuber-
culosis using colorimetric gold nanoparticles on a paper-based analytical device. ACS Sens. 
2017;2(9):1345–54.

49. Khan I, Saeed K, Khan I. Nanoparticles: properties, applications and toxicities. Arab J Chem. 
2019;12:908–31.

50. Masson JF. Surface plasmon resonance clinical biosensors for medical diagnostics. ACS Sens. 
2017;2:16–30.

51. Zhu L, Song L, Liu W, Yan X, Xiao J, Chen C. Gold nanoparticles-modified indium tin oxide 
microelectrode for in-channel amperometric detection in dual-channel microchip capillary 
electrophoresis. Anal Methods. 2017;29:4319–26.

52. Stephen BJ, Singh SV, Datta M, Jain N, Jayaraman S, Chaubey KK, Gupta S, Singh M, Aseri 
GK, Khare N, Yadav P, Dhama K, Sohal JS. Nanotechnological approaches for the detection 
of mycobacteria with special references to Mycobacterium avium subspecies paratuberculosis 
(MAP). Asian J Anim Vet Adv. 2015;10:518–26.

53. Sun R, Wang W, Wen Y, Zhang X. Recent advance on mesoporous silica nanoparticles-based 
controlled release system: intelligent switches open up new horizon. Nano. 2015;5(4):2019–53.

54. Qin D, He X, Wang K, Zhao XJ, Tan W, Chen J.  Fluorescent nanoparticle-based indirect 
immunofluorescence microscopy for detection of Mycobacterium tuberculosis. J Biomed 
Biotechnol. 2007;2007(7):1–9.

55. Akbarzadeh A, Samiei M, Davaran S. Magnetic nanoparticles: preparation, physical proper-
ties, and applications in biomedicine. Nanoscale Res Lett. 2012;7:144.

56. Vallabani NVS, Singh S. Recent advances and future prospects of iron oxide nanoparticles in 
biomedicine and diagnostics. Biotech. 2018;8(6):1–23.

57. Engström A, De la Torre TZG, Strømme M, Nilsson M, Herthnek D. Detection of rifampicin 
resistance in Mycobacterium tuberculosis by padlock probes and magnetic nanobead-based 
readout. PLoS One. 2013;8:e62015.

58. Sabale S, Kandesar P, Jadhav V, Komorek R, Motkuri RK, Yu XY. Recent developments in the 
synthesis, properties, and biomedical applications of core/shell superparamagnetic iron oxide 
nanoparticles with gold. Biomater Sci. 2017;5:2212–25.

J. Patel et al.

https://doi.org/10.1128/JCM.01824-15
https://doi.org/10.1128/JCM.01824-15


125

59. Kairdolf BA, Smith AM, Stokes TH, Wang MD, Young AN, Nie S. Semiconductor quantum 
dots for bioimaging and biodiagnostic applications. Annu Rev Anal Chem (Palo Alto Calif). 
2013;6:143–62.

60. Gazouli M, Lyberopoulou A, Pericleous P, Rizos S, Aravantinos G, Nikiteas N, Anagnou NP, 
Efstathopoulos EP. Development of a quantum-dot-labelled magnetic immunoassay method 
for circulating colorectal cancer cell detection. World J Gastroenterol. 2012;18:4419–26.

61. Liandris E, Gazouli M, Andreadou M, Sechi LA, Rosu V, Ikonomopoulos J.  Detection of 
pathogenic mycobacteria based on functionalized quantum dots coupled with immunomag-
netic separation. PLoS One. 2011;6:e20026.

62. Chen YT, Kolhatkar AG, Zenasni O, Xu S, Lee TR. Biosensing using magnetic particle detec-
tion techniques. Sensors. 2017;17(10):1–36.

63. Mehrotra P.  Biosensors and their applications  – a review. J Oral Biol Craniofac Res. 
2016;6:153–9.

64. Lim JW, Ha D, Lee J, Lee SK, Kim T. Review of micro/nanotechnologies for microbial biosen-
sors. Front Bioeng Biotechnol. 2015;3:1–13.

65. Fakruddin MD, Hossain Z, Afroz H. Prospects and applications of nanobiotechnology: a medi-
cal perspective. J Nanobiotechnol. 2012;10(4):31.

66. Veigas B, Doria G, Baptista PV. Nanodiagnostics for tuberculosis. In: Cardona P-J, editor. 
Understanding tuberculosis: global experiences and innovative approaches to the diagnosis. 
Rijeka: InTech; 2012. p. 257–76.

67. Saraf S.  Applications of novel drug delivery system for herbal formulations. Fitoterapia. 
2010;81(7):680–9.

Nanotechnology in TB Diagnosis



127

Nanotechnology Based Vaccination 
Approach in Malarial Infection

Priya Patel, Mansi Faladia, Pranav Shah, and Jayvadan Patel

Abstract Malaria afflicted an estimated 219 million people in 2017, killing 
435,000 people worldwide. This morbidity and mortality burden is the consequence 
of more than a century of worldwide effort and research aimed at improving malar-
ial prevention, diagnosis, and treatment. Malaria is the most frequent illness in 
Africa and certain Asian nations, accounting for many indigenous cases. The global 
malaria fatality rate ranges from 0.3% to 2.2%, and in cases of severe malaria in 
tropical climatic zones, the rate rises from 11% to 30%. Malaria is caused by a tiny 
protozoon belonging to the Plasmodium species group, which includes various sub-
species. Plasmodium species can cause illness in humans. Plasmodium is a kind of 
amoeboid intracellular parasite that accumulates malaria pigment (an insoluble 
metabolite of haemoglobin). Parasites are present in several animals; some in red 
blood cells and others in tissues. Five Plasmodium species can infect humans out of 
172 species. These are Plasmodium malariae, Plasmodium falciparum, Plasmodium 
vivax, Plasmodium ovale, and Plasmodium knowlesi. The zoonotic malaria 
P. knowlesi has been identified in South-East Asia. Malaria symptoms often occur 
10 days to 1 month after infection. Mild symptoms are possible. Some people do not 
feel ill for up to a year after being bitten by a mosquito. Parasites can survive in the 
body for years without creating any symptoms. Malaria treatment should begin as 
soon as feasible. To cure malaria, your doctor will prescribe medications that destroy 
the parasite. Malaria medications are not effective against some parasites. The kind of 
medication and duration of therapy is determined by the parasite causing your symp-
toms. Due to the shortcomings of conventional malaria therapy, a nanotechnology 
approach has been implemented with vaccine development in various phase trials.
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1  Introduction

Malaria is an infectious illness spread by mosquitos which affects people and other 
animals. It is a potentially fatal disease caused by parasites transferred to humans by 
the bites of infected female Anopheles mosquitoes [1]. It is both preventable and 
treatable. There were an estimated 229 million cases of malaria globally in 2019 with 
the fatalities of 409,000. Children under the age of five are the most vulnerable group 
to malaria, accounting for 67% (274,000) of all malaria fatalities globally in 2019. 
The World Health Organization (WHO) has certified ten nations as having eradicated 
malaria. However, in many Sub-Saharan African nations, where malaria remains a 
major cause of mortality and serious disease in children, progress has halted in recent 
years. Because of this slowing, the WHO has established a ‘High Burden-High 
Impact’ initiative aimed at India and the 10 African nations with the greatest malaria 
load. In these countries, novel malaria control strategies are necessary [2, 3].

The African Region of the WHO bears a disproportionately large percentage of 
the global malaria burden. In 2019, the region accounted for 94% of malaria cases 
and fatalities. Plasmodium parasites produce malaria. The parasites are transmitted 
to humans by the bites of infected female Anopheles mosquitos, sometimes known 
as “malaria vectors” [4]. Malaria is caused by five parasite species, two of which – 
P. falciparum and P. vivax – represent the greatest threat. P. falciparum was respon-
sible for 99.7% of projected malaria cases in the WHO African Region in 2018. The 
WHO South-East Asia Region had 50% of the cases, the Eastern Mediterranean had 
71%, and the Western Pacific had 65%. P. vivax is the most common parasite in the 
WHO Region of America, accounting for 75% of malaria cases [5].

2  Malaria Causes

Malaria is caused by a tiny protozoon belonging to the Plasmodium species group, 
which includes various subspecies. Plasmodium species can cause illness in humans. 
Plasmodium is a malarial pigment-accumulating amoeboid intracellular parasite. 
Parasites are present in several animals; some in red blood cells and others in tis-
sues. Five Plasmodium species can infect humans out of 172 species. These are 
Plasmodium malariae, Plasmodium falciparum, Plasmodium vivax, Plasmodium 
ovale, and Plasmodium knowlesi. P. knowlesi, a zoonotic malaria, has been identi-
fied in South-East Asia. Other species infect people only seldom. All of the 
Plasmodium species described above are responsible for the sickness known as 
malaria. The Plasmodium life cycle is quite complicated and is divided into two 
stages: sexual and asexual, vector insects and vertebrate hosts. The sexual phase of 
the parasite’s life cycle occurs in the vectors, mosquitoes. Humans, the intermediate 
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host for malaria, go through the asexual phase of the life cycle. The female mosqui-
tos of the genus Anopheles are the only vectors of human malaria [2, 3].

3  Challenges to Conventional Malaria Treatment

Plasmodium vivax is now well-acknowledged as a cause of severe malaria and mor-
tality. For decades, one of the most significant challenges in the fight against malaria 
has been medication resistance. Drug resistance has been documented in three of 
the five Plasmodium species that cause human malaria, namely P. falciparum, 
P. vivax, and P. malariae. WHO defined drug resistance in 1967 as the capacity of a 
parasite strain to live or reproduce independent of medication administration and 
absorption when given in dosages equivalent to or greater than those generally indi-
cated but within the tolerance range of a particular person. Drug resistance often 
results in a delay or failure to discharge asexual parasites from the peripheral circu-
lation, allowing gametocytes to be produced, which are responsible for the trans-
mission of the resistant genotype. Antimalarial medicines are now available to work 
on a restricted number of biological targets. As a result, the next task is to create 
breakthrough technologies that can successfully remove the parasite with maximum 
precision, reducing the possibility of medication resistance. The primary disadvan-
tages of traditional malaria treatment are the emergence of multiple drug resistance 
and the non-specific targeting of intracellular parasites, which results in high dosage 
needs and eventual unacceptable damage.

Nanosized carriers have received considerable attention in order to reduce the 
negative effects of pharmacological treatment, such as low bioavailability and drug 
selectivity. Several nanosized delivery technologies have previously been shown to 
be successful in animal models for malaria treatment and prevention. Several ways 
are being discovered for delivering antimalarials via nanocarriers, as well as the 
processes that allow them to be targeted to Plasmodium spp.-infected cells [6].

4  Nano-biotechnology Approach for Malaria Treatment

The final answer to the parasite illness malaria is nano-biotechnology. Nano- 
biotechnology aids in the eradication of malaria by providing effective treatment 
methods for vector removal as well as directly attacking the parasite. Some nano- 
biotechnological approaches that aid in the simple and safe treatment of malaria 
are listed below (shown in Fig. 1). The capacity of a nanocarrier to remain in the 
bloodstream for an extended length of time in order to increase contact with the 
infected red blood cells (RBCs) and parasite membranes is the most essential attri-
bute of a nanocarrier in the context of malaria. Other intriguing qualities include 
medication stability protection, cell adhesion capabilities, and the capacity to be 
surface- modified by the conjugation of particular ligands. Many of these potential 
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Fig. 1 Different nano- biotechnology approaches for malaria treatment

benefits can be realised in the treatment of cerebral malaria by colloidal nanocar-
riers that are suitable for intravenous delivery. Non-parenteral methods are favoured 
in uncomplicated malaria, but they limit the range of options for the use of drug 
nanocarriers [7].

Over 20 years ago, the use of liposomes in the treatment of malaria was studied. 
In general, liposomal formulation appears to be preferable to free medication thera-
pies [8]. As a result, employing nanotechnology can reduce the toxicity of medici-
nal compounds. The injection of an antimalarial medication with liposomes tailored 
to infected RBCs and a tagged antibody against infected erythrocyte surface anti-
gens on chloroquine liposomes against drug-resistant Plasmodium berghei resulted 
in a cure rate of 75–90% in infected animals. Artesunate liposomes were employed 
in a malaria-resistant therapy to minimise dosage frequency by employing a modest 
release for 24 hours and with encapsulated beta-artemether. Artemether and lume-
fantrine co-loaded into tiny lipid nano-drops have better effectiveness and can reach 
the target location more quickly [9].

Different types of liposomes, either encapsulated or linked with the recombinant 
human tumour necrosis factor, were also demonstrated to be effective against exper-
imental cerebral malaria (ECM) generated in P. berghei K 173-infected mice (shown 
in Fig. 2). According to this analysis, liposomes combined with a human necrosis 
factor were more effective than their free form in avoiding ECM-associated mortal-
ity by lowering mouse parasitemia [10].

Liposomes containing a Plasmodium amino acid sequence were shown to be 
efficient against P. berghei-infected mice. The peptide, which contained a conserved 
region I as well as a consensus heparin sulphate proteoglycan-binding sequence, 
was attached to the distal end of a lipid Y polyethylene glycol. Furthermore, animals 
immunised with RTS, S malaria antigen encapsulated in liposomes containing lipid 
A produced much higher levels of antibody and cytotoxic T cell immune response 
than non-fusion RTS, S.40 A vaccine based on an RTS, S antigen has recently been 
used to successfully prevent malaria in African children [11].
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Fig. 2 Different lipid 
based approaches of 
nano-biotechnology

PEG-coated halofantrine-loaded poly-d,l-lactic acid (PLA) nano-capsules were 
tested against malaria (shown in Fig. 2), and their cardiotoxicity was assessed in 
mice infected with P. berghei. In the investigation, the NPs of primaquine on poly 
(diethyl methylidene malonate) were tested in mice infected with P. berghei, dem-
onstrating that primaquine-loaded NPs have a higher enhanced life span (ILS) 
index. For liver targeting, the identical chemical was encapsulated in albumin and 
gelatin NPs of varying sizes 47. Primaquine was recently synthesised as a lipid 
nano-emulsion (10–200 nm) and has shown to be particularly efficient as an antima-
larial drug against P. berghei infection in Swiss albino mice [12].

Chloroquine phosphate, an antimalarial medication, was encapsulated in gelatin 
nanoparticles and swelling-controlled distribution was proven in a physiological 
medium (pH 7.4), with a reduced release reported in the acidic pH range [13]. The 
ability of transferrin-conjugated solid lipid NPs (SLNs) to penetrate the brain for 
cerebral malaria therapy was investigated. The brain absorption of quinine was dra-
matically increased in this research when compared to unconjugated SLNs or drug 
solutions. Currently, violacein’s anti-plasmodial (antimalarial) biological activities 
have been verified in vitro and in vivo [14, 15].

The effects of antimalarial medicines loaded into immunoliposomes targeted 
with a packed red blood cell (pRBC)-specific monoclonal antibody are currently 
being investigated. Recently, researchers encapsulated chloroquine and fosmidomy-
cin in liposomes, and discovered that immunoliposome encapsulation of chloro-
quine and fosmidomycin improved antimalarial medication effectiveness 
tenfold [16].

5  Nucleic Acid-Based Nano-therapy of Malaria

MicroRNAs are short regulatory noncoding RNAs that play a role in gene targeting 
and silencing. Although these microRNAs are physiological regulators, they can be 
employed as therapeutic agents for a variety of disorders. These microRNAs have 
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proven to be effective in malaria prevention. An effort has been made to demon-
strate that P. falciparum is susceptible to antisense oligonucleotide nucleotide NPs 
(ODN-NS) [17]. This intriguing approach typically employs antisense oligodeoxy 
(OD) N-chitosan particles of 50 mm in size. These particles promote the uptake of 
antisense ODN by P. falciparum-infected erythrocytes via erythrocyte permeation 
routes that target the Plasmodium topoisomerase II gene. In comparison to sense 
sequence controls, ODN chitosan NPs with both negatively and positively charged 
surfaces, as well as free antisense ODNs in a concentration of 0.5 M, displayed 
sequence-specific inhibition. The main distinction between ODN–chitosan NPs and 
free ODNs is specificity. The antisense impact of ODN–chitosan NPs was shown to 
be more sequence specific than that of free ODNs. When compared to free ODNs, 
ODN–chitosan NPs were revealed to be more sequence-specific inhibitors in their 
antisense impact. Similarly, the negatively charged surface of ODN–chitosan NPs 
inhibited P. berghei growth by around 87%, while the positively charged surface 
inhibited growth by 74%, and free ODNs inhibited growth by 68%. The vulnerabil-
ity of P. falciparum to these microRNAs was established for the first time [18].

6  Protein-Based Nano-therapy for Malaria

Currently, research is being conducted to develop protein-based nanocarriers for 
antimalarial medication delivery. Until now, the only option has been to use gelatin, 
a collagen-denatured, biodegradable, and biocompatible protein [19]. Gelatin is a 
substance in which amide groups seldom cause the gelatin to be positively charged 
with an isoelectric point. Furthermore, due to its safety record, gelatin is a pharma-
ceutical adjuvant and an authorised plasma expander. Gelatin, one of the natural 
polymers employed in pharmaceutical nanotechnology research, plays an important 
part in the nano-delivery system for bioactive chemicals. The loading of pharma-
ceuticals is subsequently accomplished by polyion complexation between drug 
molecules and surface-charged groups on gelatin. The gelatin NPs were created 
using a twofold dissolving method and can subsequently be stabilised with a suit-
able cross-linking agent utilised for optimum chloroquine administration at physi-
ological pH.  However, no adequate antimalarial activity or safety has been 
observed [20].

7  Vaccine for Malaria

Malaria vaccinations are viable, according to several research. To begin, vaccination 
with irradiated sporozoites prevents or partially protects rats, monkeys, and humans 
from sporozoite infection. In humans, vaccination with the bites of over 1000 irradi-
ated, infected mosquitos, administered in batches of a few hundred bites over many 
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months, provides sterilising protection against sporozoite challenge in more than 
90% of vaccine recipients [21, 22]. Second, those who are frequently infected with 
malaria develop ‘naturally acquired immunity’ (NAI), which protects them against 
clinical sickness. However, if their parasites are eradicated by severe medication 
treatment, these people can become infected again, indicating that NAI does not 
entail absolute antiinfection immunity. If we could re-create NAI using a vaccine, 
we could protect patients from malaria [23, 24]. Third, research on vaccination 
demonstrates that vaccines currently on hand can protect against malaria infection 
in animal models and in humans. Notably, naïve people injected with a recombinant 
anti-sporozoite vaccine based on the circumsporozoite protein – the primary surface 
antigen of sporozoites — showed persistent protection against experimental sporo-
zoite exposure. Protection has been obtained on a regular basis in new world mon-
keys [25].

8  Strategies for Vaccine Design

To begin, choose antigens that match the desired requirements. If they are immune- 
accessible, they generate protective immune responses in animal models, and either 
lack or have limited antigenic diversity. Antigens with significant variability yet 
potential as excellent vaccine targets, such as PfEMP1, will necessitate a method to 
overcome that diversity. Important candidates include parasite receptors that facili-
tate the binding of merozoites to erythrocytes or infected cells to endothelial cells 
[26]. Various vaccine candidates along with their antigens and primary mechanisms 
are shown in Table 1.

Second, mix antigens from various levels. Because of the stage specificity of 
antigen expression, even modest numbers of parasites escaping into the blood of a 
non-immune person following vaccination with a pre-erythrocytic-stage vaccine 
would result in clinical malaria. However, if a pre-erythrocytic vaccination was 
paired with a second line of defence — specifically, a component tailored to inhibit 
the growth of asexual blood stages — vaccinated persons with break-through blood- 
stage infection may lower the chance of major clinical disease even more. A combi-
nation of an anti-mosquito-stage vaccination with a blood- or pre-erythrocytic-stage 
vaccine, for example, would reduce the likelihood of resistance clones emerging in 
vaccinated hosts spreading across the population [31].

Third, combine several antigens from a single stage. If the protection generated 
by an antigen is independent of that provided by its companions, and if each is 
unable to elicit sterile immunity on its own, the efficacy of the vaccination will grow 
as additional antigens are added. Many leading vaccine candidates (MSP1 and api-
cal membrane antigen1(AMA1)) are polymorphic, and several forms of each anti-
gen maybe required to provide protection against parasite diversity. Because each 
person’s immune response is unique (due to polymorphisms in HLA, other genetic 
traits, and previous exposure), antigen mixtures may be required to ensure that each 
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Table 1 Candidate vaccine antigens

Stage and 
process Antigens Primary mechanism

Sporozoite 
hepatocyte 
invasion

CSP73, TRAP/SSP273, STARP74, 
SALSA74

Antibody binding to antigens expressed 
on the surface of sporozoite:
Prevent binding interactions required 
for invasion.
Enhance splenic clearance or 
complement mediated lysis [27]

Hepatic stages 
growth, 
schizogony

CSP73, TRAP/SSP273, 
LSA173,TEXP173, 
LSA375,STARP74, SALSA74

T-cell recognition of antigens expressed 
on the surface of infected hepatocyte73:
Release soluble immune mediators 
(IFN-g) resulting in intracellular 
parasite death lyse infected hepatocyte 
directly (CTL) [28]

Merozoite 
erythrocyte 
invasion

MSP120, MSP230, MSP376, 
MSP477, PfEBA17567, 
PvDABP78, AMA179, 
PfEBA17567, PvDABP78, 
AMA179, SERA80, GLURP28, 
Pf155/RESA30, RAP181, RAP281

Antibody binding to parasite antigens:
Agglutinate or prevent the release of 
merozoites
Block invasion into erythrocytes
Induce monocytes to release soluble 
immune mediators, killing parasites 
(antibody dependent cellular inhibition) 
facilitate phagocytosis [29]

Erythrocyte 
stages (asexual) 
growth, 
sequestration

PfEMP16,85, rifins24, Pf33224 Antibody binding to antigens expressed 
on the surface of infected erythrocyte:
Enhance splenic clearance or 
complement mediated lysis interfere 
with parasite nutrition and growth 
induce antibody-dependent cellular 
inhibition prevent or reverse endothelial 
adherence, thereby enhancing splenic 
clearance and reversing a key 
pathogenic mechanism [30]

Erythrocyte 
rupture

Glycosyl phosphatidylinositol Antibody binding to GPI resulting in 
prevention of toxic effects [30]

Mosquito stages 
fertilization, 
oogenesis

Pfs255,86,Pfs285,26, Pfs48/45 Antibody binding to parasite antigens:
Inhibit exflagellation and fertilization 
complement induced lysis of gametes 
and zygotes neutralize ookinete 
function [30]

person has a reasonable chance of generating a sufficient response, particularly for 
genetically restricted T-cell responses [32]. Fourth, immunizations must be kept as 
basic as feasible. Optimizing the immunogenicity of individual components in a 
combination is likely to be challenging, especially as the mixture becomes more 
complicated. The total quantity of protein that may be injected in one vaccination 
for protein-based vaccines is restricted by the formulation and probably by the inci-
dence of adverse effects; also, malaria vaccines must be affordable, and the cost 
grows rapidly with complexity [31, 32].
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9  Challenges in Vaccine Development

Pharmaceuticals have been created using a procedure that entails screening a large 
number of compounds for activity and selecting lead candidates for further develop-
ment. For malaria, we currently have at least 5000 candidate proteins, many of 
which have numerous variations, although we have in vitro and animal models that 
indicate the relevance of a candidate [33]. There are several constraints to screening 
anti-morbidity vaccines in human populations in endemic locations. To begin with, 
creating several test vaccinations is a significant undertaking. Second, these vacci-
nations are primarily intended for children, and employing children as a major effi-
cacy screen adds to the trial’s complexity. Finally, decisions must be taken at the 
trial’s end point. Surrogate efficacy indicators may be employed for ethical reasons 
as well as to reduce sample size requirements. In theory, mosquito-stage vaccines 
should have the easiest development route since there is a very simple test for 
detecting the influence of vaccine-induced antibodies on parasite transmission to 
mosquitoes, enabling down-selection to occur earlier in development. The final 
demonstration that such a vaccine is successful in the field would need big trials in 
which a considerable proportion of the population is vaccinated and whole villages 
are randomly assigned to treatment groups [33].

10  Different Malaria Vaccines

An efficient malaria vaccine would be a great tool for reducing the disease burden 
and might help malaria eradication in some parts of the world. Current malaria vac-
cine candidates are focused against human and mosquito phases of the parasite life 
cycle, although few proteins have been examined for possible vaccine development 
thus far (shown in Fig. 3). RTS,S, the most advanced vaccine candidate, provided 
moderate protection against malaria in phase II clinical trials and is presently being 
examined in a phase III study in Africa [34]. To increase the odds of creating a 
highly efficient malaria vaccine, new vaccine targets must be found.

11  Pre-erythrocytic Vaccines

Pre-erythrocytic vaccines (PEV) target antigens from Plasmodium sporozoite and 
liver stages, which are clinically silent forms of Plasmodium that cause human 
infection once sporozoites are inoculated into the skin by a mosquito. PEV is 
designed to elicit either (1) antibodies against surface antigens that remove sporo-
zoites from the skin or circulation or inhibit their invasion of hepatocytes, or (2) T 
cell responses that target infected hepatocytes. The vaccine’s protective efficacy was 
first demonstrated in a human in the 1970s, using radiation-attenuated WSV 
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Fig. 3 Different malaria vaccines targeting at different stages of malaria

delivered through hundreds of mosquito bites; the vaccine protected from subse-
quent challenge with homologous (i.e., identical strain) and heterologous 
P.falciparum sporozoites (PfSPZ), but not from challenge with homologous blood-
stage parasites. PEV with high activity can totally eliminate pre-erythrocytic para-
sites before they are released into circulation, and they are also known as 
anti-infection vaccines (AIV) [34, 35].

12  RTS, S and CSP-Based Vaccines

The discovery that WSV causes sterilising immunity in humans occurred at the 
same time as the invention of genetic engineering technologies. The first malaria 
gene to be cloned encodes the circumsporozoite protein, or CSP5, a significant sur-
face antigen of sporozoites that is now a primary target of vaccine research. RTS,S, 
the most advanced PEV, combines a P. falciparum CSP fragment with a central 
repeat (thus “R”) and C terminal sections (carrying T cell epitopes, so “T”) linked 
to hepatitis B surface antigen (“S”), or “RTS” [36]. RTS is produced in yeast that 
also contains hepatitis B “S” expression cassettes, resulting in the production of S 
and RTS polypeptides that spontaneously co-assemble into mixed lipoprotein par-
ticles (or “RTS,S”) with the CSP fragment on their surface [36].

13  Whole Sporozoite Vaccines

Despite evidence that WSV confers sterilising immunity against sporozoite chal-
lenge in humans since the 1970s, WSV was not pursued as a product due to the 
notion that producing irradiated sporozoites was unfeasible for a vaccine [37]. 
Sanaria proposed a platform method in 2010 that involves extracting PfSPZ from 
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the salivary glands of aseptic mosquitos infected with cultivated laboratory para-
sites, followed by purification, vialing, and cryopreservation in the liquid nitrogen 
vapour phase [38]. PfSPZ-based vaccine that provides high-grade, durable protec-
tion against infection with Pf malaria, including radiation attenuation (called PfSPZ 
Vaccine), chemoattenuation achieved in vivo by the concomitant administration of 
antimalarial drugs [39] (called PfSPZ-CVac for chemoprophylaxis vaccination), 
and genetic attenuation by deletion of genes required to complete the liver-stage 
development (called PfSPZ-GA1 for the first genetically attenuated malaria vac-
cine). To induce sterile protection against sporozoite challenge, the PfSPZ vaccine 
requires direct venous injection. Implementing WSV will provide logistical and 
financial obstacles, including (1) liquid nitrogen cold chain, (2) intravenous inocu-
lation, and (3) manufacturing scale-up [39–41].

WSV has been shown to be effective in people, although it is crucial to note that 
this efficacy is dose-dependent. The amount and duration of protection from homol-
ogous or heterologous sporozoite challenge in malaria-naive adults depend on dos-
age and regimen with either PfSPZ Vaccine or PfSPZ-CVac, both of which have 
demonstrated high levels of sterile homologous immunity [13, 42]. Protection 
against heterologous CHMI and protection beyond a few months have yet to be 
thoroughly explored. Five administrations of the PfSPZ Vaccine to adult residents in 
a malaria transmission area in Mali reduced the risk of new P. falciparum infection 
by 52% in a time-to-event analysis over the 24 weeks after the last dose, and reduced 
the proportion of people infected across the transmission season by 29% [35]. The 
reported time-to-event effectiveness for RTS,S in adults with AS02 or AS01 adju-
vants appears to be greater [13, 42, 43].

PfSPZ-CVac utilising chloroquine gave significant levels of sterile immunity 
against homologous sporozoite challenge that lasted up to 2 years in malaria-naive 
people, but only a minority of vaccines produced sterile heterologous immunity. 
PfSPZ-CVac field trials have been finished or are underway, but the findings have 
not yet been published. The PfSPZ-CVac methods are an important translational 
research paradigm for studying human sterile immunity. To achieve complete che-
moattenuation in vivo, development as a feasible vaccine approach will necessitate 
safe and dependable administration, such as coformulation of non-attenuated 
extremely sensitive sporozoites and long-lived chemoprophylactic drugs. GAP vac-
cines are being investigated for safety, immunogenicity, and protective effectiveness 
in malaria-naive individuals [44].

14  Blood-Stage Vaccines

BSV attacks the asexual parasite forms that cause sickness and death in erythrocytes 
through recurrent multiplicative cycles. The length between fevers, or periodicity, 
varies amongst malaria parasite species and is determined by cycle duration: 1 day 
for P. knowlesi, 2  days for P. falciparum, P. vivax, and P. ovale, and 3  days for 
P. malariae. At the end of each cycle, a brood of 1–2 dozen progeny (called 
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merozoites) egress from host erythrocytes, and within seconds, each merozoite has 
invaded a new erythrocyte to begin another round of multiplication (and a subset of 
invasive merozoites commit to generate the sexual forms that will infect mosqui-
tos) [45].

Blood-stage parasites are an appealing target since this is the stage of develop-
ment that causes disease, and because the passive transfer of IgG purified from 
semi-immune African adults was demonstrated to eliminate parasitaemia from 
African toddlers 6 decades ago, and subsequently in Thai adults. Immunization with 
complete parasite preparations rich in merozoites protected monkeys from P. falci-
parum infection in subsequent experiments, focussing vaccine makers’ attention on 
merozoite invasion in the years afterward [46–48].

The difficulties in developing anti-merozoite vaccines include (1) the short time 
(seconds) that merozoites pass between erythrocytes and are accessible to antibod-
ies, (2) antigenic polymorphism, (3) redundant invasion pathways, and (4) the large 
number of parasites that must be targeted in comparison to the numerical bottle-
necks attacked by PEVs and TBVs. Over 30 BSV studies were performed between 
2000 and 2015, with the vast majority targeting the antigens MSP1 and AMA1 and 
a minority targeting additional antigens such as EBA175 and MSP3. In general, 
these studies aimed to elicit high titre antibodies against merozoite surface antigens, 
which would reduce parasite invasion or, in the instance of MSP3, would induce 
antibody-dependent cellular inhibition [49]. Finally, the findings revealed no indica-
tion of protection against either controlled human infection or spontaneously occur-
ring illness. In two studies, AMA-1 candidates produced high titre antibodies that 
were functional in vitro but did not show effectiveness against controlled infection 
with the homologous parasite. Only GMZ2 (composed of conserved domains of 
GLURP and MSP3) demonstrated statistically significant, albeit low (14%) effec-
tiveness against spontaneously acquired infection in a pre-specified investigation 
[49–51].

Following these setbacks, the focus shifted to discovering novel BSV antigens or 
improving the approach to current targets. PfRH5 and the AMA1-RON2 complex 
[52] are two vaccine candidates that aim to solve the issue of duplicate inva-
sion routes.

15  Placental Malaria Vaccines

PMV target parasites that bind to chondroitin sulphate A (CSA) and sequester in the 
placenta; hence, PMV offer a separate BSV strategy. While vaccinations that protect 
the entire population, such as PEV and BSV candidates, may assist pregnant women, 
naturally acquired protection against placental malaria provides a specialised vac-
cine strategy [53]. Natural antibodies against CSA binding parasites are related to 
placental malaria protection and are developed throughout consecutive pregnancies 
when women in endemic regions develop placental malaria resistance [54]. Placental 
parasites produce the unique PfEMP1 family member VAR2CSA, which binds 
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CSA72; recombinant VAR2CSA generates antibodies that inhibit parasite attach-
ment to CSA. VAR2CSA is a complicated target with a large (>300 kD) extracel-
lular domain with six DBL domains and additional interdomain sections, and recent 
research discovered functional atypical VAR2CSA with seven or eight DBL 
domains in some field isolates [55].

Over the last 5 years, the first studies of VAR2CSA-based vaccines have been 
undertaken. Because of its huge size, VAR2CSA vaccine research has concentrated 
on single domains or domain combinations. Two candidates with strong binding 
affinity for CSA based on N-terminal VAR2CSA segments have completed first-in- 
human trials. The PAMVAC produced by Drosophila cells was evaluated in several 
human adjuvants and found to be safe, well tolerated, and capable of inducing func-
tionally active antibodies against homologous parasites. PAMVAC will be tried next 
in malaria-exposed nulligravidae. PRIMVAC, a second VAR2CSA candidate, com-
pleted a first-in-human study in France and Burkina Faso, demonstrating that the 
vaccine was safe, immunogenic, and elicited functional antibodies against the 
homologous VAR2CSA variant expressed by NF54-CSA infected erythrocytes. 
Cross-reactivity towards heterologous VAR2CSA variants, on the other hand, was 
minimal and only seen in the higher dosage group. Researchers expected that chang-
ing the vaccination timing, antigen dosage, and combining the vaccine with addi-
tional VAR2CSA-based vaccines would increase cross-reactivity against 
heterologous VAR2CSA variants [56, 57].

16  Transmission-Blocking Vaccines

TBV incorporates mosquito/sexual-stage antigens (gametes and zygotes) to pro-
duce antibodies that destroy parasites in the mosquito bloodmeal and stop parasite 
transmission through the vector. Monoclonal antibodies produced in rats against 
gamete/zygote preparations recognised target antigens and prevented mosquito 
infection [58, 59]. The four leading candidates have been classified as gamete sur-
face proteins that are first expressed by gametocytes in the human blood, such as 
Pfs230 and Pfs48/45 of Plasmodium falciparum, and zygote surface proteins that 
are only expressed post-fertilization in the mosquito host, such as Pfs25 and Pfs28 
[59–61]. These antigens are cysteine-rich, with many 6-cys or epidermal growth 
factor (EGF)-like domains, and they have proved difficult to generate as well folded 
recombinant protein. Different stages of Plasmodium and vaccine candidates, which 
are targeted at different stages are shown in Fig. 4.

Pfs25 was the first TBV candidate to be developed as a recombinant protein. 
Pfs25 candidates demonstrated equivalent or more serum transmission-blocking 
activity in animal experiments than other antigens or antigen combinations, hence 
Pfs25 has been the focus of clinical trials published so far. Currently, studies are 
being conducted to assess the efficacy of Pfs230 vaccine candidates. Pfs230 anti-
bodies produced in animals had lytic activity against P. falciparum gametes in the 
presence of complement, suggesting that human Pfs230 antisera may have compa-
rable activity [62–65].

Nanotechnology Based Vaccination Approach in Malarial Infection



140

Fig. 4 Different stages of Plasmodium and vaccine candidates that target each stage

As monomers, both Pfs25 and Pfs230 recombinant antigens demonstrated weak 
immunogenicity. To improve immunogenicity, our research creates protein-protein 
conjugate vaccines by chemically connecting Pichia-expressed Pfs25 to carriers 
like ExoProtein (EPA) to create nanoparticles, which are then formulated in adju-
vants. While previous trials of Pfs25 candidates failed to induce adequate antibody 
responses or were overly reactogenic in human vaccines, a Pfs25-EPA conjugate 
formulated with Alhydrogel® was reported in 2016 to be well-tolerated and to 
induce functional antibodies in humans that block P. falciparum transmission to 
mosquitos in membrane feeding assays, and this activity correlated with titers. 
However, most vaccines required four doses to achieve functional activity, and anti-
body titers and activity declined fast. Ongoing experiments (NCT02334462) com-
pare and combine Pfs25 and Pfs230 vaccine antigens utilising Pichia-expressed 
Pfs230 domain. These trials are also evaluating the advantages of different adju-
vants, such as the GSK adjuvant AS01, which is used in the RTS, S vaccine [66, 67].

17  Vivax Vaccines

P. vivax is the major cause of malaria in Asia and Latin America, causing an esti-
mated 14.3 million cases per year. Although previously classified as benign tertian 
malaria, P. vivax is now widely recognised as a public health hazard that causes high 
morbidity and mortality 96. In addition, sterile heterologous immunity to P. vivax 
has been established [68]. Despite this, P. vivax research suffers from a lack of 
resources since malaria research funds—which are not proportionate to the extent 
of the issue in any case— are mostly directed to P. falciparum research. This lack of 
investment is especially short-sighted because vaccines may disproportionately 
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Table 2 List of vaccines in clinical trials

Antigen Vaccine platform References

P. falciparum genetically-attenuated sporozoites Whole organism [73]
P. falciparum CSP (RTS,S) VLP used in adjuvant [74, 75]
P. falciparum CSP Ad35 vectored [76, 77]

Table 3 Summary of stage 1 PfSPZ vaccine clinical trials [78]

Country Protocol name Primary performing institutions
ClinTrials.gov 
Identifier

USA VRC 314 NIAID Vaccine Research Centre, Centre for 
Vaccine Development University of Maryland 
Baltimore

NCT02015091

Tanzania BSPZV1 Ifakara Health Institute
Swiss Tropical and Public Health Institute NCT02132299

USA WRAIR 2080 Naval Medical Research Centre
Walter Reed Army Institute of Research NCT02215707

benefit P. vivax control: dormant liver forms called hypnozoites produced by P. vivax 
(but not by P. falciparum) allow the parasite to relapse repeatedly over months or 
years, thwarting efforts to control or eliminate this species, hence the benefit of vac-
cines conferring durable immunological protection [68, 69].

Vaccine development for P. vivax has largely followed that of P. falciparum. 
Orthologous (PvCSP and Pvs25, respectively) of the PEV (PfCSP) and TBV (Pfs25) 
candidates that have grabbed the most attention for P. falciparum have been tested 
in humans. However, the PvCSP vaccine prepared as a monomer in GSK’s AS01 
adjuvant failed to induce sterile protection against challenge with P. vivax sporozo-
ites 98, and Pvs25 expressed in S. cerevisiae formulated in Montanide ISA 51 
caused systemic reactogenicity, resulting in the clinical trial’s termination. Notably, 
Pvs25 was well-tolerated when formulated in Alhydrogel®, and the antibody 
responses, albeit moderate, were significant, demonstrating effective transmission- 
blocking action in mosquito feeding experiments that were proportional to antibody 
concentration. Based on the clinical success of the P. falciparum candidate 
Pfs230D1-EPA, the P. vivax candidate Pvs230D1-EPA is now being made in prepa-
ration for trials that might begin in 2021 [70–72] (Tables 2 and 3).

18  Conclusion

Malaria seems to be a challenging problem for current researchers to solve. 
Pharmaceutical nanotechnology has the potential to improve the efficacy of pres-
ently used antimalarial medications as well as new chemical entities with low solu-
bility, chemical instability, a poor bioavailability profile, and toxicity. It is critical to 
bring together highly interdisciplinary experts with skills in parasitology, 

Nanotechnology Based Vaccination Approach in Malarial Infection

https://clinicaltrials.gov/ct2/show/NCT02015091
https://clinicaltrials.gov/ct2/show/NCT02132299
https://clinicaltrials.gov/ct2/show/NCT02215707


142

biomaterials, polymer science, nanotechnology, pathology, toxicology, and cellular 
immunology to successfully walk this long road. There has been a surge in the use 
of nanomaterials as vaccinations. Multiple nanomaterial platforms, when combined 
with parallel breakthroughs in antigen design, may eventually be capable of recog-
nizing and reliably raising the defined, designed immune responses required for the 
protection against malaria. It is expected that this review will eventually lead to a 
better understanding of malaria disease and provide insights into new strategies for 
developing a vaccination-based approach to treat malaria-infected patients.
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Abstract With a projected global target to end the tuberculosis epidemic by the 
year 2030, United Nations termed this as an important Sustainable Development 
Goal (SDG). Following regular BCG vaccination regime since birth especially in 
tuberculosis-endemic regions and proper utilization of world-wide annual funding 
for prevention, diagnosis, care and treatment of Tuberculosis has caused the cumu-
lative reduction in the incidence to about 11% between 2015 and 2020 which is still 
half way to reach the expectation in the same duration of the time. Inappropriate 
dosing regimen, poor quality of anti-tuberculosis drugs, medication non-adherence, 
in addition resulted in emerging cases of multi-drug resistant tuberculosis strains 
which made the therapy more extensive and limited. It further increases the eco-
nomic burden especially in the developing countries. Prevention of the eruption as 
well as reactivation of the disease may be ensured by suitable vaccines which are 
expected to elicit the immunity superior to that caused by natural infection. Practical 
experiments since last few years already resulted in several attenuated or subunit 
vaccines alternative to BCG, all of which are currently at different stages at clinical 
trials. Nanocarrier-based vaccines, specifically have garnered attention to ensure 
protection of antigens from proteolytic degradation, controlled release of antigens, 
uptake, and processing by antigen presenting cells with improved sensitivity and 
low immunogenicity of the carriers itself. This chapter has emphasized the updated 
status of the development strategy of nanocarrier-based vaccines and its future indi-
cation to be the potential alternative to regular BCG vaccination to combat 
tuberculosis.
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1  Introduction

Immunology has evolved a lot to understand the mechanism following which the 
immunity is attributed either naturally or with the aid of vaccines. Although being 
one of the greatest discoveries in the modern healthcare, majority of the vaccines 
were designed years ago empirically without implementing the complete knowl-
edge of immunology and the knowledge was not even developed in some of the 
cases. The vaccines usually induce the rapid, long-lasting immunity similar to that 
elicited by the live infection. It all starts with activation of dendritic cells of innate 
immune system by pattern recognition receptors including mostly Toll like recep-
tors, some being through C type lectin like receptors, cytosolic nod like receptors 
after presentation of protein antigens as well as adjuvant present in the vaccines. 
The peptide components, in addition, also activate T cells after attachment on Major 
Histocompatibility Complex (MHC) molecules of dendritic cells. Different subsets 
of the helper T cells, such as Th1, Th2, and Th17, arise in exposure to several patho-
gens which, especially the follicular T helper cells, further secrete Interleukin 21. 
Those activated T cells start developing B cells in lymph node, which further leads 
to production of short-lived plasma cells resulting in secretion of different isotopes 
of antibodies. Memory B cells are found to be generated as well which elicit anti-
gen-antibody response on further exposure of infection [1]. The central memory 
may also be contributed by the differentiating CD4+ T cells and CD8+ T cells apart 
from those B cells. This huge complex correlated mechanism indicates that there 
are various factors to be considered in the rational development of vaccines espe-
cially in the pandemics. These factors include but not limited to corresponding 
activity of adjuvant along with vaccines to stimulate innate as well as adaptive 
immunity, modulation in differentiation of T cells and B cells in regulation of qual-
ity and coverage of protective immunity conferred by vaccines, effect of varied 
range of age, genetic information, nutrition status in human volunteers in clinical 
trial to understand regulation of immune response in large heterogeneous population.

Tuberculosis (TB) has already been termed as “Critical” according to World 
Health Organization (WHO) among all other infectious diseases. It has also been 
included in the list of priority research which might lead to the development of cost- 
effective vaccines to combat not only latent tuberculosis or antimicrobial resistant 
tuberculosis (AMR strains) but also may broaden the protective coverage against 
more threatening multidrug-resistant tuberculosis (MDR strains), extensively drug- 
resistant tuberculosis (XDR strains) as well [2]. Despite the effectiveness of Bacille 
Calmette Guerin (BCG) vaccine in controlling mortality among vaccinated children 
since birth while acting against tuberculosis, WHO suggests that the vaccine’s abil-
ity to induce non-specific immune sensitization to other pathogens to generate 
“trained immunity” also needs to be considered while developing novel vaccine 
alternative to BCG. It may further help to reduce prevalence of anti-microbial resis-
tant forms of other infectious diseases including malaria as well. Several advan-
tages, such as the huge surface area of the sub-micron sized particles, increased 
interaction of the vaccine with huge surface area of respiratory mucosa, enhanced 
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penetration into bacilli loaded granulomas attributed by nanotechnology-based 
approaches, may benefit in targeting especially the most prevalent respiratory forms 
of tuberculosis in which BCG seems to be ineffective. Previous studies showed that 
the antigens embedded on nano-particulate platforms have the capacity to enhance 
immunogenic response to other pathogens causing other infectious diseases, which 
indicates the same potential for tuberculosis vaccines as well, once developed [3, 4].

2  Need of Vaccines in Infectious Diseases

Management of infectious diseases by means of vaccination at early age has already 
been found to play pivotal role in prevention since the pioneering work accom-
plished by Dr. Jenner around 200 years ago. Incidence of infectious diseases such as 
human immunodeficiency virus (HIV), TB, and malaria has been continuously 
declining the quality of life and the rate of societal development across the develop-
ing countries, especially in Africa and South-east Asia. Development of those vac-
cines is still ongoing, which makes to estimate the potential advantages difficult 
outweighing the risks associated. Ever after the developmental period, maximum 
benefit may be achieved only if the well-planned long-term global surveillance can 
be ensured to detect new strains of infective microorganism as upcoming threats and 
all other emerging resistant strains resulting from concurrent mutations which pose 
huge threat to the established routine vaccination regime. Brian Greenwood 
reviewed the contribution of vaccination to the healthcare system for infectious as 
well as non-infectious diseases and raised a reasonable doubt regarding interrelation 
between vaccination of infective diseases and management of non-infective chronic 
conditions such as cardiovascular problems, diabetes, and cancer [5]. Therapeutic 
vaccines for targeting some of the cancers such as prostate cancer is commercially 
available as Sipuleucel T; though complexity and financial burden associated with 
immunotherapy, tailored for the patient specifically seems to be unaffordable even 
in the resource-rich countries. Introduction of clean water and sanitation along with 
routine vaccination nevertheless brought a great decline in child morbidity due to 
infection diseases (small pox, measles, etc.), when compared to the deaths at pre- 
vaccination period. Eradication of two infectious diseases has already been offi-
cially recognized by WHO, latest being the rinderpest virus in 2011 apart from the 
smallpox caused by variola virus [6]. Polio virus, on the other side, has almost been 
eradicated except a few outbreaks in some sparse regions throughout the World 
including Afghanistan, Pakistan, and some countries in African Region as recently 
documented by WHO (https://www.who.int/emergencies/disease- outbreak- news/
item/circulating- vaccine- derived- poliovirus- type- 2- global- update). The low- 
vaccination coverage at those regions is one of the underlying causes behind this. 
Hidden subclinical features, sometimes asymptomatic, presumably make the eradi-
cation of polio even more challenging. Development of vaccine by attenuation of 
the causative microorganism did not only induce strong and effective immunization 
for poliovirus but also for other viruses and bacteria such as rubella, influenza, 
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tuberculosis, typhoid, rotavirus, rabies, and measles. Induction of long-term growth 
of those causative organisms in tissue culture reduces the virulence while maintain-
ing its viability; therefore, the presence of those inactivated live bacterial cell or 
viral components easily spread to the non-vaccinated persons, broadening the cov-
erage of immunized population. These live strains may rarely cause the reversion of 
the virulence, through concurrent mutations. Although the incidences, namely 
paralysis are rarely observed in immune-compromised patients especially who are 
administered with Oral polio Vaccine (OPV) or anti-tuberculosis vaccine BCG [7]. 
Residual pathogenic features in those inactivated components are sometimes 
responsible for those adverse events, albeit small whereas non-live vaccines do not 
pose such threats to those immune-deficient individuals.

3  Nanotechnology-Based Vaccination and Immune Response

The vaccine delivery system is designed by following a basic framework which 
includes an antigen, delivery vehicle, and adjuvants which possibly stimulates to 
produce stronger immune response while improving the durability of the immuno-
genicity. Despite following the standard procedure to develop the vaccines such as 
live-attenuated, killed, inactivated pathogens, challenges are often faced primarily 
due to weak immunogenicity and increased risk of undesirable effects caused by 
purified antigens. Inadequate antibody titers even after repeated vaccination and 
failure to provide protection against variants/serotypes are also some of the major 
drawbacks with the conventional formulations. Translation in terms of vaccine 
development strategy has been encountered through discovery of human hepatitis B 
vaccines at late twentieth century. One of those involved extraction of surface anti-
gens from the plasma of human carriers of the infection and other one marked the 
first ever commercialized recombinant-expressed vaccine [8]. Recombinant tech-
nology, in brief, deals with the insertion of deoxyribonucleic acid (DNA) encoding 
surface antigens/membrane proteins of the pathogenic microorganisms into yeast, 
mammalian, or bacterial cells to express the protein redundantly. Human papilloma 
virus infection also found to be prevented using the vaccines developed similarly as 
well. Assembly of those expressed proteins form viral-like particles in vitro lead to 
induce in vivo immunogenicity without causing virulence. The cell-mediated and 
humoral immune response in exposure to nanotechnology-based antigen carriers is 
highlighted in Fig. 1.

Viral-like particle (VLP)-based vaccines have shown effectiveness against 
chronic diseases such as hypertension, drug addiction, rheumatoid arthritis, 
Alzheimer’s disease reaching even through the pre-clinical and clinical evaluation 
[9]. These particles are basically versatile nanoparticles (20–100 nm in diameter), 
developed either by genetic modification of the viral capsid subunit followed by 
conjugation with antigenic peptides or other bioactive cell mediators such as Toll- 
like receptors (TLR) [10]. Smaller VLPs can cross the tissue barriers itself and 
reach lymph nodes directly to be up-taken preferentially by antigen presenting cells 
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Nanoparticulate
carrier loaded

with vaccine antigen

Uptake by
Antigen presenting cells(APCs)
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Induction of
Humoral immunity

By attaching antibody
To extracellular pathogens

Give rise to: Memory B cells,
Effector B cells

Tlymphocytes kill infected cells
Triggering apoptosis

“Cell-mediated immunity”
Give rise to: Helper T cells,
killer T cells, Macrophages

Fig. 1 Representation of cell-mediated and humoral immune response in exposure to 
nanotechnology- based antigen carriers, i.e., vaccines

(APCs), whereas the larger ones are carried by dendritic cells (DCs) to be trans-
ported to lymph nodes. Although securing an excellent safety record since the 
induction of this technology in prophylactic use, concerns are raised regarding 
occurrence of autoimmune diseases such as, rheumatoid arthritis, Guillain–Barré 
syndrome, and multiple sclerosis following the vaccination [11]. Structural stabili-
zation of protein antigens inside VLPs has been made feasible through combination 
of synthetic nanoparticle with lipid moieties which further aid in viral membrane 
fusion due to viral glycoprotein recognition [12]. Extensive use of recombinant 
DNA technology or purification of proteins may also be avoided herewith.

Fabrication of clinically safe, biocompatible, and biodegradable nano- 
formulations incorporating antigens enhance rapid uptake and recruitment of DCs 
to produce high titers of humanized DC specific antibodies in comparison to that 
produced by the antigen itself. Sustained release of granulocyte/macrophage colony- 
stimulating factor (GM-CSF) in response of administration of hepatitis B surface 
antigen (HBsAg) encapsulated in modified Poly-lactic co-glycolic acid (PLGA) 
based thermosensitive hydrogel matrix has been observed to promote strong induc-
tion of immune response similarly resulting in improved T cell response followed 
by antibody production which is not typical with direct administration of low con-
centration of HBsAg [13]. Nanoemulsions, cationic liposomes, self-assembled pep-
tide nanoparticles are also evaluated as vaccine delivery modules as evident from 
the literature [14].
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4  Pathogenesis and Role of Vaccines in TB

The development of TB starts from inhalation of mycobacteria laden infectious 
droplet spread through sputum of active pulmonary TB patient. The overall devel-
opment of the disease follows three more steps onwards. First step involves the 
phagocytosis of the aerosol born tubercle bacilli inside the alveolar macrophages in 
the lung where a major portion of the bacilli get destroyed. A few bacilli being able 
to bypass the process reach to the remote sites of the body through lymphatic chan-
nels or bloodstream especially the organs where the disease is prone to be developed 
including regional lymph nodes, kidney, brain, and bone. The bacilli are ingested by 
the macrophages there to form granuloma which is somehow able to keep the infec-
tion under control. Considering the granuloma development as one of the hallmarks 
of active mycobacterial infection, it can be categorized in several classes either 
based on pathological appearance (e.g., necrosis) or based on the degree of liquefac-
tion. Solid necrotic granula has been observed to be having less viable mycobacteria 
resulting in efficient containment of the infection, whereas comparatively large 
granulomas may drain the bacilli to the bronchial tree which may further aspirated 
by the lungs, have possibility to be coughed up and transmitted thereafter. The rea-
son behind lack of development of TB in majority of the infected persons might be 
the successful containment of the bacilli within granuloma without interfering with 
their activity. The granulomas are assumed to be advantageous in preventing the 
bacterial spread, but they can start their multiplication again once the patient become 
immune-compromised in future or with the age. These phenomena often rise to the 
development of asymptomatic disease or latent tuberculosis infection (LTBI). 

Depending on the time of exposure and pathologic pattern, TB may be classified 
as primary and post-primary. Children suffer from primary infection where the host 
is protected by effective immunity system by the formation of Ghon complex result-
ing in an accompaniment of small subpleural granuloma with granulomatous hilar 
lymph node infection. This primary TB can result in a plethora of clinical spectrum 
such as disseminated TB in immunologically naïve patients with acquired immuno-
deficiency syndrome (AIDS), meningitis where in immune-competent patients 
these nodes get dissolved with time preventing further spread of the microorganism 
[15]. Reactivation of this previous infection in immune-compromised adult patients 
leads to the spreading of granulomatous inflammation. Combination product of 
long-secreted mycobacterial antigens with host lipid is entrapped within foamy 
alveolar macrophages infiltrating to the obstructed bronchioles covering a large area 
of lungs. Necrotic caseous pneumonia develops and expelled into cavities where 
microorganism proliferate in a huge number while distorting the systemic immu-
nity. This may take a duration of as long as 6–8 weeks to be detected via skin tuber-
culin test after getting first exposure to infection provided strong immune response 
is elicited [16].

Infection due to exposure to Mycobacterium tuberculosis can only be controlled 
by Mycobacterium bovis BCG, the licensed vaccine available till date. BCG vaccine 
has been found to shorten the gap between infection and induction of adaptive 
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immune response by stimulation of both CD4+ and CD8+ antibodies through the 
generation of long-term immune memory. This phenomenon further efficiently con-
trols the rapid spreading of granulomas to other organs [17]. Newly developed vac-
cines often need to be evaluated by means of some in vivo biomarkers (often known 
as immune correlates of protection; COP). In lieu of this, animal studies after pul-
monary vaccination of BCG have showed that the airway trafficking of CD4+ cells 
of T helper 17 cell subtype generates T helper 1 cells which together leads to cyto-
kine storm (giving rise to interferon γ, tumor necrosis factor, interleukin 2 and 17). 
This further activates mycobacteria-infected macrophages to restrict bacterial 
growth and recruit more immune cells to mediate protection to further exposure to 
the causative microorganism. In human, contradictory results were evident due to 
lack of correlation between BCG-induced T helper cells, cytokine storm, and pro-
tection against tuberculosis [18]. Expression of CD153 by Mycobacterium tubercu-
losis, on the other hand, acted as a potential biomarker to mediate protection as 
evident in animal as well as human [19]. Highly polyfunctional Mycobacterium 
tuberculosis specific CD4+ cells seem to be the only source of this surface molecule 
belonging to tumor necrosis factor (TNF) superfamily, whereas the vaccine-induced 
CD8+ cells have no relation with the secretion. Several studies in human and murine 
models suggest that CD8+ T cells have failed to recognize the Mycobacterium 
tuberculosis infected macrophages thereby compromising the immune control [20, 
21]. The protective role of those cells remains unresolved although the response of 
CD8+T cells seems to show progression kinetics with bacterial burden [22]. 
Elevated level of natural mycobacteria-specific immunoglobulin type A (IgA) due 
to BCG vaccination especially in broncho-alveolar fluid also seems to attribute to 
the extended protection against further tubercular infection [23]. Some novel vac-
cine candidates are still in several stages of clinical trial in spite of having the best 
clinical response of BCG. Those are supposed to be used in prophylactic, post- 
exposure, and therapeutic purpose in children, adolescents, and adults to broaden 
the coverage of protective immunity against all possible tuberculosis specific anti-
gens. Some of them are live attenuated type (MTBVAC), recombinant BCG vaccine 
(VPM1002), some contains killed whole mycobacteria cells (RUTI, Mycobacterium 
vaccae-based vaccines and the Mycobacterium obuense-based DAR-901 vaccine). 
Some utilizes adjuvants (H4:IC31, H56:IC31, ID93 + GLA-SE and M72/AS01E) to 
elevate response against recurrent infections also where as some uses non- replicating 
viral vectors (MVA85A and Ad5Ag85A) to genes encoding antigens of interest to 
increase antigen production in host cells thereby boosting the innate immunity 
primed by BCG vaccination [17, 24].

5  Nanotechnology-Based Vaccination Strategies

Like all other infective and non-infective diseases, tuberculosis treatment also found 
its remarkable feature through nanotechnology while ensuring slow sustained 
release of drug for long time with causing minimalistic side effects and improved 

Nanotechnology-Based Vaccination for TB



154

bioavailability. Multiple drugs (mostly antibiotics) together can be encapsulated in 
those drug delivery modules and there is a possibility to explore variable routes of 
administration as well. Those include niosome, liposome, solid lipid nanoparticle, 
nanobeads, and microemulsion-based anti-tuberculosis drug delivery systems. 
Similar to those, nanotechnology is being equally suitable to address unique chal-
lenges posed by a pathogen strengthening the possibility of global implementation 
of novel cost-effective vaccination strategy. Biocompatible, non-toxic approaches 
such as nanoparticles, liposomes, dendrimers, VLPs, virosomes have shown their 
potential experimentally in ensuring long-term immunity. Additional use of adju-
vant either initiates the innate immunity or acts as a delivery vehicle to target the 
antigen directly to APCs which further results in induction of cell-mediated and 
humoral immunity both by major histocompatibility complex (MHC) class of mol-
ecules [25]. The several types of vaccine candidates are summarized herewith.

5.1  Viral Vector-Based and DNA-Based Vaccines

Avirulent viral carriers (replication-deficient influenza virus, fowl pox virus, chim-
panzee adenovirus, etc.) express the potential antigen of the pathogen (secretory 
antigenic protein 85A, ESAT-6, Ag85A, etc.) resulting in mediating cell-mediated 
and humoral immune responses. Vaccines under development stage and vaccines 
showing immunogenicity against latent TB as well as active TB were in different 
stages of the clinical trial as reported by Ojha et al. previously [25]. According to the 
current status updated at clinicaltrials.gov, ChAdOx1 85A Vaccine is under a brief 
study comparing immunogenicity of the vaccine with that of BCG on the basis of 
age de-escalation and dose-escalation. On review of safety and efficacy data of this 
study, the vaccine will be subjected to a comparison study between groups treated 
by ChAdOx1 85A, ChAdOx1, MVA85A, and BCG. Subunit protein antigens when 
mixed with toxoid adjuvant may sometimes extend further protection to the subjects 
irrespective of their BCG vaccination or tuberculosis infection status. Safety and 
efficacy study of Ag85B-ESAT-6 + IC31, LTK63 adjuvant mixed Tuberculosis 
Nasal Subunit Vaccine (Ag85B-ESAT6), Ag85B-ESAT-6 + IC31 mixed with KLK 
and ODN1a, Ag85B-ESAT-6 mixed with Liposomal Adjuvant System, CAF01 indi-
vidually concluded the well tolerance for almost all the cases with a few instances 
of local or systemic side effects. The adjuvanted tuberculosis subunit vaccine H1/
IC31 has even showed stronger immunogenic response to the tubercular antigens in 
tubercular naïve patients when compared to previously tuberculosis-infected 
patients [26]. A recent study performed an in silico analysis to design “a novel 
multi-epitope subunit vaccine” while using an adjuvant griselimycin as a vaccine 
construct [27]. A series of experimentally validated tubercular antigens, Rv2608, 
Rv2684, Rv3804c (Ag85A), and Rv0125 (Mtb32A), were included to predict the 
efficacy by scores of allergenicity, molecular docking, solubility, and antigenicity. 
In silico cloning in E. coli has also been studied to confirm the expression of anti-
gens. The prediction of long-lasting immunity was pretty consistent with typical 
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immune response against TB which may lead to universal, widely effective vaccine, 
once translated in vivo.

The pathogen can also be expressed in animal models through intramuscular or 
intradermal administration of plasmid vectors cloned with respective DNA.  The 
potential of using antigens such as Ag85A, Ag85B, ESAT6, and hsp65 has been 
evaluated in preclinical models and it showed robust immune responses in  vivo 
while expressing interferon-gamma, CD4+Th1, interleukin 2 at high level [28]. Lu 
et al. developed a novel recombinant DNA-based BCG prime boost approach with 
recombination plasmid pcDNA3.1-Rv1769 or pcDNA3.1-Rv1772 [29]. The two 
neglected pathogens Rv1772 and Rv1769 were hypothesized to be excellent subunit 
to strengthen the pre-existing immunogenicity primed by BCG. It resulted in potent 
immune response (CD4+ and CD8+ both) in BALB/c mouse primed with either 
BCG-Pasteur or BCG-China. Similar regimen has been followed to evaluate immu-
nogenicity in female BALB/c by administering Poly (lactic-co-glycolic acid) 
nanoparticles encapsulated with DNA (pcDNA3.1-Mtb72F) using either TB10.4 or 
CpG as adjuvant [30]. When compared with the naked DNA itself with or without 
adjuvant, the optimized DNA- and nanoparticle-loaded vaccine produced higher 
IFN gamma/IL4 ratio. The outcome corroborated with a somehow similar experi-
ment published previously although without developing the nanoparticles as carrier 
[31]. Comparing with BCG and some other DNA vaccines, intramuscular adminis-
tration of a novel DNA vaccine expressing all the antigens Ag85B, ESAT-6, 
Rv2660c, and fusion BER together through electroporation (pBER/EP), produced T 
cell responses abundantly even more than the DNA/EP prime and vaccinia-85B 
boost immunization as claimed by Tang et al. [32]. DNA vaccines have advantage 
over majority of the vaccines against mycobacterium tuberculosis as it induces 
MHC Class I restricted Cytotoxic T lymphocytes and MHC class II restricted Th1 
immunity and low cost associated with this. Whereas BCG vaccine has a poor CD8+ 
T cell responses. The disadvantage of DNA vaccines relies on poor immunogenicity 
due to broad immune responses in exposure to dominant and subdominant epitopes 
of several antigens as observed in the studies conducted in several preclinical mod-
els. Some of those problems have been overcome at the stage of design and formula-
tion of DNA vaccines as reported elsewhere [33].

5.2  Nanoparticle/Nanobead-Based Vaccines

Nanoparticles may be classified in several types, namely nanospheres, nanocap-
sules, and nanomicelle which is mostly differentiated by the degree of porosity 
being governed by varying extent of intramolecular cross-linking. The nanoparticu-
late anti-tuberculosis vaccine delivery systems with size range of 300–600 nm may 
be up-taken efficiently by APCs and induce Th1 response, requisite against TB 
infection whereas the micron-sized particles induce Th2 immune responses [34]. 
The advantages of using such delivery modules are quite a lot to enlist. The high- 
encapsulation efficiency, ability to present multiple antigens directly to APCs while 
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preventing early enzymatic, endosomal degradation even from the degradation at 
high temperature which ultimately enables the antigens with adjuvants reach into 
the cytosol to initiate signaling cascades by Toll-like receptors (TLRs). This prob-
ably justifies the immediate immuno-stimulation by nanoparticle-based vaccines 
according to the reported literature [35]. It has been observed that Ag85A, 
tuberculosis- specific antigen when fused with heparin binding hemagglutinin adhe-
sion protein (HBHA) and further encapsulated in nanoparticles formulated from 
carnauba wax, induced mycobacterial adherence and increased contact with pulmo-
nary alveolar cells. Mice models already vaccinated with BCG received this novel 
vaccine as a prime-boost approach and showed vigorous immuno-modulation while 
presenting the nanoparticles themselves as the microorganism Mycobacterium 
tuberculosis on entering the host system [36]. Another group developed one fusion 
protein comprising three anti-tubercular antigens (Acr, Ag85B, and HBHA) on the 
surface of carnauba wax-based nanoparticles to develop novel mucosal vaccine to 
target TB (Nano-FP1). Drastic improvement in bacterial control was found with 
significant induction of cellular immune response, i.e., CD4+ and CD8+ T cell, resi-
dent memory T cells in lungs as well as humoral immune response by elevating the 
generation of antigen specific IgA and IgG [37]. Negligible production of harmful 
inflammatory mediators in this approach may indicate towards improved vaccine 
efficacy. Curcumin nanoparticles, in another study, have been found to increase the 
central long-lasting memory pool of CD4+ and CD8+ T cells especially in spleen 
and lungs when studied in BCG-vaccinated mice challenged by M. tuberculosis 
infection; although the particles are not used as vaccine delivery modules or adju-
vants [38]. Pathogenesis of the disease was reduced as well. Carbon, silica, and 
gold-based nanoparticles also have been explored for its potential to deliver anti-TB 
vaccines. Although not for delivering vaccines or subunit antigens, mesoporous 
silica nanoparticles were developed where polyethyleneimine coating effectively 
released rifampicin and pH-controlled release of isoniazid took place from dissolv-
ing of cyclodextrin plugs at acidic environment [39]. These particles are observed to 
be engulfed efficiently by the macrophages, then being directed towards acidic 
endosomes thereby causing intracellular drug release at a high amount. This 
approach might be effective in vaccine delivery as the pathogenesis of M. tubercu-
losis at the acidified phagosomes may be correlated with the mechanism of acid- 
resistance of the said pathogen. Literature suggests aerosol route of administration 
to be more suitable for delivery of nanoparticle-based TB vaccines compared to 
other routes, whereas microparticles showed more effectiveness than their nano- 
counterpart [40].

Natural protein-based polymers including collagen, albumin, and gelatin also 
have the potential to be used as adjuvant/vaccine delivery systems to target TB due 
to their intrinsic property of mucoadhesion [41]. Nanoparticles formulated from 
cationic polymers or having positive surface charge tend to interact electrostatically 
with the anionic cell membranes thereby improving the uptake of antigens to mac-
rophages and DCs especially for micron size particles. Smaller nanoparticles do not 
seem to be impacted more. Administration of anti-TB DNA vaccine tagged with 
Fe3O4-Glu-polyethyleneimine nanoparticle in tuberculosis-infected mice has been 
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found to lead to durable, potent, long-lasting immune response when compared to 
that exerted by naked DNA vaccines [42]. Chitosan and its derivatives also being 
positively charged polymers facilitate in efficient uptake of antigens into the cell 
while elevating levels of anti-TB antibody, humoral and cellular immunity, secre-
tion of interferon-gamma on administration of nanoparticles via parenteral and 
nasal mode [43]. Chitosan, however, may induce hemolysis and other cellular toxic-
ity due to enhanced cellular interaction which might be reduced by coating with 
other negatively charged compounds such as alginate. Alginate nanoparticles them-
selves showed higher chemotaxis by bone marrow dendritic cells and presentation 
of antigen to the T cells which was validated by decreased load of bacilli in spleen 
and lung with a little damage to the respiratory system [44]. PLGA may be assumed 
as the mostly used biodegradable synthetic polymers among many for the same 
purpose. A newly published study evaluated the activity of aerosolized mycobacte-
rial antigen (H4, fusion of antigens Ag85B and TB10.4, and H28, fusing the H4 
backbone with Rv2660c, additional TB-latency antigen) self-assembled into poly-
ester nanoparticles exerted specific immune response without inducing cross- 
reactive antibodies to host cell protein impurities as well as causing no potent safety 
issues in tuberculosis infected mice [45]. The literature showed that PLGA nanopar-
ticles have not only exhibited structural diversity, biocompatibility but also improved 
antigen uptake by DCs followed by tunable release of antigens leading to sustained 
high-immune Th1 and Th2 responses [46]. Either on surface modification of PLGA 
nanoparticles with various biomaterials such as mannose, cationic lipids, or use of 
the adjuvants has shown improved stability and efficacy in terms of antigen presen-
tation to DCs; although encapsulation efficiency, morphology, and yield have been 
compromised [47, 48]. Antigen encapsulated within polylactic acid (PLA) mic-
roparticles exhibited high immunogenicity and induced cellular immune responses 
[49]. Non-biodegradable synthetic polymers have not been used for the same pur-
pose except a few instances involving poloxamers [41].

5.3  Liposome-Based Vaccines

Liposomes are spherical concentric vesicles formulated from amphiphilic bilayers 
usually ranged between 20 nm and 10 μm. The diversity of liposomes as vaccine 
delivery modules lies in the embedding of hydrophobic compounds in lipid bilayer, 
whereas the hydrophilic compounds may be trapped within aqueous core of the 
liposomes. The liposomes are reportedly eliminated by the reticulo-endothelial sys-
tem (RES) thereby reducing drug efficacy which might be improved by PEGylation 
of liposomes to reduce interaction with RES and increase circulation of those in 
blood. Liposomes have the ability to interact with the immunostimulatory Toll-like 
receptors and to release antigens gradually from a depot-like system. Diogo et al. 
developed phosphatidylserine liposome-based vaccine delivery system to enhance 
BCG-primed protection against tuberculosis infected mice [50]. Phosphatidylserine 
usually is present in the inner surface of cell membrane but appears on the outer 
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surface of early apoptotic cell membrane. This phenomenon has been mimicked in 
this formulation where this typical feature of the dying cells supposed to help to be 
recognized by the APCs and antigens may be engulfed by macrophages and DCs. T 
cell responses were exhibited thereafter. Among all different types, the cationic 
liposomes, which are formulated from neutral and cationic lipids induce strong Th1 
immune response requisite to target tuberculosis [51]. Dimethyldioctadecylammonium 
(DDA) is one of the extensively used cationic liposome adjuvants, however it shows 
insufficient immune response when used alone with TB subunit vaccines [52]. DDA 
in combination with other cationic liposome adjuvant such as MPL, α,α′-trehalose 
6,6′-dibehenate (TDB) leads to improved interaction with Toll like Receptors, stim-
ulation of APCs, differentiation of T helper cell lineage to Th1, Th2, Th17 cells, 
induction of both humoral and cellular immunity (CD4+ and CD8+ both) at a high 
level. CAF01(DDA-TDB) containing the antigens Ag85A and ESAT-6 has vali-
dated this claim and appears to be the only one cationic liposome based TB subunit 
vaccine reached up to the clinical trial [53]. Liu et al. also constructed a novel sub-
unit vaccine to target tuberculosis by combining cholesterol, DDA, and poly I:C to 
form cationic liposome adjuvant [54]. Poly I:C improved the stability of the vaccine 
as well as it, being a ligand to Toll like receptor type 3 helped to release antigens 
ESAT6-Ag85B-MPT64(190–198)-Mtb8.4-Rv2626c (LT70) encapsulated in the 
form of fusion protein. Ko and group observed a similar outcome with another 
liposome- based TB subunit vaccine made up of de-O-acylated lipooligosaccharide 
(dLOS)/DDA which induced Th1 immune response and increased the protective 
efficacy against the infection caused by Mycobacterium tuberculosis as well [55]. 
Despite the possibilities to be a potential adjuvant, cationic liposomes are reported 
to have cytotoxicity which may further compromise the in vivo stability and capac-
ity to exhibit strong immune responses especially Th1 [56].

5.4  Dendrimer-Based Vaccines

Dendrimers may be defined as spherical compact nanosized macromolecules with a 
highly branched three-dimensional architecture. There are exponential number of 
branches of hydrophilic or hydrophobic moieties which can be seen radiating out 
from a central core. The sizes and shape of the dendrimers can be controlled accord-
ing to the specification desired. Therapeutically active molecules may be attached to 
the terminal branches by means of chemical bond formation or complexation. The 
mostly used type of dendrimers is polyamidoamine (PAMAM) which has a poten-
tial to bind to multiple receptors simultaneously enabling them to activate several 
complex biological processes. Modified dendrimers, i.e., conjugated with mannose 
have exhibited potent immunogenic responses whiling rising the level of CD4 and 
CD8 T cells [57]. Several other types of dendrimers are commercially available, 
namely L-DOPA (3,4-dihydroxy-l-phenylalanine), PPI [Poly (propyleneimine)] 
and PEHAM [poly(etherhydroxylamine)], registered by different companies. 
Dendrimes are found to be used to deliver vaccines to treat cancer, AIDS, foot and 
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mouth disease, MAPs (multiple antigen peptides) are the similar macromolecules 
with radiating peptides and used extensively in serological assays. The only MAP- 
based vaccine against tuberculosis, which has been reported to date generated sig-
nificant immune response while releasing ESAT-6, the TB-specific peptide antigen 
and demonstrated protection against tuberculosis infection [25].

5.5  Nanosuspensions and Nanoemulsion-Based Vaccines

The drug molecules with high-molecular weight and limited aqueous solubility 
often lead to insufficiencies in target receptor binding. Excessively high-surface 
area offered by nanosized particles of the same therapeutically active molecules 
may overcome the issue thereby enhancing the solubility and bioavailability. These 
nanosuspension and nanoemulsions are nanosized heterogeneous dispersions of 
polymeric or lipoidal carriers of drugs (here, antigens in case of vaccines) stabilized 
by suitable surfactants. Flexibility in selection of routes of administration even by 
intranasal or directly into respiratory tract results into high-lung deposition and cov-
erage due to large surface area of the formulation. The early analysis of bacterial 
lipopolysaccharides leads to the development of potent adjuvant monophosphoryl 
lipid A or MPL while filtering off the toxic effects. Comparison between different 
commercial vaccines formulated from the same adjuvant such as saponin-based 
liposomes, squalene-oil-in-water emulsions, nano-suspensions when conjugated 
with aluminum hydroxide revealed comparable immunogenic responses between 
nanoemulsion and liposome [58]. The nanoemulsion exhibited more protection 
against further exposure to Mycobacterium tuberculosis, induced Th1 specific 
CD4+ T cells as well as specific antibody titers at a high level against the same 
antigen according to the data acquired from randomized, double blind Phase 2 trial 
[59]. The similar trend has also been observed when compared between the same 
formulations prepared using GLA (glucopyranosyl lipid adjuvant), another syn-
thetic adjuvant with TLR4 agonistic activity which paved the way for commercial-
ization of vaccines for tuberculosis and malaria in the near future. On conjugation 
with different compounds, GLA has also been found to stimulate cytokine produc-
tion similar to MPL in response to exposure to specific antigen by means of screen-
ing of biological responses via physicochemical characterization [60]. Investigation 
via placebo-controlled Phase 1 clinical trial of ID93 (comprising Mycobacterium 
tuberculosis specific antigen Mtb72f) conjugated with GLA-based squalene-oil-in- 
water emulsion not only proved the safety among individuals but the Phase 2a study 
also demonstrated rise in multi-functional antibody titers, robust CD4+ T cell 
immune responses while broadening the BCG protection coverage [61]. The out-
come was found to be somehow different in the in vitro experiments, where aqueous 
nanosuspension showed dramatically high titer of cytokine as well as antibody. 
Screening of the adjuvants and variety in the formulation by means of Limulus 
Amoebocyte Lysate Assay and Human macrophage cellular cytokine production 
assay concluded that the potent immune system activators may not be the same both 
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in in vitro and in vivo. The nano suspension elicited the remarkable reduction in the 
antigen-specific Th1 responses even in the preclinical models so as in the clinical 
trials [62].

5.6  Virus-Like Particle (VLP) Based Vaccines

As continuation to the virus-like particles as discussed in a previous section of the 
same article, these presumably can act as the adjuvant not only by enhancing the 
antigen delivery but also by improving the presentation of the antigens to the T 
cells, macrophages. Being in nanometer range, VLPs show improved stability, 
potential to cross biological barriers ensuring targeted intracellular uptake, potent 
CD4, CD8, Th1 immune responses once the antigens are processed. Dhanasooraj 
et al. fused the gene of cfp-10, a potent mycobacterial antigen on non-infectious 
hepatitis-B core (HBc) virus nano-sized viral-like particles, and improved the intra-
cellular uptake of the antigens in to antigen presenting cells [63]. This culture fil-
trate protein (cfp 10), as a T cell antigen, is recognized to be an early marker of 
tuberculosis and it has well-characterized epitopes sufficient to raise the Th1 
immune response as well as release of interferon-gamma. This study corroborated 
with the outcome of another previous study which experimentally showed fusion of 
ESAT-6 antigen-specific gene on the major immunodominant portion of same HBc 
VLPs high magnitude of CD4+/ CD8+ T cell responses along with rise in ESAT-6 
specific antibodies [64].

5.7  Virosome-Based Vaccines

Virosomes are biodegradable unilamellar nanosized (60–200  nm approximately) 
vesicles surrounded by phospholipids with glycoprotein epitopes interspersed either 
on the viral surface or into the hollow cores. These are often termed as “artificial 
virus” although being non-replicative in nature and may interact with the target cells 
due to similarity with mammalian cell membrane thereby releasing the antigens 
inside the cells. Pathogenic antigens may be captured within lumen of virosomes or 
adsorbed on the surface by means of chemical cross-linking. These antigens are 
effectively phagocytosed by the APCs and processed via MHC class 1 antigen pro-
cessing pathway to elicit potent immunogenicity thus making virosome a suitable 
vaccine delivery platform. In addition to that, hydrophobic drugs may be directly 
incorporated into phospholipid membrane of the virosome, whereas the hydrophilic 
drug moieties can be carried inside the core. Coating of the virosomes with hydro-
philic polymers such as poly-(ethylene glycol) is found to enhance circulation time 
while escaping early uptake by reticuloendothelial system (RES) [65]. The only 
study found in the literature worked on Sendai virosome modified from 
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hemagglutinating virus of Japan [66]. Increased Th1 specific cytokine release acti-
vated cytotoxic T lymphocytes along with rising levels of Natural Killer cells were 
observed after intramuscular administration of vaccines made up of Sendai viro-
somes encapsulated with Ag85A antigen fused pAAVCMV plasmid. This study 
somehow showed the potential of virosome as an efficient carrier to deliver thera-
peutic agents/antigens to target tuberculosis.

5.8  Immune-Stimulating Complex (ISCOM)-Based Vaccines

Immune stimulating complexes (ISCOMs) can be briefly described as self- 
assembled complex formed as a result of micelles typically arranged in a shape of 
pentagonal dodecahedron. These colloidal formulations comprised micelles having 
approximately 40–60 nm in size, formulated from the combination of cholesterol, 
phospholipids (usually either phosphatidylcholine or phosphatidylserine), and 
saponin in the presence of a non-ionic surfactant. The chemical hydrophobic inter-
action between the lipids and cholesterol as well as the negative charge at the sur-
face of the micelles together ensures this unique structural organization, albeit 
stable. A wide variety of pathogens, antigenic peptides may be encapsulated in these 
complexes including, but not limited to hepatitis B, herpes simplex virus, influenza. 
Sustained delivery of the antigens has been observed on intradermal or mucosal 
administration of the vaccine and cell mediated as well as humoral immunity has 
been induced once the antigens or proteins are released from the hollow center of 
the complexes. Andersen et al. developed an intranasal vaccine while combining a 
tuberculosis specific fusion protein Ag85B-ESAT-6 and an adjuvant vector 
CTA1-DD conjugated with ISCOMs, which resulted in effective Th1 specific 
immunogenic activities. It also led to the secretion of interferon gamma at high 
amount, and CD4+ T cell responses were observed thereafter [67]. Concluding with 
the in vivo responses in the experimental animals, huge localized antibody responses 
at the infected region especially at the animals primarily boosted with BCG vaccine 
were found along with instances of causing fewer burdens of tubercle bacilli in the 
lungs of the same group of animals when compared with the non-vaccinated ani-
mals. Another more recent approach involved the formulation of ISCOMs compris-
ing tuberculosis-specific antigen Ag85A following the process of ultrasonication 
[68]. Determination of antibody titer and immunoglobulin isotyping from samples 
of mice revealed that antigens were presented and processed by APCS to secrete 
several cytokines required to produce humoral and cellular immunity. Despite 
numerous advantages, no ISCOM-based tuberculosis vaccine still has reached to 
clinical trials to be a potential alternative to BCG possibly due to its extremely 
hydrophobic nature. It seems to be quite challenging to encapsulate the hydrophilic 
antigens into the core of those micelles [69].
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6  Nanotechnology-Based Vaccine Clinical Trials

BCG vaccination is a part of childhood immunization regime as recommended by 
WHO, and the coverage of the vaccines was found to be about 90% across more 
than hundred countries by the year 2018 [70]. Although TB poses to be a major 
threat to infants especially in the countries where incidence of tuberculosis is high, 
unvaccinated as well as tuberculin negative adults exposed to multidrug resistant TB 
patient and patient infected with LTBI can also be vaccinated with BCG. BCG is 
observed to secrete specific antibodies, to activate B cells, to induce protective 
immune responses while helping in the proliferation of Th1 type CD4+/ CD8+ T 
cells and memory T cells. In addition to that, correlation if the infection with secre-
tion of IgA as well as Type I/II interferon has also been found [71]. A number of 
preclinical evaluations has been performed either by changing the routes of admin-
istration of BCG vaccine namely, intravenous, intradermal, aerosol or by genetic 
modification of BCG to design a mutant sub-strain to overcome the lack of protec-
tion against respiratory tuberculosis by means of conventional BCG vaccination 
[23, 72, 73]. Unclear mechanism of protection from further exposure to 
Mycobacterium tuberculosis after vaccination and lack of specific immune markers 
to track the progress of the prevention makes the conduction of Phase IIb and Phase 
III of clinical trials quite challenging in spite of having data of safety and immuno-
genicity. About 14 new vaccines are awaiting at different stages of clinical trials 
according to the current status [74]. 

Among all, seven vaccines are either live attenuated vaccines or inactivated 
mycobacteria. VPM1002, being a recombinant BCG vaccine candidate, is currently 
in Phase III study entitled as priME study (NCT04351685) and the findings indicate 
that this can be a potential alternative to BCG vaccination at birth. It is said to con-
tain a protein listeriolysin O, extracted from Listeria monocytogenes and the protein 
along with Urease C gene is found to improve the availability and recognition of TB 
antigens to the T cells of the immune system. Other inactivated whole cell myco-
bacteria candidates (RUTI, Vaccae, MIP, DAR-901) are, in general, found to over-
express antigens at multistage of the infection including latency antigens against 
latent tuberculosis infection with a broad protection coverage in neonates, adoles-
cents, young adults and even in immuno- compromised patients [75]. RUTI, espe-
cially being comprised of liposomes containing stress cultured tuberculosis bacilli, 
subjected to further fragmentation and detoxification by means of removal of glyco-
lipids from cell wall improves the presentation of the antigens and elicits strong 
Th1, Th2, Th3 responses [76]. Status of the clinical trials of some of the subunit as 
well as adjuvant vaccines has already been discussed in previous sections. 
Ad5HuAg85A, ChAdOx85A/MVA85A, and TB/FLU-04 L all these vaccines are 
developed by recombinant viral vectors and successfully proved their respective 
safety and immunogenicity according to Phase I study. The evaluation of protective 
efficacy covered by the vaccines in BCG-naïve as well as BCG-immunized indi-
viduals as booster regimen or as an individual protective therapy seems to be started 
[74]. The phase I and phase II data of the adjuvanted vaccine candidates (D93 + 
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Fig. 2 Brief representation of nanotechnology-based vaccines to target tuberculosis at different 
stages of clinical trials till date

GLA-SE), H56:IC31, M72/AS01E, GamTBvac also showed adequate safety, toler-
ability, and immunogenicity against tuberculosis infection. All the above-mentioned 
vaccines are considered mostly as pre- and post- exposure vaccines which, all over, 
made a significant progress through clinical trial and at least one is expected to 
complete the hurdles to make an effective vaccine for all individuals even against 
latent tuberculosis. The current status of the nanovaccines against tuberculosis has 
been represented in Fig. 2.

7  Conclusion

The current status of vaccine candidates in clinical trial or in vitro experiments as 
published in several journals strongly indicates some of the challenges in develop-
ment of TB vaccine right after BCG. While prioritizing a safe, affordable, effective 
vaccines alternative to BCG according to WHO, specific populations should also be 
targeted to achieve protection coverage in neonates and to halt transmission of 
tuberculosis among adolescents as well as adults. This population-based factor 
came to notice once the clinical trial data of MVA5A in infant population suggested 
that the effectiveness of that particular vaccine candidate might be more suitable in 
adults to reduce transmission rate especially in high-burden TB endemic zones 
since the disease transmission in infants or neonates is not commonly observed 
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[77]. Considering all the factors such as age-structured models, different epidemio-
logical zones, design of trials, BCG sensitization, and mathematical modeling stud-
ies were performed to evaluate unbiased impact and mechanism of vaccines, and it 
was found that trial follow-up periods heavily rely on distinguishing delay in incu-
bation of causative pathogen from prevention of rapid progression of disease. 
Modeling studies on impact evaluations may be combined therefore with the trial 
data to improve the immunity conferred by vaccines on various populations which 
might help in taking decisions by funding agencies. Although the subunit vaccines 
offer protective immune response primed with prior BCG vaccination, whole cell 
vaccines irrespective of live or attenuated ones are hypothesized to have a broad 
range of antigen including lipid, carbohydrates which may or may not be antigenic. 
It may result in unrestricted immune responses via inducing T-cells, B-cells, natural 
killer cells and lead to long-lasting immune memory thereafter. Advanced develop-
ment of novel vaccines also needs sufficient knowledge in the mechanism of com-
plex immunity in response to infection caused by Mycobacterium tuberculosis. 
Discovery of novel biomarker for tracking the effectiveness of tuberculosis vaccine 
candidates at different stages of the disease might help in better understanding of 
the immunity enhancement strategies and lead the way in development of immuno-
dominant antigens to elicit specific immune responses.
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Disease Models in Malarial Research
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Abstract Malaria is a significant reason of thriving illness and death, and until now 
no vaccine is available. Various studies have utilized the animal models to under-
stand the pathogenesis of infection, and a huge amount of data on parasite biology, 
regulation of immune system and disease methods have been achieved from these 
studies. Moreover, these standards have been used for pre-clinical testing of various 
drugs and vaccines. The highlights to study the disease models of malaria and pre- 
clinical vaccines evaluation conclude that the animal models have an intricate role 
that is used for testing which gets reflected in the environment of the infected indi-
viduals. The key mathematical models provide an unambiguous structure for under-
standing malaria transmission undercurrents in human population for over many 
years. With the impromptu threatening of the disease as a major source of death and 
disability, due to the modified environmental and socio-economic conditions, it is 
obligatory to make a critical valuation of the existing models and study their evolu-
tion and efficacy in describing the host–parasite mechanistic approach. The models 
that are developed, beginning from the basic, following an underlying hierarchical 
structure lands up to the different levels of complexity. The objective is intricating 
usage of some of the mathematical models, to describe malaria frequency, by 
involving the critical features of the host–vector–parasite interactions. Highlighting 
the evolution of the compartment models with the approach to summarize the mod-
elling activity helps to reach a wider range of researchers working on epidemiology, 
transmission and other aspects of malaria which may simplify to additionally 
develop the apt models germane to the present scenario and aid to espouse better 
considerate of the modelling strategies to control the disease.
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1  Introduction

Malaria is an antiquated mortal and morbid disease having an enormous social, 
economic and health burden. It is largely present in the tropical countries. Even 
though malaria has been probed for hundreds of years, it is still considered as a 
major public health problem, acknowledged as endemic in 2008. The cases obtained 
were for children, primarily under 5 years of age [1]. With no efficient vaccines 
closely obtained, the anti-malarial drugs were losing its effectivity due to the para-
sites’ evolution and resistance towards the drugs. Malaria has also expanded notori-
ety in current times, due to the geographical intervention. The unpredicted changes 
have effects on both the vector and parasite life cycle. The change in climate can 
affect the prevalence of the scattered growth that is responsible for spreading dis-
ease and producing less immunity. Malaria is produced by the protozoan parasite, 
Plasmodium. In humans, it is caused by Plasmodium falciparum (P. falciparum), 
Plasmodium malariae (P. malariae), Plasmodium ovale (P. ovale) and Plasmodium 
vivax (P. vivax). Among all the species, P. falciparum is the deadliest and the most 
common cause of infection. The parasite generally requires two hosts to complete 
its life cycle—the vector female Anopheles mosquito and human. The name malaria 
was given back in the year 1740. Malaria is both preventable and treatable. As per 
the World Health Organization (WHO) [1], the most effected region is India. The 
female mosquitos are accountable for spreading the Plasmodium parasite from one 
another between the twilight and dawn. The red blood corpuscles are damaged 
which is observed under the microscope, considered as a gold standard technique 
for diagnosing. The deferral value is obtained when observed under 100X visual 
focal point, using Giemsa. The visual observations of a patient suffering from 
malaria include positive symptoms of the disease, like, high temperature, cold, 
headache, vomiting, pain in muscles and fatigue. The pathogenesis needs to be stud-
ied or larger data needs to be collected to gather more information regarding the 
various animal models or mathematical models to develop. There are various mod-
els where pre-clinical interventions are needed. The approach of developing newer 
drug molecules or vaccine supplements could be obtained using various rodents’ 
models. In such a case, the favoured experimental conditions reflect the role and 
studies of various organs that are sequestered by the parasite for identification of 
adaptive or innate immunity and leading to the development of newer approaches. 

There have been numerous reasons to encourage the use of animal models to 
study malaria. Firstly, the models acknowledge investigation into the progress of the 
disease, which is more challenging in humans. It also enables studies of organs to 
which the parasite beholds, such as the spleen, lungs and brain. The use of non- 
lethal parasites in mice has identified the role of adaptive and innate immunity in 
intervening clearance and survival from infection. Finally, these studies have led to 
the development of novel vaccine approaches [2–4]. An approach is needed where 
the frequent terms used as severe and cerebral comes in conjunction and has an 
interchangeable approach, bears heterogenicity and severity like profound meta-
bolic derangement, multi-organ failure, oedema, thrombocytopenia and anaemia. 
Adhesion-related pathology in malaria is distinct in placental infections of pregnant 
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women. A crucial feature of the parasite variant is their capability to bind with 
Chondroitin sulphate A (CSA) in the placenta [5], where they are believed to induce 
fatal disease, yet unknown inflammatory pathways [6]. The need for more accurate 
clinical and pathological findings of severe malaria is important. Direct conception 
of microcirculatory obstruction and associated signs has helped to deliver improved 
specificity in making a diagnosis [7–11]. A key point in analysing these findings is 
nonetheless the whereabouts and location of the tissue burden of sequestered para-
sites in severe disease and the immune mechanisms that attenuate the disease. A 
crucial characteristic of malaria mosquito that has not been always completely real-
ized is the discrepancy of diseases in humans (Figs. 1 and 2).

Data Collection

Environment data                                                                     Patient symptoms

Data pre-processing

Feature selection

Influence diagram

Conditional probability table

Classification using BN               Knowledge base

Malaria disease prediction

+Ve                                             -Ve

Fig. 1 A framework for malaria disease prediction
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Fig. 2 Disease model and transmission of malaria and cytoadherence of infected RBCs to endo-
thelial cells and formation of rosettes with uninfected RBCs

2  Models to Study the Disease Prevalence

2.1  In-Vitro Models

2.1.1  Isolation of Cord Blood Mononuclear Cells

Ten samples of umbilical cord blood of normal full-term new-borns following the 
informed consent approved by Ethical Committee of Research on human beings 
were used to isolate HSCs. Between 50 and 70 ml of cord blood was collected into 
blood bags containing 30 ml of CPDA-1 anticoagulant. Cord blood samples were 
overlaid on Lympho-prep solution at a 1:1 ratio by volume and centrifuged at 
1200 × g, 20 °C for 30 min. The interface layer containing the cord blood mononu-
clear cells was collected and washed twice with cold phosphate buffer saline con-
taining 2 mM EDTA. Viability of the isolated cells was assessed using the trypan 
blue exclusion method. Isolation of CD34+ haematopoietic stem cells was isolated 
from cord blood mononuclear cells with a CD34 isolation kit and Mini-MACS col-
umns according to the protocol. 1 × 108 cord blood mononuclear cells were sus-
pended in 500 μl cold PBS containing 2 mM EDTA and 0.5% foetal calf serum. The 
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cell suspensions were incubated at 4 °C, for 30 min with 100 μl of blocking reagent 
and anti-CD34 antibody-conjugated magnetic microbeads. Subsequently, the cells 
were washed with cold PBS buffer to remove unbound anti-CD34 antibodies and 
loaded onto an LS column. The column was rinsed with PBS buffer to remove non-
specific cells. The retained CD34+ cells were eluted from the column with PBS 
buffer and centrifuged at 800 g for 10 min at 4 °C, and the resulting cell pellet was 
re-suspended in Stemline II medium, cells were counted and cultured [12, 13].

2.1.2  Cultivation and Differentiation of HSCs Derived from CBMNs

The isolated CD34+ haematopoietic stem cells were cultured. Briefly, 5 × 105 cell/
ml of CD34+ cells were cultured in 12-well tissue culture plates using Stemline II 
medium supplemented with 50 ng/ml of stem cell factor, 10 ng/ml of IL-3, 100 μg/
ml transferrin and 100 μg/ml of Humulin. CD34+ HSCs were incubated at 37 °C in 
a humidified atmosphere with 5% CO2, and half volumes of medium were replaced 
with fresh complete medium every 3 days. Cell number and viability were assessed 
after 5 and 10 days of cultivation by the trypan blue exclusion method. On tenth day 
of cultivation, cell surface markers of all mononuclear cells were determined by 
flow cytometric analysis, and cells were morphologically examined after Giemsa 
staining. Ten days old HSC-derived MNCs were used in co-cultivation with malaria 
antigens in all assays [12, 13].

2.1.3  Cultivation of Parasites and Antigen Preparations

Antigens used in this study were prepared from two sources of human malaria para-
sites. P. falciparum parasites were obtained from in vitro cultivation of laboratory 
strain maintained in blood group O human erythrocytes from healthy donors by 
in  vitro cultivation, using RPMI-1640 medium supplemented with 10% human 
serum. The parasites were incubated at 37 °C in a humidified atmosphere with 5% 
CO2, starting from ring stages until most of the P. falciparum parasites entered 
mature schizont stages. P. vivax parasites were isolated from blood of 10 P. vivax- 
infected patients. The blood samples were filtered to deplete leukocytes. The result-
ing P. vivax-infected blood were washed twice with McCoy 5A medium by 
centrifugation at 800 × g, 4 °C for 5 min and cultured at 5% haematocrit in McCoy’s 
5A medium supplemented with 25% human AB-serum. The parasites were kept at 
37  °C in a humidified atmosphere with 5% CO2 for 24–30  h, until most of the 
P. vivax parasites entered the matured schizont stages. Two types of antigen prepara-
tions, intact infected erythrocytes and parasitized cell lysates were prepared from 
both the species. Schizont stage parasites were isolated by gradient centrifugation at 
1200 × g, 4 °C for 30 min to enrich the parasite. P. falciparum-infected erythrocytes 
and P. vivax-infected erythrocytes in the interface layer between medium were col-
lected and washed twice by centrifugation at 800 × g, 4  °C for 5 min with cold 
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RPMI-1640. The resultants were counted and used to stimulate the HSC-derived 
MNCs. For the parasite lysates, the same batch pellets were stored at −70 °C with-
out any cryo-preservative agent and twice freeze thawed for use as whole malaria- 
infected erythrocyte lysates. Uninfected erythrocyte controls were prepared from 
the erythrocytes of the healthy donor which are used in the P. falciparum parasite 
culture by repeating the same protocol as that used for the infected erythrocytes 
[12, 13].

2.1.4  Stimulation of HSC-Derived MNCs with MalariaAntigens

On tenth day of the cultivation, HSC-derived MNCs from each cord blood sample 
were individually co-cultured with the different malaria antigens and whole parasite 
infected erythrocyte lysates from both P. falciparum and P. vivax at a concentration 
of (MNCs: antigens = 1:5). Stimulation with intact uninfected erythrocyte (1:5) and 
whole uninfected erythrocyte lysate (1:5) were used as baseline controls for the 
leukocyte response. Phytohemagglutinin-A, 5 μg/ml was used for validating the 
activity of T lymphocytes for mitogenic response. On second to fourth day after 
stimulation, the HSC derived MNCs were harvested for phenotypic characterization 
by flow cytometry [12, 13].

2.1.5  Phenotypic Characterization and Expression of Death Receptor

Phenotyping of the cells was performed by three-colour flow cytometry. Stimulated 
HSC-derived MNCs from each condition were labelled with fluorescent, dye- 
conjugated monoclonal antibodies to define various populations of cells including T 
lymphocytes, dendritic cells, B lymphocytes, NK and NKT cells, HSCs and expres-
sion of death receptor. After staining, the cells were washed with PBS, pH 7.4 and 
fixed with 1% paraformaldehyde in PBS. The analysis was performed using the 
Cell-Quest software The mononuclear cells were gated for exclusion of debris and 
dead cells from the analysis.

Statistical Analyses The data are represented as fold change of population and 
analysed by the GraphPad Prism programme. Statistical significance was deter-
mined by one-way analysis of variance (ANOVA). The Mann Whitney test for non- 
parametric data was used for statistical analysis between the fold changes of 
population of each condition. The results were considered significant at 
P < 0.05, where:

 

Fold change of population Percentage population of each co� nndition
Percentage population of media ,

/
.62 63� �
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These findings suggest that immunosuppression by malaria infection possibly 
takes place at an early stage of lymphocyte maturation. Additionally, the use of 
naive mononuclear cells derived from HSC as an in  vitro model for research in 
immunity can be easily implemented and would reduce the discrepancies of mono-
nuclear cell quality in different studies.

2.2  Cell Line Models

2.2.1  Stem Cell Derived Erythrocytes [12, 13]

The lack of blood supply in blood banks that rely on constant blood donations lead 
many researchers to look for alternative solutions to produce erythrocytes for trans-
fusion. The first report of the production of human erythrocytes from hematopoietic 
stem cells using a liquid system has been described. The isolated mononuclear cells 
from peripheral blood of a patient with thalassemia, in which a defect in the chain 
of haemoglobin, cause an erythropoiesis increase, using a two-step protocol, it was 
observed that the erythroid cells when cultured in the presence of erythropoietin. 
However, ethical concerns of using blood from a thalassemia patient presenting a 
defect in haemoglobin still remains. Following this study, many protocols have been 
developed in order to generate erythrocytes from HSC. After isolation of HSC from 
diverse origins through a magnetic assorted cell sorting selection based on the 
CD34+ expression, cells were cocultured with mouse stromal cells. The cells were 
cultured in the presence of a cocktail of specific growth factors to allow a correct 
differentiation toward erythroid commitment: interleukin 3, hydrocortisone, stem 
cells factor and EPO. After 20 days in culture, pure population of erythrocytes could 
be isolated from the supernatant. Nonetheless, production of erythrocytes from 
HSC faced some difficulties that limited the amount of cells which are produced as 
well as the ability to produce mature red blood cells, as the haemoglobin isoforms 
remain at foetal state. The stem cell-derived erythrocytes have been intensively used 
in the malaria to solve the challenging in vitro culture of P vivax. Unlike P. falci-
parum that can invade erythrocytes of all ages, P. vivax shows a preference for 
invading immature erythrocytes. This reticulocyte invasion makes use of peripheral 
blood as a source of cells to culture parasites in vitro nearly impossible as reticulo-
cyte are only 0.5–1% of erythrocytes in the blood stream and their lifespan prior to 
maturation is only 24 h. Thus, a reticulocyte-enriched source of blood is needed in 
order to grow P. vivax in vitro. Early studies used several methodologies to concen-
trate reticulocytes from blood by ultra-centrifugation. However, more studies dem-
onstrated the preference of P. vivax for reticulocytes revealing the possibility of 
using stem cell derived reticulocytes. The first report attempting to establish an 
in vitro culture of P. vivax using HSPC derived reticulocytes showed that parasites 
could be maintained in culture for more than 50 days using stem cell-derived reticu-
locytes. However, conditions still need to be optimized as reticulocyte production 
were only 0.5%, after 14 days, and the parasitaemia reached very low levels below 
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0.0013%. In a more recent study, after 14 days of culture, up to 18% of reticulocytes 
were permissive to P. vivax invasion. They were also able to successfully cryopre-
serve reticulocytes in order to create a stock of cells to provide to P. vivax at each 
schizogony cycle. Nevertheless, the amount of reticulocytes generated remained 
extremely low and the parasite could still not multiply in vitro. Before HSPC derived 
reticulocytes can be used for successful P. vivax in vitro culture, the problems of 
low-reticulocyte yield and the lack of intra erythrocyte development of the parasite 
were addressed. As a source of reticulocytes, the differentiated CD34+ cells were 
reintroduced into the reticulocytes using the previously described protocol and 
interestingly purified the reticulocyte population passing the cells through leukocyte 
reduction filters to get rid of nucleated cells. Alternatively, they also concentrated 
reticulocytes from the peripheral blood and umbilical cord blood. They also tested 
different culture media supplemented with different serum concentrations. The par-
asites could be maintained in vitro for 26 months, though the parasite density dra-
matically dropped from the first day to an almost undetectable level after the second 
day. The parasite’s ability to invade and replicate within reticulocytes generated 
from HSPC is a precondition for the establishment of in vitro culture that relies on 
stem cells as a source. The earliest erythroid stage, which is permissive to P. falci-
parum invasion, was quite understood. After CD34+ isolation, HSPCs were cul-
tured for 8 days in the presence of IL-3, EPO and SCF with medium refreshments 
at days 3 and 6 without IL-3 and decreased SCF concentrations. A selection was 
done after 7 days by FACS sorting based on CD71+ expression, and the cells were 
cultured with only EPO supplementation for an additional 10 days. It was found that 
the polychromatic erythroblasts were poorly invaded, while ortho erythroblasts 
could be invaded and allowed for parasite intracellular maturation, indicating the 
permissiveness of the erythroid progenitors to P. falciparum. 

Notably, the 3T3 cells were used instead of the more commonly used MS5 cells 
as a layer for differentiating erythroid progenitors. They could reach a significant 
yield of reticulocytes and observed the presence of adult haemoglobin in reticulo-
cytes derived from PB and BM. However, no information was given about the level 
of parasitaemia post- invasion. It was observed that better enucleation happens in PB 
source vs. BM. All the sources that have been tested had similar permissiveness and 
better invasion rates compared to reticulocyte-enriched blood leading to the hypoth-
esis that P. vivax prefers immature reticulocytes. A reverse genetics approach to 
investigate the role of RBC receptors are involved in P. falciparum invasion. Using 
lenti-viral shRNA delivery, the gene knockdown of different genes encoding for 
potential receptors in erythroid cells has been calibrated. They differentiated those 
that were genetically modified erythroid progenitors on stromal cell layer to obtain 
enucleated cells used further for P. vivax invasion assays. The authors observed a 
dramatic invasion decrease in CD55 as well as in CD44 RBCs. This work was the 
first to highlight the possibility of using genetically modified erythrocytes to study 
Plasmodium biology. Significant blood haemolysis was reported during malaria 
infection, and thus, HSPC are also of particular interest to study erythropoiesis 
impairment that leads to anaemia during malaria episodes. Several studies tried to 
investigate the mechanism by which Plasmodium infection causes erythropoiesis 
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impairment. In this scope, Hemozoin attracted particular interest. Hz is produced by 
the parasite when it metabolizes heme in its food vacuole. Starting from UCB, they 
differentiated CD34+ cells based on a 3-step process, in the presence of Fms-like 
tyrosine kinase 3 and thrombopoietin, with an addition of insulin growth factor-1 
and finally without SCF. It was found that the main reasons for haemolysis are sol-
uble mediators stem cell derived cells P. falciparum HSPC-derived erythrocytes. It 
appears that P. falciparum infection significantly influences transcription in ery-
throid progenitors. It is observed that an up-regulation of 35 genes in polychromato-
philic erythroblasts and 609 regulated genes in ortho-erythroblasts were obtained. 
These results may indicate a negative effect of P. falciparum on erythropoiesis. 
P. vivax infection has a similar effect on erythroid development. Later on, it was 
observed that a decrease of the erythroid multiplication and development in the 
presence of the infected reticulocytes lend support to the idea that the P. vivax might 
have a negative effect on erythropoiesis. The recent important development of stem 
cell research contributed to the production of stem cell derived erythrocytes and 
enabled testing the use of human embryonic stem cells or human-induced pluripo-
tent stem cells. Indeed, recent findings have demonstrated that those pluripotent 
cells can be maintained and expanded in vitro prior to differentiation into specific 
lineage. It was developed as a protocol to produce enucleated red blood cells from 
ESC. The differentiation was initiated by dispensing hESC as erythroid bodies in 
the presence of bone morphogenetic protein 4, vascular endothelial growth factor 
165, and beta fibroblast growth factor to induce mesodermal commitment. The sec-
ond step, which is the erythropoiesis leading to the last stages of the blood produc-
tion, was performed in coculture with OP9 cells or human mesenchymal stem cells 
in the presence of IL-3, HDS, EPO and SCF. The development of such techniques 
and the possibility to permanently edit the genome of erythroid cells will make a 
great contribution for a deeper study of intra erythrocyte parasite biology. Studying 
the liver stage of Plasmodium parasites is of great importance for understanding the 
establishment of infection and for immunogenic and therapeutic purposes. In addi-
tion, P. vivax can produce dormant forms known as hypnozoites in the liver. These 
hypnozoites are responsible for its ability to maintain long-term infections and 
relapsing episodes that contribute to the difficulties of eradicating P. vivax. 

An immortalized HepG2 cell line has been extensively used as a starting material 
to investigate the exo-erythrocytic cycle of P. berghei, P. vivax, P. falciparum and 
P. gallinaceum. However, even though they were able to infect liver cells with P. fal-
ciparum sporozoites, it is still difficult to get these parasites to successfully com-
plete the cycle and infect RBCs. The hepatocytes were isolated from a hepatoma 
patient which were cultivated with insulin, epidermal growth factor, thyrotropin 
releasing factor, HDS, glucagon, nicotinamide, linoleic acid, l-glutamine, pyruvic 
acid and essential amino acids at 37 °C and 5% CO2. Interestingly, the levels of 
enzyme activities and protein secretions were higher than the ones observed in 
HepG2 cell lines. These cells were infected with P. falciparum and P. vivax sporo-
zoites and when RBCs were added to the culture, blood stage parasites were 
observed after 7 and 10 days for P. falciparum and P. vivax, respectively. One of the 
drawbacks of using immortalized cell lines is that the metabolism of those cells 
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might differ from the in vivo ones. They found that P. vivax parasites were able to 
develop, and after 10 days, rings could be observed in reticulocytes added in co-
culture. Using primary cells for parasite cultures required the fresh cells which 
could be constantly available. The previously frozen primary hepatocytes that 
remained permissive to Plasmodium sporozoites in a microsystem surrounded by 
fibroblast stromal cells were preserved. Primary hepatocytes were used to evaluate 
the effect of a drug on the liver stage. Primary hepatocytes were isolated from the 
rhesus which were infected with the Plasmodium sporozoites in the presence or 
absence of the compound. The development was well established in vitro, but the 
incubation was shown to inhibit the formation of liver schizonts as well as hypno-
zoites. Similarly, P. berghei liver stages could develop within murine primary hepa-
tocytes in vitro but their ability to infect RBCs remain unexplored in this study. The 
TRAP-based vaccine in the presence of CD8+ enriched splenocytes inhibits the 
parasite development in the liver. This method was proposed as an in vitro system 
to screen possible vaccine candidates but its suitability to human Plasmodium vac-
cines needs further investigation. Surprisingly, stem cell derived hepatocytes have 
not been used widely for malarial research. Nonetheless, hepatocyte like cells origi-
nating from the human foreskin fibroblasts were permissive to different Plasmodium 
species including P. falciparum, P. vivax, P. berghei and P. yoelii. The hepatocyte 
differentiation protocol was adapted in which the ESCs were cultivated for the first 
5 days in the presence of activin A to induce endodermal commitment. The follow-
ing 10 days led to hepatoblast formation through hypoxia culture condition and was 
divided into two steps, the first 5 days in the presence of BMP-4 and FGF-2 and the 
last 5 days in the presence of hepatocyte growth factor. The iPSC-derived HLCs 
have low levels of enzymes that can metabolize drugs as they remain immature 
hepatocytes and thus are not optimal for antimalarial drug screen. However, one 
should note that different protocols seem to create a variety of HLCs with different 
characteristics. A general scheme can be drawn with a 4-step protocol: mesodermal 
differentiation in presence of activin A, hepatic specification, hepatoblastoma 
expansion and hepatic maturation. For each of these four steps, growth factor con-
centrations as well as the time of exposure remain variable between different stud-
ies. Optimizing the generation of stem cell derived hepatocytes, which are more 
similar to the adult hepatocytes, would have great impact on understanding the biol-
ogy of Plasmodium stages and lead to improved testing of potential antimalarial 
drugs and vaccine candidates.

2.3  Animal Models

2.3.1  Anti-PE Plasmodium Immunity and Vaccine Development: 
From Traditional Mouse Models to Human Clinical Trial

The distinct human host cell of malarial parasite that infect the generations of 
humans impedes infection of the traditional immunology; that is, the in-bred mouse. 
Thus, the utilization of rodent parasites like P. yoelii and P. berghei allowed a 
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careful assessment for immunity. Thus, there is contribution towards protection 
against contagious sporozoite, after whole attenuated sporozoites vaccination. 
Attenuation was originally spawned by gamma irradiation [14] but can now be 
accomplished through genetic engineering with the precise removal of genes from 
the parasite genome [15, 16] or by treatment of an infectious sporozoite immuniza-
tion with drugs that prevent the infection [17, 18]. For the last decade ever, the 
whole sporozoite of the mice have been identified for providing humoral immunity. 
Earlier thought to be immunologically subdued, liver stage Plasmodium infection 
was able to induce an innate immune response [19–22]. The pathways by which this 
innate immune response is provoked and the effect it has on the resulting adaptive 
immune response were the major areas of active investigation. Although nowadays 
there is a chance of developing humanized mouse models for the frontiers of 
malaria, compounding it with a significant deviation and extrapolation of the accu-
rate results between the rodents and the human cell. The host–parasite interactions 
and the immunity produced generally develop fully within 3 days. Although tradi-
tional rodent models of infection have been useful, differences in rodent and human 
Plasmodium species compounded with significant divergence in rodent and human 
hosts presents significant implications for the extrapolation of results achieved with 
the former to the latter, particularly regarding immunity. Also, meanwhile the liver 
stage of rodent Plasmodium species develops fully within 3 days and the human 
Plasmodium parasite undergo 10 days of liver stage development before exiting the 
liver to contaminate the erythrocytes. In addition, none of the rodent parasites form 
persistent liver stages that could model those found in P. vivax infection, affirming 
that PE biology in the rodent is not an ideal model for human malaria infection. 

Human clinical trials have identified robust induction of both humoral and cel-
lular immune responses after whole sporozoite immunization yet unequivocal iden-
tification of correlates of protection from these studies has proven to be challenging. 
To resolve differing observations, functional in vitro assays have been developed 
like, the examination of immune sera and its inhibitory activity on infection of cul-
tured hepatoma cell lines with sporozoites [23–25]. Yet, in vitro cultured cells do 
not precisely demonstrate the complex design of the liver tissue, rendering them 
only partially physiologically relevant. In addition, tissue-resident memory T cells, 
which proved to be critical in controlling the liver stages in rodent malaria infection, 
do not undergo recirculation into the blood stream [26], hampering the examination 
of their contribution to immunity after P. falciparum immunization of humans. 
There were presence of peripheral T cells that could have corelated with rodent 
Plasmodium species. However no ex-vivo models were identified to give a clear and 
robust quantification of CD8 T cell killing of the functional liver cells or increasing 
the humoral and cellular immune responses. Thus, there was an urgency in develop-
ing the next model.

Disease Models in Malarial Research



180

2.3.2  Humanized Mice to Model PE Immunity

The quantification clarity was lacking in the previously developed model, the 
robustness in ex vivo and in vitro assays requires an animal model that could better 
mimic or be the better mirrors of Plasmodium infection. Moreover, the immune 
response in non-human primate is similar to humans and tissue-resident immune 
populations can be sampled to query their importance to vaccine-engendered pro-
tection [27]. However, NHP (non-human primate) systems are still not an ideal 
model for human Plasmodium infection and in supplement to ethical and financial 
barriers and logistical concerns regarding artificial housing requirements for NHPs 
have curbed their use in malaria research. Thus, the advancement of immunodefi-
cient mice that have been imbedded with functional human immune cells and there-
fore the human tissues will enable the assessment of infection in the human cells 
and tissues in the framework of human immune responses in vivo. Human liver- 
chimeric mice were believed to play an important and cheaper alternative to NHP 
models in the final selection of antibody-based vaccine antigens. The mice were 
utilized to demonstrate the passive transfer of human monoclonal antibodies from 
humans, those are immunized with whole P. falciparum sporozoites and hence 
block the liver infection [28–30]. To scrutinise intrinsic human immune responses, 
human immune system (HIS) mice have been developed, which enable the direct 
analysis of the HIS responses in vivo after infection with human pathogens or after 
vaccination. HIS mice are obtained by the transplantation of human CD34+ cells. 
To produce tamed mice with a competent human humoral response, immunocom-
promised mice were transduced with recombinant Adeno-associated virus (AAV) 
vectors [31].

Huang and colleagues also generated a humanized CD8 T cell mice referred to 
as HIS-CD8 [32] by transducing mice with AAV vectors and a cocktail of human 
cytokines. Inoculation of HIS-CD8 mice with AAV vectors bearing P. falciparum 
CSP resulted in an investiture of restricted human CD8 T cells. These immunized 
HIS-CD8 mice greatly reduced parasite burden in the liver after challenge with 
transgenic P. berghei parasites encoding full P. falciparum CSP [33]. Importantly, 
in vivo attenuation of human CD8 T cells completely exterminated the decline in 
liver burden in immunized HIS-CD8 mice [34]. The HIS studies, however, support 
the challenge with transgenic rodent malaria parasites voicing selected P. falci-
parum proteins. Thus, there is a necessity to combine humanized liver- chimeric 
mice with the models of HIS to generate dual-chimeric mice (HIS huHep) receptive 
to human Plasmodium liver infection. However, such a model will not yet fully 
imitate human immunity, although liver chimeric mice can be repopulated with high 
levels of huHeps, their liver sinusoidal endothelial cells, Kupffer cells, hepatic stel-
late cells and cells of the myeloid lineage all stay on of mouse origin. In rodent 
malaria systems, CD8+ dendritic cells have shown to be critical for the generation 
of an effective immune response after whole sporozoite immunization [35, 36]. The 
significance of liver-resident memory CD8 T cells in PE immunity [26, 37, 38], will 
be crucial to examine whether HIS-CD8 mice reiterate the critical roles of tissue 
resident cells observed in rodent malaria studies.
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2.3.3  Humanized Mice to Model Malaria BS (Blood Smear) Infections

Although P. falciparum could have been cultured in vitro, a miniature animal model 
of human BS malaria would extend greater advantages, as it would allow the preclini-
cal testing of drugs and vaccine candidates in an in vivo setting against the human 
pathogen. The liver-chimeric mice maintain liver infection and liver stage- to- BS 
transition after injection of target human RBCs [39, 40]. The presence of huRBCs 
(human red blood corpuscles) on the day of exo-erythrocytic merozoite emergence 
from the liver leads to a rapid period of low parasitaemia and these parasites can then 
be removed and maintained in huRBC culture. However, BS infection cannot be 
preserved in the mice as huRBCs are promptly cleared. Luckily, different immune-
modulation etiquettes collective with daily injections of huRBCs can support high-
engraftment levels and promote a continuous P. falciparum BS infection in NSG 
mice [41]. These mice show repossession of the parasite in bone marrow and spleen, 
suggesting it might resemble the behaviour of the parasite in humans. One downside 
is that in this study the mice were directly infected with BS parasites, as they are not 
human liver chimeric. Moreover, as P. falciparum gametocytes take [10, 11, 14–16] 
days to mature, this is the time period the infected RBC has to be maintained to make 
available themselves for transmission back to the mosquito. If this is achieved, the 
model might facilitate the study of transmission in an in vivo setting and allow the 
transmission of the blocking drugs and vaccines. A vigorous protocol was embedded 
to maintain huRBCs in human liver-chimeric mice to better evaluate the efficacy of 
transmission of blocking small molecules, antibodies and vaccines [42]. 

Another encouraging use for combining huHep/huRBC mice was the preclinical 
evaluation of attenuated P. falciparum whole sporozoite vaccine candidates, allow-
ing for impeccable sensitivity in detecting potential breakthrough infection into the 
blood before testing of new attenuated strains in human trials [43]. The genetic 
crosses have been carried out in splenectomised chimpanzees. The recovery can be 
carried out using recombinant progeny. The opportunity to execute genetic crosses 
in a small animal model provides a vigorous avenue for genetics research and a new 
avenue to determine the underlying traits of P. falciparum drug resistance and other 
phenotypes of clinical importance. The in-vitro cultures prepared can especially 
benefit a small animal infection model. To institute a humanized mouse model that 
will transmit P. vivax BS infection, mice will have to be imbedded with these rare 
cells. Reticulocytes can be found in a very small fraction in umbilical cord, reticu-
locytes and invasion assay. The repeated injection of huRBCs, combined with dif-
ferent immunomodulatory protocols, is a burdensome process, needing an 
experienced researcher and often prominent to losses of mice. A sophisticated sub-
stitute to continual huRBC reorganization would be a mouse that inherently sustains 
human erythropoiesis after HSC transplantation. Human erythropoiesis is severely 
impaired noticed in the humanized mouse models. A mouse in which human CD34+ 
HSC transplantation leads to robust human erythropoiesis combined with an HIS, 
which in addition harbours a human-chimeric liver, would ultimately enable the 
production of reproducible data on the developmental life cycle of human malaria 
parasites. Very little is known about the essential molecular mechanisms of these 
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observations, as we lack a simulation system to probe them. Currently, the questions 
of drug–drug interactions or vaccine wellbeing in coinfected individuals can solely 
be forwarded in clinical trials, as carried out previously for the malaria vaccine 
candidate [44]. However, the sophisticated mouse model with a human-chimeric 
liver, human erythropoiesis and HIS could potentially fill this gap.

2.3.4  BS Malaria Pathology in Humanized Mice

The matter of whether a humanized mouse model can expedite the study of P. falci-
parum malaria associated pathophysiology remains largely unmapped. The pathol-
ogy of severe malaria is mainly dogged by linkage interactions between infected 
erythrocytes and human endothelial cells. These adhesion interactions lead to the 
confiscation of infected erythrocytes in the microvasculature, which assists the par-
asite by avoiding clearance in the spleen. Unfortunately, this sequestration also 
leads to vascular occlusion and inflammation, which are important contributors to 
severe malaria pathology. Three forms of cemented interactions have been labelled: 
the cytoadherence of infected erythrocytes to endothelial cells, formation of rosettes 
with uninfected erythrocytes and platelet-mediated clumping of infected cells [45]. 
These connections are mediated by the P. falciparum erythrocyte membrane protein 
1 (PfEMP1) family, variant antigens expressed on the surface of infected RBCs that 
interact with multiple host receptors [46]. Depending on which gene is expressed, 
the parasite modifies the antigenic properties of infected erythrocytes, which allows 
it to evade the host immune system but also changes the binding specificity for host 
receptors. Var gene switching is currently under pervasive investigation and a small 
animal model allowing the regulated in vivo estimation of this phenomenon would 
be of great value to this important field of research. The most lethal complication of 
a P. falciparum infection is cerebral malaria. It has been conjectured that the target-
ing of different receptors via the representation of different PfEMP1 variants leads 
to tissue-specific sequestration of the parasites. To date, any knowledge of whether 
infected RBCs sequester in the brain of P. falciparum-infected humanized mice are 
observed or not are in vague. It is thus highly relevant to investigate whether the 
illustrated pathologies of human malaria are encapsulated in the humanized mouse 
models. If this is not the case, a mouse model must be developed in which human 
receptors are communicated on mouse endothelial cells. If this could be accom-
plished, it would wide open new possibilities for investigating the capability of anti- 
adhesion drugs or antibodies as novel malaria therapies.

2.3.5  BS Malaria Immunity in Humanized Mice

Animal models of malaria persists to deliver important perceptions in the immune 
response to Plasmodium BS infection. However, the development of novel immuno-
therapeutic strategies necessitates a thorough investigation of the human immune 
response, particularly to P. falciparum BS infection. [47–49]. Altogether with the 
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rodent Plasmodium studies, two immunological processes necessary for the control 
of BS malaria infection have been identified, namely, the inflammatory reaction 
from innate immune sensing of Plasmodium infections. Plasmodium pathogen- 
associated molecular patterns retain pattern recognition receptors on innate immune 
cells which activate an inflammatory response significant for early parasite control 
[50, 51]. However, this inflammatory response can also be pathogenic to the host. 
P. berghei-infected mice [52], which promotes the production of the immunosup-
pressives [53]. Antibodies have been able to play a central role in BS malaria immu-
nity [54]. The parasite proteins that persuade protective antibody responses, the 
mechanism of Plasmodium humoral protection and why protective antibodies 
develop after years of repeated exposure, are finally maturing. Mounting evidence 
in the rodent models and correlative data in humans from endemic regions have 
established that Plasmodium evades humoral immunity through dysregulation of 
CD4+ T cell [55] and B cell dysfunction [56–61]. Although the mechanisms behind 
the roles of inflammation on dendritic cell function and B cell dysfunction have 
been well studied in rodent models of malaria, a mouse model with a humanized 
immune system will be life-threatening to confirm whether the mechanisms delin-
eated in the rodent malaria models pertains to infection with the human P. falci-
parum parasite. However, in preceding sections, the existing humanized mouse 
models will not accurately mimic a complete HIS as they still contain murine anti-
gen presenting cells or other murine myeloid cells. Conventional mouse model 
infections with rodent malaria parasites have critically contributed to our under-
standing of malarial parasite biology, pathogenesis, immunology, and have been 
important in malaria vaccine and drug discovery. However, differences between the 
genomes of the human infective and rodent infective Plasmodium species as well as 
significant divergence between the mouse and the human biology might preclude 
facile application of knowledge gleaned from traditional rodent systems to the 
design of effective interventions in the humans. 

Humanized mouse models have emerged as a critical link between traditional 
rodent models and humans. The mice will enable better examination of the factors 
critical for hepatocyte infection and liver stage development and the understanding 
of liver stage directed, infection- preventing interventions. The mice are prepared to 
greatly accelerate our perception of the immune response to human Plasmodium 
parasites and vaccine candidates as the data gleaned from these studies will more 
closely represent the immune response in humans. Next generation HIS mice for 
malaria research will likely require humanization of the liver, bone marrow, lym-
phoid compartments and human erythrocytes. BLT (bone marrow, liver and thymus) 
mice, where human foetal thymus and liver tissues are engrafted into the same 
mouse represent the most extensive humanized mouse system to date [62]. 
Combining this with huHep mice would generate the triple-humanized mouse 
sorely needed for the study of human malarial parasite infection and immunology. 
However, the high costs and technical demands will likely preclude it from being 
widely employed. Ultimately, future humanized mouse models for Plasmodium 
research will utilize the transplantation of cells to develop robust human immune 
and erythropoietic compartments and hepatocyte transplantation to ensure human 
liver chimerism (Table 1).
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Table 1 Models to study the disease prevalence [12, 13]

Sl. 
No. Models

1. IN-VITRO:
A. Isolation of cord blood mononuclear cells
B. Cultivation and differentiation of HSCs derived from CBMNs
C. Cultivation of parasites and antigen preparations
D. Stimulation of HSC-derived MNCs with malaria antigens
E. Phenotypic characterization and expression of death receptor
2. CELL LINE: (For P. falciparum and P. vivax)

Stem cell derived and HSPC derived cells:
A. Study of erythrocytes receptors
B. Study of erythroid permissiveness
C. Study of erythropoiesis impairment
D. Study the influence on erythroid transcriptomics
E. Study of reticulocyte permissiveness
F. Establishment of in-vitro culture
3. ANIMAL MODELS:
A. Anti-PE Plasmodium immunity and vaccine development: from traditional mouse 

models to human clinical trial
B. Humanized mice to model PE immunity
C. Humanized mice to model malaria BS (blood smear) infections
D. BS malaria pathology in humanized mice
E. BS malaria immunity in humanized mice

3  Future Perspective Need of Malarial Research [12, 13]

It is very clear that animal models allow for more detailed examination of multiple 
and specific pathophysiologic processes caused by malarial infection that is not pos-
sible for clinical studies through the level, scope of experimental observation and 
intervention. Using in vivo imaging in conjunction in mice expressing human recep-
tors creates a screening system for testing inhibitors that block P. falciparum cytoad-
herence. Rather using an ex-vivo two-dimensional models, the graft models showed 
the detailed examination of the interaction between parasites and the host in a three- 
dimensional model. In dissimilarity to the mouse model, the incidence of cerebral 
microvascular sequestration through cyto-adhesion in cerebral blood vessels is 
proven for these two macaque monkeys and they consequently bid an alternative for 
examining the association of parasite-specific adhesive events in the brain with dis-
ease and underlying pathogenic mechanisms. These models offer the possibility to 
use more sophisticated approaches for neuroimaging. Severe diseases in the 
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P. knowlesi rhesus model can imitate some clinical syndromes of P. falciparum 
severe disease in humans. Although it is unclear if P. knowlesi in rhesus monkeys is 
an acceptable model for HCM, from initial reports it is particular to be a model for 
human severe disease caused by this parasite. There are, however, limitations to the 
primate model since symptoms of cerebral vascular sequestration in monkeys 
infected with P. falciparum. Additionally, evaluation of the inflammatory responses 
and parasite sequestration in the placenta and foetus may provide insights into the 
role of proinflammatory cytokines in malarial placental pathology. Major constraints 
of many mouse models are the lack of a natural chronic infection. Several recent 
studies indicate that P. berghei in mice can be models to investigate malaria- 
associated lung pathology. For these models, it was felt that detailed comparisons 
between lung pathology in the rodent models and lung pathology in humans are 
required to validate their use for developing therapies and interventions. Models for 
anaemia were also considered to be important to support human clinical studies. 
However, the lack of chronic infection and the rapid possession of immunity impede 
the use of rodent models to study anaemia in chronic infection, which would be more 
reflective of severe malaria in children. However, mechanisms of disruption of bone 
marrow haematopoiesis and dyserythropoeisis can be readily investigated. Another 
important point of experimental model study was the direct injection of infected 
erythrocytes to initiate infections in the study of immune mechanisms and immuno-
pathology. However, this does not reproduce the sequence of the natural infection 
where infection starts with a mosquito bite and inoculation of sporozoites. To simu-
late host infections using variables, 1–5 days were sufficient to represent the charac-
teristic change. These theories can be categorized as host, vector, parasite, 
environment and intervention factors like hypothetical decision tree approach to 
modelling mosquito agents. At each step, the mosquitoes will check their status, 
determining their subsequent actions with probability of success. Human behaviours 
regarding intervention and treatment decisions have been simulated for both patients 
and carers. One model simulated the impact of anti-malarial use on HIV- positive 
pregnant women, including disease severity and improvements in birth weight. 

The most simulated disease aspects were gametocyte density, including fever 
simulations such as the EMOD framework modelled the egg population as a cohort 
for their progression to adulthood, and two models simulated eggs as individual 
agents. When both hosts and vectors were simulated, models focused on mosquito 
life cycles, population dynamics, physical environments and interventions for vec-
tor control. Studies investigated the impacts of infection not only on hosts, but also 
on vector behaviours, such as altered biting rates. The choice of parasite was often 
based on the dominant species in the target location. The HYDREMATS model 
details about the epidemiology. They were allowed to interplay between the physi-
cal properties of the study area and the construction of the model. For example, the 
size of grid squares was related to parameters such as typical distance moved by 
mosquitoes in one time step or larval habitat size. Conversely, the models with a 
continuous landscape were used to allow variation in the location of houses, larval 
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habitats, sugar sources and resting sites and to model the impact of different physi-
cal environments. Each object had a specified location and mosquitoes could sense 
objects within a certain circular distance, as opposed to a particular grid square. The 
Malaria Atlas Project and the Markham Seasonality index have generated methods 
to predict by combining these tools with model outputs to generate maps of esti-
mated disease burden. These models generally introduced a new modelling tech-
nique for assessing the hypothetical scenarios, as opposed to claiming accurate 
simulation of real-world situations. Calibration techniques included the use of cali-
bration vectors, least squares, maximum likelihood functions and visual estima-
tions. The validation was most performed by running a calibrated simulation and 
comparing model outputs to a dataset. Fruitful model validation was often used to 
justify extending a model framework to include interventions or to assess their 
potential impact in the location of interest. Several studies concluded that the model 
did not accurately fit the data used for validation. The greatest discrepancy was 
intervention efficacies predicted by models with in-built transmission heterogene-
ity, when compared to those with uniform transmission levels between individuals. 
The Open Malaria collection aggregated the outputs from model variants to investi-
gate interventions, such as vaccination, seasonal malaria chemoprevention, mass 
test and treatment strategies and long-lasting insecticidal nets (LLINs). One study 
predicted changes to disease outcomes and transmission upon the removal of vector 
control interventions from elimination programmes. The aggregation of model out-
puts for each parameter set was performed to reduce the uncertainty arising from 
structural differences in models. Hence, the ensemble is considered as one of the 
models and its outputs interpreted as such. Despite the varied approaches, the con-
sensus modelling largely drew consistent findings on the relationship between avail-
able malaria prevalence data and clinical incidence, on the impacts of vaccination 

and mass drug administration (MDA). 
Mathematical modelling plays an important role in malaria elimination, and 

agent-based approaches make a major contribution to these efforts. The extension of 
compartmental models to their equivalents arose from the need to understand 
malaria transmission at the individual level. The result is a rich array of model fami-
lies and simulation techniques, adapted to a range of key issues in transmission and 
control. Generally, there are three core themes which have emerged regarding justi-
fied usage. Firstly, the greater importance of stochasticity approaching elimination 
requires an alternative approach to traditional compartmental methods. Secondly, 
the attempts to eliminate local transmission require discrete population simulations 
to incorporate spatially explicit environments at increasingly fine resolutions. And 
finally, the heterogeneities in disease progression and severity on the individual 
patient level result in varying efficacy of the drug and vaccine interventions, which 
may be difficult to capture within a compartmental framework. These three argu-
ments jointly inclusive of a compartmental structure, based on averaging over a 
population, have limitations when that average does not adequately represent the 
individuals. In addressing these issues, the benefits of agent-based techniques in this 
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space are evident. Many papers in this review explicitly aimed to fill the knowledge 
gap regarding intervention use in low-transmission environments. Most projects 
provided outputs robust at multiple transmission intensities, highlighting the flexi-
bility. The HYDREMATS framework was used in multiple locations, incorporating 
environmental factors such as temperature and rainfall at different times. The Open 
Malaria models progressed from assessing the force of infection of malaria trans-
mission to estimating cost-effectiveness of a vaccination programme. Given the 
similarities of the compartmental models, the depth and flexibility of agent-based 
methods are allowing new insights into malaria transmission and prevention. Instead 
of suggesting a “gold standard” approach, it may be preferable to ensure the model 
style used is appropriate for the question at hand. Open Malaria’s early modelling 
of gametocyte densities did not use vector agents, but successfully provided insights 
into risks of fever, morbidity and mortality of patients. The EMOD models initially 
described host–vector interactions without spatial consideration but added this 
capability when required to assess interventions. Therefore, while not every model 
incorporated every aspect of malaria epidemiology, each was tailored to the research 
question at hand. Conversely, if modelling groups are considering extending their 
model frameworks, particularly to influence policy, there is potential to draw from 

the features of one another.
HYDREMATS currently includes human and mosquito agents, while the charac-

teristics of human infection are more specific in the Open Malaria simulations. 
Therefore, the time variability of individual gametocyte density, probabilities of 
fever, morbidity, mortality and the infectivity of hosts to vectors used in the Open 
Malaria framework could be adapted into HYDREMATS to more realistically rep-
licate disease transmission. However, in neither of these simulations, does it include 
human behavioural reactions to biting rates and the probabilities of successful blood 
meals. To some extent, combining the model structures across the research teams 
can be considered an extension of the use of submodules already undertaken by 
larger modelling frameworks. The HYDREMATS have successfully integrated 
detailed larval habitat and entomologic models and Open Malaria includes seven 
modules of human disease states and interventions. Modular projects such as 
HYDREMATS, EMOD and Open Malaria have provided insights into transmission 
dynamics, vector populations, disease severity and the contributors to these factors. 
Given the importance of comprehensive modelling to guide policy decisions, the 
potential for combining the strengths of validated models to enhance decision-mak-
ing capabilities could be explored. These insights include the distances between 
larval habitats and houses to effectively reduce malaria transmission and the impact 
on systematic versus random location on mosquito abundance. Alternatively, tech-
niques such as Markov chain Monte Carlo (MCMC) can search the entire parameter 
space. MCMC has already been used in malaria ensemble modelling. Approaches 
such as MCMC and approximate Bayesian computation are increasing in popularity 
as including uncertainty in model parameters (Table 2).
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Table 2 Techniques applied [12, 13]

Sl. 
No. Name of the techniques:

1 Graft models showed the detailed examination of the interaction between parasites and 
the host in a three-dimensional model

2 Cerebral microvascular sequestration through cyto-adhesion in cerebral blood vessels
3 Evaluation of the inflammatory responses and parasite sequestration in the placenta and 

foetus
4 Malaria-associated lung pathology
5 Models for anaemia
6 Mechanisms of disruption of bone marrow haematopoiesis and dyserythropoeisis
7 Direct injection of infected erythrocytes to initiate infections in the study of immune 

mechanisms and immunopathology
8 Hypothetical decision tree approach to modelling mosquito agents
9 Gametocyte density, fever Simulations such as the EMOD framework
10 HYDREMATS model
11 Models with a continuous landscape
12 Malaria Atlas Project and the Markham Seasonality Index
13 Calibration vectors, least squares, maximum likelihood functions and visual estimations
14 Open Malaria collection, vaccination, seasonal malaria chemoprevention, mass test and 

treatment strategies and long-lasting insecticidal nets
15 Mathematical modelling
16 EMOD models
17 Markov chain Monte Carlo
18 MCMC and approximate Bayesian computation

4  Conclusion

A protocol exists for the description of all the mathematical models. Beyond indi-
vidual models, ensemble modelling utilized as a mathematical tool and the gap 
analysis performed, which has originated from the animal study and later mathe-
matical models, serves as an important tool for generating robust conclusions about 
the malaria transmission.

Glossary

AAV  Adeno-associated virus
BLT  Bone marrow, liver and thymus
CSA  Chondroitin sulphate A
EMOD  Epidemiological modelling software
HCM  Human cerebral malaria
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HIS  Human immune system
huRBCs  Human red blood corpuscles
LLINs  Long-lasting insecticidal nets
MCMC  Markov chain Monte Carlo
MDA  Mass drug administration
NHP  Non-human primate
PfEMP1 P. falciparum erythrocyte membrane protein 1
WHO  World Health Organization
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Disease Models in Tuberculosis Research

Orhan E. Arslan

Abstract Animal models in general and TB animal models in particular have been 
utilized in a variety of ways to enhance diagnosis and foster preventative medicine 
and therapy. They have played a significant role in both translational and personal-
ized medicine through enhancement of multidrug-resistant TB, extrapulmonary TB, 
and hindering recurrence of the disease through effective drug and vaccine regi-
ments. Animal models are in no way identical, their diversity brings with it positive 
features and discouraging drawbacks. Thus, diversification of the animal models 
will enrich the research experience, reduces bio-safety risks, provides consistent, 
precise, and more timely experimental cycles, and ultimately broaden the appeal of 
the findings.

In spite of the advancement in the medical management systems and implemen-
tation of global policies in population health, tuberculosis (TB) remains a major 
social and health threat to mankind . The detectable increase in the number of TB 
patients worldwide and associated fatalities necessitated the use of effective tools 
for the prevention, diagnosis, and treatment. Vaccination, medical therapy, commu-
nity organization, and involvement of social and health workers are key for preven-
tion and treatment of this disease. Development of biomarkers and the tools to 
investigate the pathogenesis of the etiologic infectious agents, and translational 
medical research require utilization of novel research animal models, and assess-
ment of the clinical and epidemiological data.
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1  Introduction

Tuberculosis is a devastating contagious disease that poses major health peril to the 
world population. Prevention of the spread of tuberculosis (TB) requires a viable 
public health effort with broad implementation of anti-TB measures including med-
ical therapy and vaccination. In order to achieve the desired result in eradicating this 
disease, diagnostic biomarkers, medications, and vaccines need to be developed 
through the use of animal models. As we address this issue, the prevalence and the 
speed with which tuberculosis has been propagating, and the rising resistance to TB 
treatment must not be ignored.

In his regard, a brief discussion of various forms of tuberculosis will be helpful. 
Classification of TB is based on location of the lesions, and the developmental 
phases that the infection progresses. These categories can identify the course of the 
disease, clinical manifestations, diagnosis, and treatment as well as the animal 
model most suitable for TB research. This encompasses pulmonary, extra- 
pulmonary, latent TB infection (LTBI), and other active TB forms. Accordingly, 
investigation of pathogenesis, assessment of therapy methodologies and vaccine 
preparation for a target TB type must utilize animal models to establish a balanced 
and individualized approach [1]. Genetically engineered, and cross-collaborative 
(CC) mice can serve as means in TB’s patient-centric research. Monkey TB model 
mimics that of human beings with some inter-group variations, a fact that makes 
monkey models suitable for investigation of patient-centric medicine [2].

Although animal model for TB research can be altered and further enhanced to 
enable typical TB characteristics, the tissue of a typical TB animal model must 
steadily manifest symptoms comparable to human TB symptoms and signs, show 
identical pathological lesions, and equivalent Mycobacterium TB loads, as well as 
immunological, radiographic, and hematologic alterations [3]. The role of animal 
model in sciences basic to medicine and in the biological and translational research 
of TB has been well documented.

An in-depth understanding of the mechanism of infection, immune response 
associated with the host–bacteria inter-relationships, and the limitations posed by 
TB experimental research must be established in order to move forward in the 
development of unique therapeutic methodologies and vaccines. Experiments that 
imitate human pathophysiology have been the focus of recent TB research that 
acquire lung-on-chip cultures and ends up creating lung organoids from healthy or 
patient donors. We will attempt to discuss the animal models of TB at cellular lev-
els, investigate the potential application of pulmonary organoids, the drawbacks of 
experimental research, document the pros and cons of the currently utilized models, 
and the use of in vitro 3D models.

The importance of animal models in TB research, particularly in translational 
and basic medicine as well as in the study of biology of TB are visible in the con-
siderable number of research publications and recorded data on the subject 
matter [4].
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Several animal models have been proposed and used and their characteristics 
were verified. Because of the variations in inoculation methodologies of 
Mycobacterium TB and differences in the morphologic, histologic, and immuno-
logic aspects of these models, a clear understanding of the comparative anatomy 
and structural organization of animal model must be achieved. In addition the vari-
ability that exists among animal models within a group has undoubtedly added a 
degree of complexity to uniform assessment of research data. Significant differ-
ences among animals at the cellular and molecular levels combined with the above 
challenges necessitated a standardized methodology to induce infection, use of 
immunologic reagents and selection of animal model that exhibits human-like clini-
cal symptoms. Through these standard activities, TB-based research become pre-
cise, accurate, and produced applicable data that can be used to develop treatment 
regimens and TB vaccines. Data indicate that no single research tool or model will 
address the emerging challenges of TB research. We are hereby attempting to under-
score the pros and cons of the current animal and cell-based culture and the poten-
tial role of lung organoids in TB research.

Tuberculosis (TB) is the leading cause of death, afflicting annually millions of 
people worldwide with an estimated one-third of world population living with the 
latent phase of this disease. In addition to human casualties, TB’s economic impact 
remains over 0.5% of the total global gross national product [5]. In view of these 
facts, World Health Organization (WHO) considered an urgent path which targets a 
90% reduction in the incidence of TB by the next decade [6]. To achieve this dra-
matic outcome, a massive effort is required to lower the annual TB incidence from 
one-fifth to fractions [7, 8].

The areas considered critical in this effort encompass enhanced diagnostic 
means, effective therapy alternatives, and development of innovative vaccines. For 
this, three areas in TB research are generally accepted as critical: development of 
innovative vaccines, improved diagnostic tools, and effective treatment alternative 
[8, 9]. To succeed in these tactics, innovative approaches, notably the establishment 
of well-suited experimental models for TB research study are required [10]. To that 
end an evaluation of various experimental approaches implemented in TB research 
including in vivo models and human cell culture. The focus will be on the most 
recent advancement recorded in  vitro 3D models and the possible role of lung 
organoids in the investigation of host–pathogen interactions and immune reagents 
during Mycobacterium tuberculosis infection [11, 12].

2  Experimental Models in Tuberculosis Research

Various animal models are utilized in TB research ranging from nonhuman primates 
(NHPs) to zebrafish [13, 14]. A review of the number of publications compiled in 
relation to type of animal model in TB research, mouse appears to represent the 
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predominant model followed by guinea pig and to a lesser extent by rabbit model. 
While zebrafish and non-human primates shared the least research data.

As you will see below a number of animal species have been put into use as a 
model for TB infection, including rhesus monkey, guinea pigs, rabbits, mice, zebraf-
ish, and guinea pigs. Not all models exhibit identical features, as individual models 
may or may not mimic one or more features of human TB, including clinical symptoms 
and signs, level of Mycobacterium TB load in the affected organ, immunologic 
loads, pathological changes, disease development and course as well as immuno-
logical constraints [15]. Rhesus monkey model mimics the clinical signs of a 
TB-infected human and the associated granulomatous lesions, and thus serves as an 
excellent model for TB pathogenesis research. Anti-TB vaccine research is well 
suited for guinea pig model because of the robust immune response elicited to TB 
infection. Similarly, mouse model serves well in the research of anti-TB drug’s 
efficacy of active TB infection because of the uniformity of bacterial load and 
pathogenesis.

TB can assume active and latent forms of infection. An active TB is further clas-
sified into primary, blood disseminated, and secondary tuberculosis. To replicate 
human TB, all characteristics of TB must be reproduced in various animal TB mod-
els and meet specific research criteria. This may not always be possible in view of 
the fact that a TB animal model cannot manifest all types of TB [16, 17].

As discussed earlier, currently used mouse models fail to mimic human immune 
reaction to TB. To overcome this major disadvantage, humanized mice are used in 
studies through the reorganization of immunocompromised mice with human 
hematopoietic cells [18]. Humanized mice result from transplanting Human 
Leukocyte Antigen (HLA)-restricted cells into the animal model. Characteristics of 
human TB pathology, such as granulomatous lesions, lung cavitation, bronchial 
obstruction, and caseous necrosis are mimicked by infection of humanized mice 
with M. tuberculosis [19]. Aside from exhibiting typical human pathology listed 
above, T-cell exhibited abnormal responses combined with compromised control of 
bacterial infection [20].

Corollary to this, humanized mice demonstrated innate and adaptive immune 
responses, producing antigen-specific T-cell responses to mycobacterial infection.

Humanized immune response through the mouse model of TB infection can also 
be achieved by infecting transgenic mice expressing human cluster designation 
1(CD1). Reviewing published data indicate that humanized mice are a good tool to 
study HIV/TB infection [21]. Further work must be planned in order to optimize the 
efficacy of mice model in TB research.

Certain strain of mice used in the evaluation of anti-TB medications and vaccines 
can determine the role of genes in TB infection and investigation of the mechanisms 
of TB immune response. The tail vein of H37RV used to inoculate active TB infec-
tion via multidrug-resistant Mycobacterium TB (MDR).

Research data support the fact that mice are preferred model animals for several 
reasons, such as access to immunologically based tools for mice, existence of 
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genetically engineered mice strains, the small size and the cost-effectiveness of 
maintaining mice in a small space within laboratory settings [22]. Several other 
advantages were reported including suitability for HIV and TB co-infection [21]. 
While other investigators affirmed that genetically modified mice are suitable for 
the investigation of the role of proteins and genes in TB infection. Cost-effectiveness, 
convenient operability, unusually small size and abundance of immune reagent with 
clear genetic background are additional pros of this model.

While many positive immune system-related factors that favor the use of this 
animal strain exist, there are also equally important issues that hamper the use of 
this model of infection and limit research of TB pathogenesis. Unlike a human 
patient, the mouse does not serve as a natural host for M. tuberculosis and fails to 
present lung cavitation, an important feature for disease transmission in humans 
[23], which is absent in commonly used mouse strains. The impact of genetic varia-
tion is evident in the tissue necrosis caused by Mycobacterium TB infection in 
mouse strains. The genetic variation in mouse strains appears in the susceptibility to 
TB infection and the efficacy of vaccination by Bacillus Calmette-Guerin (BCG) 
[24]. Research data appear to correlate with the mouse strains and diverse experi-
mental end points. Variable findings are attributed to the dose, method of inocula-
tion of M. tuberculosis, and the mouse genetic makeup [25].

Zhan et al. reported the use of certain strains for spontaneous latent TB infection 
model. Nuermberger et al. [26] reported a “modified latent TB Infection” model 
following medication therapy and vaccination. Zhang et al. [27] stated that through 
the use of this model mild granulomas are produced in the lungs, spleen, and liver, 
and the Mycobacterium TB maintained a low level during the latent phase, but 
showed dramatic surge when the infection relapsed. However, absence of infection 
recurrence predictors combined with an unusually high level of bacterial loads at 
latency stage, and the distinct variation observed within a group regarding level of 
relapse and length of latency have limited the efficacy of this model. In view of the 
above findings, the role of latent and modified latent TB infection model helped in 
the development of anti-TB drugs and opened the door for further research to limit 
the incubation period of Mycobacterium TB.

Guinea pig and rabbit are used to overcome the limitations posed by the use of 
mice model, particularly as it relates to humanized granulomas, a typical lung lesion 
in M. tuberculosis infection. But a clear difficulty still exists in maintaining these 
species in the laboratory environment and explore the immune system in these mod-
els [28].

Hartz guinea pig has been used as a model for active TB infection by subcutane-
ously inoculating H37Rv 103–105 CFU for assessing the safety and efficacy of vac-
cines, primary immunity, anti-TB drugs, pathological response of host, 
Mycobacterium TB coevolution in vivo. Researchers were able to determine that 
this model is more vulnerable to TB and capable of developing miliary caseous 
necrotic lesions in the lung, spleen, and liver, which are remarkably similar to that 
of humans. Yet, this model does not exhibit clinical manifestations of TB nor can 
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spontaneously produce latent infection and more importantly remains devoid of 
immunologic reagents essential for gene sequencing.

TB infection of New Zealand rabbit via spinal punching has also been used, 
since it presents liquefactive necrotic granulomatous lesions with cavitation in the 
meninges, vertebral column, skin, and pulmonary system and serves as the best 
model for TB transmission, bone TB treatment, and in the diagnosis of skin and 
meningeal TB, which are rare.

Rabbit’s susceptibility to TB is clearly less than guinea pig and higher than mice, 
but absence of clinical manifestations and related immune reagent is a major draw-
back. Yet, it remains a model of choice for research on diagnosis and treatment of 
TB of the joints, spine, and cavities. Macaque/Rhesus monkey use as a model 
enables TB infection to be inoculated via bronchoscopy and presents a disease 
course and progression of latent and active TB Infection that mimic characteristics 
of human TB [29]. Among these characteristics are the Langerhans giant cells that 
are similar to that of human granulomatous lesions. A unique feature of this model 
is the clinical manifestations that are identical to the human version of the disease 
including, fever, dyspnea, cough, exhaustion, weakness, and depression. It presents 
TB lesions in the pulmonary and extrapulmonary structures, such as the liver, 
spleen, CNS, osseous structures, and kidney. This model appears to serve well in the 
establishment of treatment strategies, evaluation of specific medications and vac-
cine TB and in determining the immunological and pathological response of the 
animal model and in vivo Mycobacterium TB coevolution. Utilization of this model 
has certain limitations including difficulty obtaining transgenic monkeys, scarcity 
of immune reagents for specific TB genes, and the need for a large number of ani-
mals with associated cost and space requirement. Similarly, research of the efficacy 
of anti TB medications and related vaccine affected by the variability encountered 
within a group of animal models.

Genetic variation among monkey TB models is similar to human population, 
accounting for the differences observed among individual models. Similarity to 
human is a positive finding, but at the same time limits the ability to present a con-
sistent response to Mycobacterium TB strain, a characteristic seen in multidrug- 
resistant TB (MDR TB). To acquire an optimum active TB model with consistent 
course, inoculation dose of Mycobacterium TB must be increased. Unlike latent 
infection of guinea pig or mouse where moderate doses or administration of immu-
nosuppressant drugs can achieve similar results. Timely intervention and enhance-
ment of Mycobacterium TB inoculation dose are additional measures that optimize 
the use of monkey as a research model, which provides stability and lowers recur-
rence. Cluver et al. recommends that lower doses of less-virulent strains are inocu-
lated to reproduce TB symptoms and lesions in monkeys [30].

For TB-induced pleural effusion and active TB, Chinese tree shrew has been 
used as a model and Mycobacterium TB is introduced through caudal and inguinal 
veins. This model is suitable for the study of the mechanism of TB infection through 
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the application of transcriptomics and proteomics. Infected animal model shows 
grossly visible TB lesions and granulomas in the pleural, peritoneum, cerebellum, 
lung, kidneys, skin, and the vertebral column. Despite the steady and consistent 
infection methodologies, granulomas lack caseous necrosis and Langerhans cells. 
Infected animal exhibits hypokinesia, low grade fever, and weight loss, but without 
distinct clinical symptoms. This model allows investigation of the treatment meth-
odologies of the cutaneous, pulmonary, and pleural TB as well as Mycobacterium 
TB pathogenesis, but hindered by the inability to identify immunologic reagents that 
annotate the genomic map.

A strain of Wistar rat model is utilized to induce latent (LTBI) and active tuber-
culosis infections through tracheostomy [31]. It allows the investigation of the 
characteristics of dormant phase of the Mycobacterium tuberculosis. Infection of 
this model induces the formation of granulomatous pulmonary lesions that harbor 
polymorphonuclear neutrophils and macrophages. This animal strain is cost-effective, 
but more resistant to infection than mice models. The makeup of tuberculosis-
related genes, the mechanism of action, metabolism, toxic effects, and effectiveness 
of anti-tuberculosis drugs can be studied through this animal model. Despite the 
positive attributes, granulomatous lesions do not mimic that of human version of 
tuberculosis, exhibiting much higher level of bacterial load particularly in latent 
infection.

Another model used for bovine TB infection is the castrated Friesian-cross calf. 
In 2007, investigators reported lesions in the lower respiratory tract, mediastinal 
lymph nodes, and lung lobes with positive Mycobacterium TB culture in this infected 
model. Plattner et  al. also indicated that fetal bovine model is ideal for immune 
research and that the difference in host response to anti-TB medication is attributed 
to the variation in the Gamma delta T (γδT0) cells in early granuloma. It has been 
proven as an ideal model for determining TB susceptible genes, immune reaction, 
the protective role of vaccines, and in determining immune response mecha-
nism of TB.

The structural organization of granulomas in this model, whether intact or rup-
tured, shows major differences from that of human. Examination of intact granulo-
matous lesions reveal Langerhans giant cells and epithelial cells encircling a central

necrotic cavitation that contains the granuloma. On the other hand, ruptured 
granulomas exhibit structural characteristics in the early phase that are different 
from that of that of the late stage of infection. While lymphocytes, plasma cells, and 
macrophages make up the early phase of loose granuloma; the majority of epithelial 
cell-surrounded scattered granulomas are WC1 (Gamma delta or T19) cells. Gamma 
cells are concentrated around necrotic or mineral deposit containing center. Adult 
zebrafish and larvae utilized as a model for latent Mycobacterium TB marinum 
infection and associated granulomatous lesions receive inoculation via the caudal 
vein [32, 33].

As a fast-breeding model, zebrafish provides additional advantages including 
easy accessibility, small size, and limited space requirement. It can serve as a model 
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for research on TB innate immunity in larvae and for both innate and acquired 
immunity in the adult zebrafish. It is a suitable model for bacterial virulence and 
susceptibility research as well as for the assessment of toxic effects and efficacy of 
anti-TB medications. This model, which is used for the study of the dynamics that 
govern the development of granuloma, shows a transparent body and offers addi-
tional advantage in the ability to examine the Mycobacterium marinum interaction 
with the host.

Both adult and larval zebrafish models are used for the study of the mechanisms 
of the disease. Certain genetic mutations within this model produce different pheno-
types in juvenile when compared with adult zebrafish. Adjusting the dosage of bac-
terial infection can serve in the development of various types of infection including 
active, chronic, and latent TB infection models. Because of the shorter cycle of 
replication and research intervals, biological safety risk of Mycobacterium marinum 
does not exist. Another advantage of this model is the exceedingly early develop-
ment of post-infection of granuloma.

The International Conference on Harmonization (ICH) developed guidelines that 
help researchers in experimental research studies on animal models. This guidance 
was developed within a specialized working group of the International Conference 
on Harmonization (ICH) to establish the technical requirements for registration of 
pharmaceuticals for human utilization, safety pharmacology, exploratory clinical 
trials, reproductive toxicity as well as combination drug toxicity testing.

The complex nature, the diverse issues addressed, and broader scope of the ele-
ments within this guidance have necessitated revisions and periodic modifications. 
The guidance was subjected to rigorous approval processes at various phases (Step 
1-Step 4) and has finally received endorsement by the ICH Steering Committee and 
the final draft was recommended for adoption by the regulatory bodies of the 
European Union, Japan, and the United States.

ICH guidance mirrors the Food and Drug Administration’s (FDA’s) current 
viewpoint on the use of animal models to develop drugs for human use. However, it 
does not grant specific rights nor establishes binding commitment of the FDA or the 
public and do not establish legally enforceable responsibilities. It should be viewed 
only as proposals and not to be construed as mandatory requirements, unless spe-
cific regulatory or statutory requirements are quoted.

FDA’s compliance program provides directions for the assessment of nonclinical 
laboratories engaged in specific studies that define the animal model in which the 
efficacy of an investigational drug or biological product will be evaluated. It also 
addresses controlled animal efficacy studies designed to provide indication on the 
effectiveness to support the pharmacokinetic and/or pharmacodynamic experiments 
in animals used to determine the dose and regimen in humans. Inspections of these 
studies were conducted to authenticate, to the extent possible, the value and 
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integrity of the data contained in the final reports of the specific research studies 
submitted to FDA.  Further the FDA in collaboration with the Clinical Data 
Interchange Standards Consortium was able to develop electronic data standards to 
assess the studies conducted on animals.

Research on immune cells and molecules remains a challenging task due to the 
fact that specific antibodies and immunological reagents are missing in the zebrafish 
model. As a result, sequencing and use of transcriptome remain the sole method for 
immune response research. Although infection with Mycobacterium marinum strain 
remains effective, use of standard strain H37Rv for the same purpose may not via-
ble. Inability to present clinical symptoms that mimic human TB, as seen in other 
models, is a clear disadvantage in the use of this model. Despite the similarity of 
amino acid homologue of intracellular survival mechanisms of Mycobacterium TB 
and Mycobacterium marinum, reciprocal replacement of the intracellular survival 
mechanisms is not possible. This an additional drawback of this animal model. The 
zebrafish model is considered a favorite research tool because of the common cel-
lular and molecular characteristics associated with M. marinum and Mycobacterium 
TB infections although some differences persist between these two types of infec-
tions [34].

The study of the adult zebrafish vs. larvae serves different, but parallel, purposes 
in TB research. Optical transparency of the zebrafish embryos permits the use of 
advanced imaging techniques. Similarly, the ease with which genetic manipulation 
of zebrafish occurs would facilitate exploration of the molecular features of TB 
infection. Further zebrafish larva infected with Mycobacterium marinum shows 
some resemblances to Mycobacterium TB. When it comes to the late stages of TB 
infection, adult zebrafish will be the model of choice for TB research. Although the 
physiological gap between zebrafish and humans is enormous, which inevitably 
imposes some limitations to the use of this model.

3  Characteristics and Area of Utilization of Tuberculosis 
(TB) Animal Models
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4  Discussion

A number of challenges have risen in TB research that rendered diagnostic, thera-
peutic, and preventative measures of limited effect, but at the same time opened the 
horizon for further research utilizing live animal models. There is a long list of bar-
riers, which seem to impede TB research including complexity of TB pathogenesis, 
lack of effective vaccine, brief therapy interval, and lack of diagnostic biomarkers 
combined with diagnostic failures. Additionally, multidrug resistance (MDR), 
latent-relapse, extra-pulmonary tuberculosis, and necessity of individualized treat-
ment methodologies challenge the progress of the research in this field.

In order to detect TB, experimental animal model must be in an active-latent- 
relapse stage so that the developed biomarkers, such as immune cells, cytokines, 
and chemokines are detected in urine and blood for both Mycobacterium TB and 
animal model. The importance of early diagnosis of TB plays a key role in limiting 
TB spread. The traditional methods of TB diagnosis rely on locating the 
Mycobacterium tuberculosis in sputum culture obtained from necrotic tissue of the 
respiratory tract of affected patient, and on the findings of X-ray/Computed 
Tomography (CT), tuberculin skin test, along with patient’s symptoms. Because of 
the delay experienced in obtaining the results from sputum test, and the fact that not 
all active TB patients present positive sputum test renders the use of this diagnostic 
tool of limited value. For instance, pediatric patients, diabetics, patients with com-
bined HIV-TB infection or extra-pulmonary TB, are some examples where sputum 
cannot be used for the diagnosis of TB. Thus, it is not a universally applicable test.

Several additional diagnostic approaches and specimens are used, such as ELISA 
(Enzyme-Linked Immuno Sorbent Assay, cytokines such as IP10\VEGF\HO-1 in 
serum, ELISPOT (Enzyme-Linked Immunospot Assay), Mycobacterium TB DNA, 
Ag85 complex, LAM (lipoarabinomannan) a cell wall component of Mycobacterium 
TB in blood or urine; transcriptomic or metabolomic signatures; and phenotypes of 
PBMC detected by FACS (Fluorescence Activated Cell Sorting). However, the 
value of these tests remains questionable because of the low sensitivity, inconstant 
performance results, complexity, and prohibitive cost. While the results of the spe-
cific laboratory tests on blood and urine Ag85 showed remarkable variation in per-
formance, urine LAM detection maintained reduced sensitivity. Prohibitive cost and 
complexity of transcriptional profiles make the routine use of this diagnostic test, in 
epidemic areas of TB an unfeasible task. Thus, a cost-effective operation, and 
extremely sensitive application tools with rapid detection results are needed in TB 
epidemic areas where opportunities to conduct experiments is not always possi-
ble [35].

Comparison of latent and active TB infection in the mouse and monkey enables 
identification of biomarkers. However, granulomas become visible by the third 
week in the monkey following infection using positron emission tomography. 
Similarly detectable changes in erythrocyte sedimentation rate (ESR) occur over a 
long period of time after infection. Findings from sputum or fluid culture obtained 
from bronchial alveolar lavage fail to show concrete evidence of latent and active 

O. E. Arslan



209

TB infection. In mouse, weeks have to pass after infection to uncover immunologic 
response. Therefore, when developing vaccines, biomarkers can predict TB relapse, 
and aid in establishing immune response that enhance vaccine research and its 
translation from an animal model to human. In view of the fact that Bacillus 
Calmette-Guérin vaccine (BCG) vaccine is primarily effective in preventing pediat-
ric tuberculous meningitis, development of a new and universally effective vaccine 
is needed.

Newly developed vaccines are introduced using animal models with initial suc-
cess. A prominent candidate in this group was MVA85A, which appeared to address 
the fundamentals issues associated with BCG vaccine. However, further testing and 
findings of Phase III clinical study proved to be tenuous [36]. Early diagnosis and 
vaccine efficacy necessitate tools that assess biomarkers and immune cells in vari-
ous stages of TB infection.

Treatment methodologies of TB can range from few months to 2  years. This 
variation emanates from the type of TB, such as acute phase, chronic, or latent TB, 
and whether the patient is subjected to pretreatment. Furthermore, the use of con-
ventional anti TB drugs or immunotherapy plays a role in the duration of treatment.

Documented data show successful outcome from efforts directed at shortening 
the treatment plan to few months. Efficient and shorter treatment duration with neg-
ligible drawbacks can be achieved through the use of animal models.

Investigators report success in the use of chronic or latent TB infection models in 
the evaluation of immunotherapy that targets the affected animal model. Corollary 
to this, active TB in the acute phase can be utilized to assess chemotherapeutic 
agents. The administration of Vitamin D or ganoderma lucidum (an enzyme secreted 
by white fungi) prior to standard therapy proved to be effective in latent TB models 
but not with active acute stage TB. The type of drug to be assessed determines the 
animal models used.

The serious economic damage and the danger to public health associated with 
the protracted treatment of Multidrug resistant TB and the low recovery rate require 
innovative approaches to establish fast and cost-effective diagnostic results that 
enhance good prognosis. Here the role of MDR TB animal models becomes signifi-
cant in developing methods and regimens that optimize the process, but this would 
not be an easy task given the lack of active or latent infection MDR TB animal 
model [37]. The use of latent-relapse TB in the monkey, mouse, rat, and rabbit mod-
els seems to present the answer to the challenges associated with early diagnosis 
and relapse prevention of latent TB in human.

Although mouse is the most commonly utilized animal model among the above 
group and the LTB infection in the mouse can be determined at the time of inocula-
tion, the high bacterial load during the latent phase, fluctuating latent period, level 
of relapse, and variable starting time-points limit the efficacy of this experimen-
tal model.

Unlike mouse strain, the monkey LTBI model is best utilized during relapse 
phase. However, the unusual length of the latent phase and the variation observed 
within groups rendered the utilization of this model in research of questionable 
value [38]. Extrapulmonary Tuberculosis (EPTB) as the name implies produces 
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lesions outside the respiratory tract including the lymph nodes, meninges, and osse-
ous structures. Development of EPTB and transformation from latent TB to active 
form are closely related to stress factors including administration of immune ther-
apy, aging, and exposure to other infectious agents, such as HIV, and associated 
with poor prognosis and high morbidity. A distinguishing feature of EPTB is that 
sputum culture is not attainable, but samples can be obtained from lesions and body 
fluids would help in reaching a diagnosis. Since the duration of EPTB treatment is 
longer and less effective than comparable treatment regimens, surgery combined 
with chemotherapy present a stronger alternative methodology for treatment, par-
ticularly with bone TB.

The fact that EPTB tissue examination is regulalrly performed in humans with 
biomarkers of Mycobacterium TB, allows possible use of animal models, for the 
same purpopse, an important factor to consider in the development of efficient, 
accurate, and cost-effective diagnostic methods. Because of the extensive structural 
involvement in EPTB and the vague nature of the clinical presentations, diagnosis 
and treatment of EPTB remain challenging and will continue to present major haz-
ard to community health.

Several fundamental criteria have been established in the assessment of animal 
TB research model for drug and vaccine development. Among these standards are 
the pathological lesions in the pulmonary and extrapulmonary structures, bacterial 
load in affected organs, assessment of the clinical signs and symptoms, and deter-
mination of immune response to infection as well as radiographic findings. In view 
of biosafety challenges, it may take a minimum of 6–8 weeks to conduct research 
assessing drug therapy and vaccine efficacy using experimental animal models, a 
factor that impedes drug and vaccine research. However, the process of assessment 
of the infected models can be dramatically shortened by the administration of higher 
doses of inoculant and by the use of more receptive strains of mice models, such as 
TNF-α or IFN-γ knockout mice [39]. With these modifications the speed of the 
process could exceed that of the mice strain C57BL/6 or BALB/c. In order to main-
tain optimum utilization, achieve high sensitivity and safety margins in detection, 
the application of tracer techniques on laboratory animals may be necessary. These 
approaches enhance the bacterial load and distribution, enabling proper monitoring 
of lesions in affected organs. Establishment of a latency infection and relapse 
through the administration of immunotherapy. may elicit variable responses among 
models within the same group.

Among the challenges that face the establishment of models that address latency- 
recurrence infection are lack of consistency in replication of infection and the time 
needed to accomplish process. Further, amplification of latency period, difficulty 
sustaining a stable progress of the disease, and the lack of predictive TB biomarkers 
regarding long-term recurrence of the disease are equally valid disadvantages. Thus, 
lessening the latency period and keeping consistent progress toward latency and 
recurrence can overcome some of the challenges and improve the outcome of the 
infected model.

Using certain mice strains prone to infection with TB, such as such as C3HeB/
FeJ, and TNF-α or IFN-γ-knockout after immunization or treatment with anti-TB 
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drugs or collaborative cross (CC) mice strain have shown success in shortening the 
cycle and achieving consistent and stable latency-relapse phase.

Administration of specific immune system suppressants such as TNF-α antibod-
ies, gamma irradiation or specific hormone can hasten a consistent relapse with 
reasonable level of Mycobacterium TB organ load and provides a viable statistical 
data with minimal variation in group. Imaging techniques also play an important 
role in the early detection of the recurrence phase and in this manner shorten the 
monitoring latency course of action.

In order to study the drug-resistant (DR) animal models and rapidly assess the 
efficacy of individual drugs or drug combinations, animal models must be inocu-
lated with a high-virulent drug-resistant Mycobacterium TB and drug-resistant 
mutations with common resistant phenotype and genotype. Less-virulent 
Mycobacterium TB strains best suit the research on pathogenesis and immune 
mechanism [40]. Reported screening of inoculated animal model with less-virulent 
drug-resistant strains indicates failure to evoke drug-resistant latency, active TB 
models or latency or latency-relapse TB mode.

Currently steady assessment of large samples of infected lesions obtained from 
multiple lesions of TB animal models at different time intervals continues, which 
necessitates innovative approaches to rectify the evaluation process of animal mod-
els. Variations among groups of models and presence of bio-safety risks make this 
process cumbersome, lengthy, and logistically unfeasible. It has been suggested that 
in vivo monitoring methodologies are particularly useful in ascertaining the site and 
level of organ load of TB pathogen.

18F-fluorodeoxyglucose (FDG) PET/CT, a common method used for the diag-
nosis, staging, and therapy of cancer appears to be also invaluable in determining 
early stages of infectious diseases including TB. The outcome of this application in 
TB infection is correlated with robustness of the immune system of the animal 
model, as a weakened system produces a blurred image that curtails the monitoring 
process, early detection, and bacterial organ load determination.

The utility of Green Fluorescence Protein (GFP) in in-vivo detection of the lesion 
sites and level of organ bacterial load used in the diagnosis of latent infection remain 
uncertain, and may require structural modification of GFP. As the search for new 
biomarkers continues, FDG-PET/CT and fluorescent-labeling is employed to boost 
accuracy of detection of TB infection and provide a workable, quick assessment of 
drug efficacy in EPTB models.

5  Conclusions

For the purpose of maximizing accuracy and reliability in detection innovative 
approaches should be employed when animal models for TB are considered. These 
measures must also focus on reducing systematic errors through regular monitoring, 
minimize uncoordinated and untimely testing of animal models, and reduce bio-
safety risk for researchers and staff. Among the most positive developments in the 
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diagnostic path is the employment of PET-CT for imaging lesions and the associ-
ated bacterial population. We should not ignore the role of gene-manipulation tech-
nologies that can modify or delete genes through CRISPR-Cas9 or other advanced 
approaches in the mice, rats, and monkeys in exploring the effects of genes and 
proteins on the mechanisms of therapy and vaccine plans. Depending on the specific 
purposes, such as prime immunization, prime-boost immunization, and therapeutic 
vaccine evaluation, multiple TB animal models need to be utilized. For a systematic 
study of the diagnosis and mechanism of therapy of TB recurrence, a monkey model 
may be utilized, and in vivo monitoring methodologies applied to achieve personal-
ized medical research.

A gene-knockout mouse TB model with virulent and/or attenuated strains can be 
used for fast evaluation of drug efficacy and assessment of immune agents, respec-
tively. For drug and vaccine assessment, attention must be directed toward models 
with rapidly advancing TB, using IFN-γ or TNF-α knockout mice with active TB 
than wild-type infected TB mice. Assessment of drugs and vaccines of a latency- 
recurrence TB model might benefit from utilization of TNF-α KO mice. Similarly 
latent-relapse monkey model can be developed with the administration of TNF-α 
antibody.
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Disease Models in Viral Research

Tapas Kumar Roy, Sandipan Dasgupta, Arnab Roy, and Bhaskar Mazumder

Abstract Viral diseases have become a constant threat to human population as the 
rise of exposure to viruses like Dengue, Measles, Chikungunya, Influenza, SARS- 
CoV- 2, Zika, and Ebola increased. To tackle this emerging problem, it is important 
to investigate the pathogenesis and immune responses by implementing various ani-
mal models. Animal models are also utilized in identifying newer drug targets, 
evaluating efficacy and potential toxicity of new drug and vaccine candidates. 
Furthermore, no single animal model can mimic all clinical manifestations of the 
human disease; understanding the lacunas of available models helps in choosing the 
model for a particular experiment. In this chapter, we cover the animal models, 
which include nonhuman primates, rodents used for various viral diseases and 
shows the areas where there is gap in knowledge.
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1  Introduction

Animal models are necessary to understand disease progression, pathogenesis, and 
immunologic responses to viral infections in humans. A good animal model of viral 
disease should mimic the host defense mechanism and disease progression. As per 
the protocol mentioned by “FDA animal efficacy rule” the models should have the 
same receptors as those present in humans and should develop the same symptoms 
observed in humans. For the evaluation of efficacy and potential risks of new anti-
viral drugs and vaccines, small animal models are widely used in preclinical phase. 
Large animal models like nonhuman primate (NHP) models are used for more 
detailed characterization of disease pathogenesis. All laboratory animal models, 
from mice and hamsters to ferrets and NHPs, are important for understanding the 
disease mechanisms. In this manuscript, we summarize the animal models used to 
study the different types of viral pathogenesis along with their advantages and 
disadvantages.

2  Animal Models

Developing experimental animal models of dengue virus (DV) infection has been a 
struggle for the researchers since nonhuman species are unaffected with DV epi-
demic. There exist various animal models, which have its own merits and demerits 
and are distinctively used for studies pertaining to pathogenesis of dengue, immu-
nopathogenesis, and/or preclinical studies of different drug candidates and vaccines 
to combat DV infection, which will be discussed in the upcoming sections.

2.1  Nonhuman Primate Models

The physiological, genetic, and immunological characteristics of NHPs are compa-
rable to those of humans, making it a good experimental model for dengue virus 
(DENV) infection. The very first study on dengue pathogenesis was done on Rhesus 
macaque (Macaca mulatta) by administering defibrinated blood from dengue 
patients through subcutaneous or intravenous route [50]. Furthermore, other NHPs 
such as the squirrel monkeys (Saimiri sciureus), white face monkeys (Cebus capuci-
nus), Aotus monkeys, black spider monkeys (Ateles fusciceps), howler monkeys 
(Alouatta palliata), cotton-top marmosets (Marikini geoffroyi), Saimiri monkeys, 
red spider monkeys (Ateles geoffroyi), and marmosets (Callithrix jacchus) has been 
extensively used as models in pathogenesis and immunopathogenesis studies of 
dengue [72]. Used for pathogenesis studies.

Animals infected with 104–106 PFU of DENV are thought to mimic the inoculum 
found in a mosquito bite. NHPs can maintain viral replication after subcutaneous 
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(s.c.) inoculation with 105 PFU of DENV even so, lower replication of virus is 
observed compared to humans, only affects the lymphatic abundant tissues and 
characterized by lymphadenopathy, lymphocytosis, and leukopenia [61]. 
Surprisingly, cyclophosphamide, an alkylating agent and immunosuppressive medi-
cation can be used that predominantly affects proliferative cells along with lympho-
cytopenia, allowed DENV infiltration of monocytes in Rhesus monkeys to be 
maintained for longer time interval [62]. After s.c. DENV infection, several Rhesus 
macaques had decreased platelet counts, however other significant clinical symp-
toms were absent [37]. Dengue haemorrhage was observed in Rhesus macaques 
treated intravenously with a high dosage of dengue virus [77]. Moreover, human 
dengue symptoms such as leukopenia, thrombocytopenia, and liver damage have 
been observed in marmosets [76]. However, there are still several other experimen-
tal constraints towards using NHPs, including the significant expense, trouble 
acquiring huge quantity of animals, and lack of consistency in clinical symptoms 
observed among patients. All these investigations might pave the way for more 
pathophysiologic research and treatment approaches for dengue.

2.1.1  Used for Immunopathogenesis Studies

NHPs may not show classic symptoms of infection, but they often generate an anti-
body (Ab) immunological response that is similar to those observed in individuals 
affected with DENV infection [61]. Each one of the four DENV serogroups causes 
a wide cross-reacting Ab and T cell response internally; however, the majority of the 
response is directed towards the pathogenic serogroup [2, 7]. Recurrent exposures 
caused a cross-reactive response in NHPs, having the highest reported Ab titers 
aimed towards the predominant pathogenic serogroup [46]. In NHPs, viremia rises 
after a subsequent DENV infection, implying that Ab-dependent enhancement 
(ADE) may boost viral burden via cross-reactive Abs. In Rhesus macaques, viremia 
rose from 3- to 100-fold after passively transferring anti-DENV monoclonal Ab 
1A5 preceding DENV infection, despite no indications of sickness [32]. In NHP 
existing models, T cell responses are not so well defined. Another study found that 
DENV infection stimulates the production of proinflammatory cytokines, including 
interleukin-6 (IL-6) and interleukin-8 (IL-8). Additionally, DENV infection induces 
the production of two other proinflammatory cytokines, tumor necrosis factor (TNF) 
and monocyte chemotactic protein-1 (MCP-1). These cytokines can lead to inflam-
mation and tissue damage in the affected area, which can contribute to the develop-
ment of DHF and DSS. Moreover, an increased level of these cytokines has been 
associated with severe dengue cases, suggesting that they may play a role in the 
pathogenesis of DHF/DSS [70, 95]. In conclusion, whereas NHP models exhibit 
high viremia, experimental animals do not exhibit plasma leakage or symptoms 
similar to DSS or DHF, which limits their usefulness in immunopathogenesis and 
pathogenesis studies.
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2.2  Rodent Models

Many attempts were undertaken in the past years to develop rodent models which 
matches with the clinical DENV infection to solve the shortcomings that the virus 
cannot multiply efficiently within the cells of rodents. Inbred mouse models reduce 
experimental heterogeneity, while genetically modified mouse models allow some 
features of dengue clinical symptoms to be replicated. The innate resistance of mice 
to DENV could be countered by using mouse-adapted strains and/or various route 
of administration techniques, making rodents an appealing model for dengue study.

2.2.1  Suckling Mice Model

Suckling mice model are the most preliminary animal models to be explored in the 
dengue research. DENV-induced encephalitis and paralysis were observed in this 
model of intracranial inoculation with the full-length dengue-2 viral RNA tran-
script, a type of illness that affects the central nervous system which is uncommon 
in case of infection in humans [53]. Several researchers used the ICR (Institute of 
Cancer Research strain) suckling mouse model to assess antiviral and vaccination 
efficiency based on the clinical severity and survivability scores, along with viral 
load decline in brain tissue [52]. However, because of DENV’s modified tropism to 
preferentially infiltrate brain due to the presence of blood brain barrier along with 
rare route of administration of the virus, the biological and physiological signifi-
cance of suckling mice to mimic DENV infection must be regarded with caution.

2.2.2  Immunocompetent Mice Model

The responses of cellular and innate immunity are observed in various stages of 
infection with DENV and are correlated with extensiveness of disease and its patho-
genesis [36], so immunocompetent mice are best suited for studying the intrinsic 
role of host immune responses to immunopathogenesis.

Although DENV is inherently resistant in immunocompetent mice, infection can 
be produced with high viral inoculum (106 – 108 PFU). The viral load in the serum, 
spleen, liver, and brain of C57BL/6 mice after intravenous (i.v.) infection with 108 
PFU DENV2 can be observed, indicating widespread virus spread and multiplica-
tion in the different tissues. The researchers also found a link between T cell infiltra-
tion and activation in liver as well as hepatic injury, a frequent condition seen in 
dengue patients. [16]. Interestingly, isolated hemorrhages (an essential sign in DSS 
and DHF) were observed inside the tissues of subcutaneous region when immuno-
competent mice were infected with DENV2. This was also accompanied with low 
platelet count severity and viral load that can be detected in liver, brain, skin, spleen, 
and serum [15]. Since TNF-α deletion in mice reduced the incidence of hemor-
rhages, it was proposed that DENV-induced macrophage TNF-α production closely 
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corresponds with hemorrhage, highlighting the possible innate immunity role 
played in severe disease immunopathology [15].

Another research depicted a significant plasma leakage which is supported by 
the hematocrit levels rise, peaking 24–48 h after exposure when C57/BL6 mice are 
infected with this DENV clinical isolate. The scientists also showed that induction 
with DENV activated mast cells and release mediators that play a role in causing 
plasma leakage in mice model. As a result, DHF and DSS characteristics are mim-
icked by immunocompetent mice models that can give insights into the mecha-
nisms, and the preventive and/or harmful function of generated immune response 
from DENV infection can also be unraveled by deletion of immune effectors, like 
mast cells, in the animals [106]. Further, in another study it was found that inoculat-
ing wild-type mice with infected K562 cells results in artificially produced tempo-
rary viremia, suggesting that this technique could be beneficial for evaluating 
vaccine candidates [116]. Mice models which are immunocompetent could be 
imagined as a decent substitute of NHP models for measuring efficacy of vaccines 
by enhancing this artificial viremia system from transitory to long-lasting. 
Altogether, these mice models offer a potential platform for exploring host immune 
response involvement in disease and can also be used to test preclinical vaccines.

2.2.3  Immunocompromised Mice Model

Clinical DENV infection usually incorporates a variety of strategies for bypassing 
cellular antiviral defenses that aren’t possible with DENV homologs in mice, result-
ing in DENV’s failure to reproduce efficiently in WT (wild type) immunocompetent 
mice [34]. Different immune-deficient mouse strains have shown varied vulnerabili-
ties to DENV infection. Upon intra-peritoneal (i.p.) administration with the mouse- 
brain- adapted DENV1 strain, around 40–60% of BALB/c athymic nu/nu mice and 
littermates which were heterozygous died [40]. The C5-deficient mouse (A/J strain) 
succumbed to DENV infection with indications of paralysis and demonstrated cer-
tain clinical manifestations such as thrombocytopenia and an increased hematocrit 
[41]. RAG1−/− mice, where B cells and T cells are mostly absent, are prone to be 
infected by PL046, a clinical DENV2 strain, showing a 31% death rate [101]. Since 
the IFN system is so crucial in the host defense system against the virus, on the 129/
Sv background (AG129) the mice which exhibited presence of IFN-α/β and IFN-γ 
had been investigated for vulnerability to DENV infection. 100% of AG129 mice 
exhibited paralysis when infected with DENV2 strain New Guinea C (NGC), 
adapted from mouse-brain, intraperitoneally [45]. Likewise, all AG129 mice suc-
cumbed after being infected with PL046 by intravenous (i.v.) injection. Serum, 
spleen, and liver post-infection showed presence of virus in these experiments, but 
titers in the brain escalated and the mice acquired paralysis [101]. Furthermore, one 
of the primary drawbacks of these immunocompromised mouse models has been 
that paralysis is not really a significant trait. To circumvent the problem of clinical 
strains of DENV being neuroinvasive in the mice, a novel strain of DENV2 was 
created by passing subsequently PL046 between C6/36 cells of mosquito and 
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AG129 mice, denoted as D2S10. Contrary to the paralysis seen among PL046- 
infected mice, D2S10-infected AG129 animals resulted in death soon after infection 
and also exhibited higher TNF-α levels and permeability in vasculature [102]. 
Recently, using reverse genetics technique performed in vivo, the viral coefficient 
was found to influence virus clearance and, as a result, was linked to a severe illness 
phenotype in AG129 mice [88]. Modified D2S10 virus by plaque purification pro-
duced the more virulent mouse-adapted strain S221, which may also kill AG129 
mice completely in 4–6  days without causing neurologic illness [118]. Another 
study showed that AG129 mice were susceptible to a DENV2 clinical isolate after a 
single intraperitoneal injection. The mice exhibited viral load in blood and a sero-
logical analysis (NS1 secretion, Ab response and inflammation) that was highly 
comparable to that of human acute Dengue fever (DF) patients [99]. Another study 
found that a non-mouse-adapted DENV2 strain, D2Y98P, causes deadly systemic 
infection in AG129 mice, with indications such as leukopenia, liver damage, and 
vascular leakage, serving as a basis for more appropriate clinical DENV pathogen-
esis research [108]. When inoculated with S221 virus, STAT1 homozygous knock-
out mice having deficit in STAT2 (STAT1δ/STAT2 δ) or Type I IFNR (STAT1δ/AR 
δ) resulted in early death from DENV associated with increased viral load in blood 
and levels of TNF-α, in addition to AG129 mice. As a result, these models demon-
strate that the molecular role of IFN signaling in DENV pathogenesis or prevention 
may be deconstructed [86]. Single-deficient animals lacking IFN-α/β receptors, on 
the other hand, may provide an alternate platform for revealing the probable immu-
noprotective function of T cell responses after DENV infection. S221 inoculation of 
IFN-α/βR δ mice (on a C57BL/6 background) boosted virulence and elicited a sig-
nificant response of CD8+ T cells, which was hypothesized to limit clearance of 
DENV, as reduction of CD8+ T cells dramatically elevated viral load in the brain, 
serum, and spleen [118]. Recent investigation of DENV infection in IFN-α/βR−/− 
mice revealed the possibility of producing systemic infection prior to death [80]. 
Mice harbouring selective knockouts of Type I FNR in different immune cells have 
recently proved to deliver a superior response of immune system compared to mice 
which are immunocompromised [122]. Overall, immunocompromised mouse mod-
els do have the capacity to be more useful as models for dengue pathogenesis, anti-
viral testing, and vaccine development.

2.2.4  Humanized Mice Models

Mouse–human chimaeras have been used as an alternate approach over studying 
DENV infection in immunocompromised mice. In the beginning, researchers 
employed SCID mice implanted with human peripheral blood lymphocytes, which 
maintained lower levels of DENV-1 viremia [115]. DENV-2 infection was detected 
in the blood, liver, and brain of SCID mice grafted with human HepG2 hepatocarci-
noma cells [3]. Human CD34+ hematopoietic stem cells when transplanted in non- 
obese diabetic/SCID (NOD/SCID) mice and infected with DENV developed 
thrombocytopenia as well as a rash comparable to human Dengue. The capacity to 
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Table 1 Different animal models used in Dengue

Models Benefits Limitations References

Nonhuman 
primate

Viral load in blood sustained for 
a measurable period of time
Immunogenicity (neutralizing 
antibody response)
Schedules of immunization more 
inclined towards humans
Plays important role in vaccine 
development studies

Expensive
Clinical symptoms of the 
disease are lacking

[7, 37, 77]

Wild-type mice Less expensive, easy 
reproduction
Immune response of mouse can 
be induced

Clinical symptoms of the 
disease are lacking
Route of infection cannot be 
mimicked
Lacks sustainability of 
infection

[117]

AG129 mice Less expensive, easy 
reproduction
Plays important role in antiviral 
studies
Sustains viral load in blood

Poor immune response due to 
lack of competent IFN 
pathway
Only few strains of virus can 
be used
Clinical symptoms are few

[88, 99]

IFNAR δ mice 
(C57BL/6)

Less expensive, easy 
reproduction
Sustains viral load in blood
Response of CD8+ T cells

IFN type 1 pathway is 
lacking
Only few strains of virus can 
be used
Few clinical symptoms

[80, 118, 
122]

Humanized 
mice

Proper clinical symptoms
Cytokines/chemokines and 
cellular immune responses are 
induced
Human neutralizing Anti-DENV- 
IgM are induced

No/poor induction of human 
anti-DENV IgG
Time consuming and 
expensive

[3, 115]

examine human immune reactions to DENV infection and tropism in human leuko-
cytes is one benefit of utilizing humanized mice. Despite this, humanized mice are 
not broadly utilized in the DENV field since: (a) they are expensive and complex to 
produce, limiting throughput; (b) there are varying levels of human cell transplant, 
resulting in animal-to-animal variability; and (c) infection in these animals some-
how doesn’t result in the serious DENV symptoms observed in humans (Table 1).

3  Animal Models in Measles

Measles is induced in humans and nonhuman primates (NHPs) by measles virus 
(MV) belonging to the Morbillivirus genus and family Paramyxoviridae [92]. 
Mostly because mice are not normally responsive to MV infection, transgenic 
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mouse models have been developed to investigate measles pathophysiology. 
Interestingly, the majority of these mice are receptor knock-in mice that lack signal-
ing of Type I IFN, making entry of wild-type MV and multiplication easier. As an 
effective alternative, infections with strongly linked animal morbilliviruses can be 
further examined in their host species, such as canine distemper virus (CDV), which 
is a helpful proxy for studying the pathogenesis of MV infections. CDV affects a 
wide variety of animals, including dogs, raccoons, and ferrets [74, 110]. Ferrets 
(Mustela putorius furo) are one of such hosts that can be handled in a controlled 
laboratory environment and their respiratory tract is comparable to that of human. 
In ferret models, recombinant CDV (rCDV) strains harbouring a fluorescent reporter 
protein allowed for sensitive recognition of infected tissues and cells, as well as 
characterization of morbilliviral tropism in its host organism [110]. Finally, ferrets 
have been used as an animal model for several other viral infections, and reagents 
and instruments are available, albeit in limited quantities [28]. Even with these ben-
efits, CDV wild-type infection in ferret models is not a perfect replica of MV infec-
tion in primates, because infection with CDV in ferrets usually leads to rapid 
progression of the disease, neurological dysfunction, and increased mortality, 
whereas MV infection in primates seldom leads to neurological abnormalities or 
fatality.

Significant research in NHPs, which are usually vulnerable to MV infection, 
have thus contributed significantly to our modern understanding of the pathogenesis 
of measles. They are an excellent animal model for understanding the pathogenesis 
of measles. New World monkeys can become severely ill or possibly die as a result 
of MV infection, making them inappropriate as animal models [1]. Furthermore, 
squirrel monkeys (Saimiri sciureus), a New World species, effectively replicated 
acute signs of measles in humans in a recent research [22]. However, the absence of 
cross-reactive reagents still restricts this concept. Rhesus (Macaca mulatta) and 
cynomolgus (Macaca fascicularis) macaques have disease manifestations and viro-
logical, immunological, and pathological results that are identical to those seen in 
people, and have thus been extensively employed as animal models for measles 
[27]. Despite their resemblance, the clinical manifestations of the two macaque spe-
cies differ. Rhesus macaques have a more noticeable skin rash and conjunctivitis 
over cynomolgus macaques, according to studies [65]. The utilization of NHPs in 
animal studies involves ethical implications as well, and it is becoming increasingly 
restricted. Despite this, macaques are a suitable animal for in vivo measles studies 
owing to the accessibility of cross-reactive reagents. Moreover, using recombinant 
MVs (rMVs) established on wild-type strains that produce a fluorescent reporter 
protein leads to more accurate analysis of viral tropism, disease dynamics, and 
pathogenesis.

To fill the gap between tissue culture and macaque investigations, a newer small 
animal model came to light. The cotton rat (Sigmodon hispidus) model has proven 
to be a good resource for exploring the MV pathogenesis. MV replicates in the 
respiratory tract and lymphoid organs of cotton rats (varying on virus strain). These 
have been used to research viruses with genetic alterations and have been inoculated 
with vaccine, wild-type, and recombinant measles viruses. The cotton rat has also 
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proven to be a useful animal method for analyzing immune suppression and vaccine 
suppression by maternal antibodies induced from MV infection. Furthermore, cot-
ton rats model appears as a promising model used in studying polymicrobial infec-
tions (interaction between secondary pathogens and MV) [75].

Overall, an effective measles animal model demands the proper viral selection, 
host sensitivity, and the accessibility of tools and procedures to track the disease’s 
progression.

4  Animal Models of Chikungunya Virus Infection

Chikungunya virus (CHIKV), a positive-sense RNA virus belonging to the genus 
Alphavirus and family Togaviridae. In humans, infection with CHIKV causes 
excruciating arthralgia, which causes acute swelling and pain in the peripheral 
joints, as well as a high fever and occasionally a rash. Given its expanding global 
distribution, several aspects of chikungunya pathogenesis remain unknown. As a 
result, there is indeed a significant focus in using animal models to study CHIKV 
infection.

4.1  Mouse Models

Chikungunya pathogenesis can be studied using mouse models, which can also be 
used as early prototype platforms for CHIKV vaccines and treatments. Numerous 
characteristics have made mice alluring model systems for analyzing CHIKV, which 
include (1) their minimal expense; (2) less space consumed due to its small size; (3) 
greater availability of reagents specific to mouse, like immune reagents, used in 
quantifying host response against CHIKV infection; (4) genetically similar inbred 
animals are available which is utilized to examine the reactions to various treat-
ments in the same line or to assess phenotypic uniformity; (5) genetically modified 
animals or knockout mice are further helping in deciphering the role of specific 
genes and pathways involved in CHIKV infection. While rodent models are a valu-
able tool, they are limited in their potential to represent every element of CHIKV 
infection in humans.

4.1.1  Acute Infection Models

Neonatal mice are particularly prone to CHIKV infection and, previous to the 
advancement of new cell culture techniques, have been used to isolate and amplify 
viruses like CHIKV [94]. Furthermore, these mice exhibit deadly encephalitis, 
which is utilized in mimicking illness of human neonates, also offer the platform for 
host variable and viral research that can be correlated to neonatal illness severity 
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[19]. Neonatal mice offer efficient ways for evaluating the potential of polyclonal 
and monoclonal antibodies specific to CHIKV as well as other therapies due to their 
great susceptibility to CHIKV infection, in addition to being valuable as pathogen-
esis models. Moreover, neonatal mice cannot be utilized to precisely test vaccina-
tion efficacy due to their underdeveloped immune systems; however, they can also 
be used to examine the toxicity of live attenuated vaccines [55].

Animals without an effective type I IFN receptor or other type I IFN pathway 
components are highly vulnerable to systemic CHIKV (for example, IRF3/IRF7) 
[19, 98]. As a result, as demonstrated by the research, immunocompromised mice 
are effective instruments for exploring the role of type 1 IFN system in pathogenesis 
of CHIKV and are extremely sensitive threat models for evaluating the potential of 
anti- CHIKV Abs or the efficacy and safety of vaccines used for CHIKV [84]. 
Unfortunately, type I IFN receptor-deficient animals die quickly after contracting 
CHIKV, limiting their effectiveness.

Immunocompetent mouse models which involve subcutaneous infection in the 
footpads of C57BL/6 mice result in CHIKV-induced arthritis with symptoms like 
swelling, tendonitis peaking at 3–7 days after the infection [31].

4.1.2  Chronic Models

The use of mice models to study the persistence of CHIKV infection and its link to 
chronic condition has emerged. At early time periods after infection, C57/BL6 mice 
implanted with a clinical sample of the virus to the footpad exhibited viral RNA that 
could be detected in a range of tissues [38]. However no infectious virus has been 
isolated from these tissues during the chronic stage, data indicates that CHIKV 
survives in these tissues through low-level sustained reproduction [38]. 
Immunological processes that assist towards the regulation of CHIKV infection and 
how these may be modified during persistence are also being studied using mouse 
models. Multiple studies have identified essential functions for the adaptive immune 
response, notably the B-cell response, in CHIKV infection management [58, 100]. 
Improved models for exploring the influence of aging on CHIKV disease are also 
needed, in addition to models that better depict the various CHIKV disease out-
comes seen in patients.

4.2  Nonhuman Primate Models

NHP CHIKV infection models have lately been utilized to investigate chikungunya 
pathogenesis as well as in preclinical studies to assess vaccination and immuno-
therapeutic efficacy. Novel NHP models involving cynomolgus macaques (Macaca 
fascicularis) have been developed, as well as additional evolution of the rhesus 
macaque model to mimic CHIKV exposure in elderly populations [68].
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4.2.1  Cynomolgus Macaque Model

A novel CHIKV infection model using immunocompetent adult cynomolgus 
macaques replicated the viral, clinical, and pathological characteristics shown in 
human infection. Long- term CHIKV infection was detected in the joints, muscles, 
lymphoid organs, and liver of macaques, which may reflect the long-term CHIKV 
illness characteristics seen in people using high dose inoculation, about 108 
PFU. Furthermore, during the late phases of CHIKV infection in vivo, macrophages 
were identified as the major cellular repositories. This model of CHIKV physiopa-
thology may enable possible treatment and/or preventive approaches to be devel-
oped [49].

4.2.2  Rhesus Macaque Model

When rhesus macaques were infected with CHIKV, maximal viremia levels occurred 
1–2 days after the onset and sustained for an average of 6 days along with high fever 
and rashes [68]. Studies in rhesus macaques employing CHIKV-specific mAbs 
yielded intriguing findings into CHIKV transmission paths [85]. The rhesus 
macaque model of CHIKV infection can be utilized to address fundamental con-
cerns regarding chikungunya pathogenesis and as a preclinical subject for evaluat-
ing potential anti-CHIKV therapies, according to this study.

5  Influenza

5.1  Epidemiology and Pathogenesis

Influenza is one of the worst infectious disease resulting in millions of deaths. After 
black death, influenza pandemic ranks in the second position in terms of death toll. 
Annually, more than 40,000 deaths occur in the United States due to influenza virus 
[25]. Spanish flu pandemic in 1918 caused more than 50–100 million people deaths. 
Not only 1918, 1957, 1968, and 2009 influenza pandemic, world has faced another 10 
pandemics due to this virus [59]. Influenza virus belongs to the family Orthomyxoviridae, 
has eight single stranded, negative-sense, RNA molecules that encode 11 or 12 viral 
proteins [44]. Out of the three types of influenza viruses influenza A, B, and C, most 
virulent type in humans is influenza A. Influenza A viruses are classified depending 
upon the antigenic properties of their haemagglutinin (HA) and neuraminidase (NA) 
glycoproteins. HA antigens are classified into 16 subtypes (H1 to H16), whereas NA 
antigens into nine subtypes (N1 to N9). Subtypes H1N1, H1N2, and H3N2 can cause 
infection in humans [89]. HA binds to α-2,6-linked or α-2,3-linked sialic acid residues 
on glycoproteins of the respiratory epithelial cell surface and this linkage is destroyed 
by NA, required for the release of progeny virions from the host cell surface [35]. 
Influenza virus transmission from another animal species like wild birds to humans 
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Fig. 1 The various types of human influenza viruses in respective years

occurs through air and from infected person through coughing or sneezing [113]. 
Clinical evidence shows that children with first time exposure and immunocompro-
mised humans are good transmitters of influenza virus [114].

Common symptoms caused in human after the infection of influenza are fever, 
sore throat, muscle pains, severe headache, coughing, weakness and fatigue [26] 
and severe infection can cause pneumonia.

In near future, H5N1 subtype may produce another pandemic. Previously consis-
tent evidence suggests that pandemic due to influenza virus occurs in every 10–40 
years. For understanding, the underlying mechanisms of transmission and immune 
responses to influenza virus, to study the efficacy of vaccine and antiviral drug, 
selection of the appropriate laboratory animal model is very important (Fig. 1).

5.2  Mice (Mus musculus)

The use of these mouse has led to a better understanding of the role of different 
immune components during the course of influenza virus infection. For example, 
the use of C57BL/6 and BALB/C mice has provided insight into the role of antibod-
ies in protection against infection. Similarly, the use of DBA.2 mice has shown that 
the type I interferon response plays a major role in controlling influenza virus infec-
tion. C57BL/6, BALB/C and, more recently, DBA.2 are the most common mice 
strains for the study of influenza virus [9]. Immune response depends on the differ-
ent strain; therefore, the selection of appropriate strain is a concern. Although 
human influenza viruses generally cause disease in mice only if they are first adapted 
to the species and necessary to use murine-adapted viruses is required [64].

5.3  Ferrets

Ferrets are a requisite model for the study of pathogenesis of influenza viruses 
because infected ferrets mimic the symptoms of influenza virus infection in humans 
and they display many of the clinical signs which are nor seen in the other animal 
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models [6]. During the epidemic in England in early 1933, Wilson Smith and his 
team first isolated the virus causing human influenza [104]. Unlike mice models, 
ferrets are not required prior adaptation to the species and susceptible to a wide 
variety of human influenza virus. Airborne transmissibility among ferrets has gener-
ally correlated with transmissibility among humans. Limitations of ferret studies are 
that they are more expensive, require complex husbandry, and ferret genome is not 
fully annotated [90].

Ferret models are used to test the efficacy of antiviral agents. Approved drugs for 
influenza virus like oseltamivir, zanamivir, and peramivir have shown positive result 
on ferrets, responded decrease in inflammatory markers and a reduction of influenza 
virus shedding in the nares [119].

5.4  Guinea Pig (Cavia porcellus)

Influenza virus pathogenesis is not frequently studied in guinea pigs [87]. Guinea 
pig models offer an alternative for studying the progression of disease in humans as 
compare to mice and ferrets models. In 2006, Peter Palese first developed the guinea 
pig model of influenza virus transmission [57]. Anice C. Lowen et al. reported that 
guinea pig can transmit influenza virus in between themselves [56]. The models can 
be used to identify the key factors that lead to virus transmission. The main limita-
tion with guinea pig model is that unlike ferrets, guinea pigs show minimal clinical 
evidence of influenza virus infection [109].

6  COVID-19

Wild animals are the major hosts for the emergence of the majority of infectious 
diseases. In 2002–03, the severe acute respiratory syndrome (SARS) outbreak 
caused by a novel coronavirus originated in China and spread to 37 countries. In 
2012, the Middle East respiratory syndrome (MERS) outbreak was caused by 
another novel coronavirus originating in Saudi Arabia and spread to 27 countries. 
The total death count of 774 was reported due to severe acute respiratory syndrome 
coronavirus (SARSCoV) outbreak in November 2002  in China, where the total 
death rate was 9.6% [39, 78]. A higher death rate of 35% was reported due to another 
corona virus middle east respiratory syndrome coronavirus (MERS-CoV) in 2012 
[79]. Very recently, a novel coronavirus called severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) broke out in December, 2019, which was first detected 
in Hubei province, China [120]. More than 950,000 deaths and 30 million people 
were infected by this novel coronavirus as of 18 September 2020. On the 11th of 
February, 2020, WHO termed this novel coronavirus as “COVID-19.”

SARS-CoV-2 made up with four structural proteins, namely spike protein, enve-
lope protein, nucleocapsid protein, and membrane protein. The spike protein binds 
to target cells via the angiotensin-converting enzyme 2(ACE2) receptor and is 
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activated by the host human transmembrane protease serine 2 (hTMPRSS2) prote-
ase and coreceptor [24]. COVID-19 causes a wide range of disease symptoms in 
humans from asymptomatic to severe pneumonia. Mild symptoms like fever, mus-
cle pain, sore throat, cough, and dyspnoea are common, depending upon the replica-
tion capacity of SARS-CoV-2  in the upper respiratory tract of the host. Animal 
models of COVID-19 are essential for understanding disease pathogenesis and for 
evaluating the safetyand efficacy of vaccine. Coronaviruses are pleomorphic, envel-
oped, single-stranded, positive-sense RNA viruses belonging to the family 
Coronaviridae. Based on genomic structures and phylogenetic relationships, this 
family is further divided into four genera, namely, alpha, beta, gamma, and delta, 
based on phylogenetic relationships and genomic structures. Out of this, alpha and 
beta genera can infect only mammals. On the other hand, gamma and delta corona-
viruses infect birds, but can infect mammals to some extent [12].

6.1  Mouse Models

Mouse models are a valuable tool for studying the pathogenesis of SARS-CoV-2. They 
are used to understand how the virus replicates and how it causes disease in humans. 
K18-hACE2 transgenic mouse is one of the best models for SARS- CoV. Mice express-
ing hACE2 receptor and transgenic hACE2 under the control of an epithelial cell-spe-
cific promoter K18 (K18-hACE2) observed similar disease progression and infection 
pattern with humans [5]. Transgenic BABL/c mice produced neutralizing antibodies 
against SARSCoV-2 after the administration of DNA vaccine [103]. For understanding 
the pathology of COVID-19, knock out mouse model has been developed, ACE−/− 
knockout mice is one of them [43]. One of the major limitation with mice models is 
that mice needs to be made transgenic in most of the cases for causing infection.

6.2  Ferret Models

The use of ferrets in studying the pathogenesis of respiratory viruses has several 
benefits. They have been used to study the pathogenesis of human respiratory syn-
cytial virus (hRSV), influenza virus (hIV) and adenovirus (AdV) [69]. Like mice 
models, administration of SARS-CoV at a high dose in ferrets shown infection in 
the respiratory system [63]. The infected ferrets were observed increased body tem-
perature, coughing and upregulation of various cytokines and chemokines, indicates 
significant inflammatory response [8]. Broncho-alveolar inflammation observed in 
euthanized ferrets by the help of microscopic findings [91]. Significant reduced 
viral load was observed in the upper respiratory tract of ferrets by the administration 
of ribonucleoside analog inhibitor MK-4482/EIDD-2801 [20]. Furthermore, ferrets 
immune system and the expression of ACE2 protein in lungs share similarities with 
the human making them a possible animal models for studying the pathogenesis of 
SARS-CoV and testing of therapeutic drug molecule and lifesaving vaccines.
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6.3  Hamster Model

Golden Syrian hamster (Mesocricetus auratus) is a good model for studying respi-
ratory infection caused by viruses. Significant body weight loss and increased 
inflammatory cells in hamsters were observed after the transmission of SARS- 
CoV- 2. Considering the gender factor, a more severe disease was observed in male 
hamsters than female hamsters [81]. Compared to other animal models hamsters 
exhibit a more consistent lung disease phenotype during COVID-19 infection [12]. 
These animal models can be used to study mild SARS-CoV-2 infections in humans 
and host defense response to the virus [13].

6.4  Nonhuman Primates

COVID-19 like disease was produced in Cynomolgus macaques by the inoculation 
of a SARS-CoV-2 strain through intratracheal and intranasal routes [93]. High lev-
els of viral replication for 7–14 days in respiratory tract was observed by several 
researchers which is a pathological feature of viral pneumonia [14]. Scientists are 
undoubtedly interested to use nonhuman primates for testing suitable vaccine can-
didates. Recently inactivated SARS-CoV-2 vaccine candidate, PiCoVacc, was tested 
in rhesus macaques and showed a good immunogenic response [30] (Table 2).

Table 2 Animal models of SARS-CoV-2

SN
Animal 
models Strains Route used Clinical signs

Advantages/
limitations

1 Mice [66, 
103]

K18-hACE2
Transgenic, 
C57BL/6 J, 
BALB/c

Intranasal Lung damage, 
bodyweight loss

Needs to be made 
transgenic in most of 
the cases for causing 
infection.

2 Ferret [8] Mustela putorius 
furo

Intratracheal/
Intranasal

Nasal discharge, 
weight loss and 
elevated body 
temperature

For studying disease 
transmission and for 
the development of 
new vaccine
Ferrets do not mimic 
all the clinical signs

3 Hamsters 
[13, 17]

Mesocricetus 
auratus, Golden 
Syrian Hamsters

Intranasal Laboured 
breathing, weight 
loss and decreased 
activity

Hamsters do not 
mimic all the
clinical signs,
Lack of mortality

4 Nonhuman 
Primate [5]

Rhesus 
macaques

Intratracheal/
Intranasal

Upregulation of 
inflammatory 
cytokine and 
weight loss

Permissive for 
SARS-CoV-2 
infection and develop 
pneumonia. Good 
model for evaluating 
vaccines.
NHPs do not develop 
the acute lung injury.
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7  Zika Virus

7.1  Epidemiology and Pathogenesis

Zika virus (ZIKV) is a member of Flaviviridae family. It was first isolated from the 
blood of a sentinel rhesus monkey in Ziika forest of Uganda in 1947, from this point 
it is known as Zika [23]. At the end of 2015, it became a serious public health con-
cern after the outbreak in Brazil [96]. In 2016, WHO declared ZIKV to be a “Public 
Health Emergency of International Concern” [18]. ZIKV is a positive-stranded 
RNA enveloped viruses, same genus with dengue virus, Japanese encephalitis virus, 
yellow fever virus [60]. Daytime-active Aedes mosquitoes transmit this virus. It is 
also transmitted from human to human through sexual and vertical routes [21, 97]. 
Infection during pregnancy causes microcephaly in the infants [11]. Symptoms are 
almost same with dengue virus. There is no such vaccine or therapeutic treatment 
against this disease until now, so need of well-established animal models is 
necessary.

7.2  Mice Models

Mice models have been very powerful tools to understand ZIKV mechanism of 
pathogenesis, as well as for drug screening. Matthew J. Gorman et al. reported a 
mouse-adapted ZIKV (Dak-MA) with enhanced brain and NSC infectivity [33]. 
Helen M. Lazear and his team developed a knock out mice with lacking the inter-
feron receptor (Ifnar1−/−). This mice has observed sustain high viral burden in brain, 
spinal cord and testes consistent with evidence that ZIKV causes neurodevelopmen-
tal defects in human foetuses [51]. For understanding the disease pathogenesis, this 
ZIKV model will be gold standard model (Fig. 2).

7.3  Guinea Pigs

Guinea pigs have been extensively used in viral research since from 1967, the year 
when MARV was discovered. Reproductive physiology and estrous cycle of guinea 
pigs are similar with humans. Mukesh Kumar et al., reported that infection with 
ZIKV produced potent cytokines, chemokines and growth factors in the serum of 
infected guinea pigs [48]. Long gestation period and pups are born with a mature 
CNS, selects this models for the studies of in utero transfer of ZIKV and neurologi-
cal manifestations in infants [83].
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Fig. 2 Mouse model of zika virus pathogenesis. (Adapted from Helen M. Lazear et al. [51])

7.4  Ferrets

The ferret is an interesting and potentially translational animal model to understand 
the pathogenesis of ZIKV.  It is the smallest animal model with a gyrencephalic 
cerebral cortex and possesses several key features and an immune system that make 
it appropriate for the study of neurological effect caused by ZIKV [42].

7.5  Nonhuman Primate (NHP) Models

Similar fetal development and gestation of macaque monkeys with human allows 
more faithfully enumerate human disease [112]. Osuna et  al. reported that both 
rhesus and cynomolgus macaques have shown to be highly susceptible to ZIKV 
infection following subcutaneous (sc) inoculation [82]. Rhesus macaques are used 
to study the protective effect of ZIKV vaccine and for the evaluation of protective 
efficacy of active ZIKV immunization [71]. Limitations are the cost is high while 
the throughput is low and the presence of limited number of colonies for the study 
of antiviral or vaccine efficacy.
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Table 3 Subtypes of Ebola and Marburgvirus

Genus Species Virus Disease in humans

Ebola Zaire ebolavirus Ebola virus (EBOV) ✓
Sudan ebolavirus Sudan virus (SUDV) ✓
Taï forest ebolavirus Taï Forest virus (TAFV) ✓
Reston ebolavirus Reston virus (RESTV) ✖
Bundibugyo ebolavirus Bundibugyo virus (BDBV) ✓

Marburgvirus Marburg marburgvirus Marburg virus (MARV) ✓
Ravn virus (RAVV) ✓

8  Ebola and Marburgvirus

Ebolavirus and Marburgvirus come under the family Filoviridae. Ebolavirus genus 
is divided into five distinct species: Zaire ebolavirus, Sudan ebolavirus, Tai Forest 
ebolavirus, Bundibugyo ebolavirus, and Reston ebolavirus; out of this five species 
Reston ebolavirus does not cause lethal disease in humans. The genus Marburgvirus 
has two subspecies: Marburgvirus and Ravnvirus [73]. In 1976, Sudan and Zaire 
species caused an outbreak in the Democratic Republic of Congo (DRC). The whole 
family belongs to the biosafety level 4 (BSL-4) agents, because they can cause high 
mortality in both humans and nonhuman primates (NHP) [47]. The transmission of 
filoviruses to the mammals is not well understood till now, but it confirmed that 
outbreaks are initiated from the dead NHPs [105]. Common clinical symptoms of 
filoviruses are fever, nausea, vomiting, headaches, sore throat, diarrhoea and 
abdominal pain [67] (Table 3).

8.1  Mice Models

Evidence showed that NHP are considered as the most appropriate model for the 
study of filovirus [105], but limitations like ethical and space issues convinced to 
use various small animals. Immunocompetent mice are unable to cause infections 
with wild type EBOV (WT-EBOV) [4]. However, wild-type inbred mice are suscep-
tible to filovirus that has been mouse adapted (MA) by serial passage in mice [10]. 
Overall, mouse models of EBOV infection demonstrate rapid onset of viremia and 
high viral burden in the spleen, liver, and multiple organ tissues.

8.2  Guinea Pigs (Cavia porcellus)

Guinea pig models have been developed by using guinea pig adapted EBOV 
(GP-EBOV) and MARV (GP-MARV) through aerosol routes [54]. After 2 days of 
the infection, neutrophilia and lymphopenia are observed [107]. Advantages of 
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guinea pigs models are low cost, produce fever, which is one of the main symptom, 
larger animals to study disease progression, and easy to take blood samples, while 
the main limitations are transgenic and knockout models are not available and lack 
of immunological tools and reagents to evaluate cell-mediated responses to vaccines.

8.3  Syrian Hamsters

Hamsters models are an alternative to guinea pigs to compare differences in immune 
responses to EBOV infection. Because of their short life cycle they are easily avail-
able for experiment purpose. WT EBOV does not cause clinical signs in hamsters 
model [111], while MA-EBOV causes significant organ damage. Infected hamsters 
produce an upregulation of different cytokines levels in liver, spleen, and blood, 
which indicates potential immune response. Limitations are that mouse-adapted 
variants are needed and lack of commercially available reagents.

8.4  NHPs

NHPs are the gold standard model for the evaluation of filovirus infections because 
they can produce infection through various routes in humans [29]. This are the pre-
ferred models for studying of countermeasures for the resemble disease progression 
with humans. It is important to note that the severity and combination of symptoms 
may vary depending on the pathogen involved and the overall health of the NHP. The  
most common signs and symptoms reported are fever, lymphopenia, and alteration 
of various liver enzymes [121].

9  Conclusion

Animal models are inescapable for greater understanding of disease pathogenesis 
and testing of new therapeutic approaches in viral research. Several animal species 
have been used in viral research, each with advantages and disadvantages. The ideal 
animal model for human viral disease should mimic the symptoms of virus infec-
tion in humans. Smaller rodents are readily accessible to the researchers for their 
low cost and requirements compared to the NHPs, which can limit some research 
need. In addition, a single animal model cannot fulfill all the aspect of human dis-
ease accurately, because most disease processes involve multiple cells, tissues, and/
or organs. In this review, we have discussed a number of animal models to study 
dengue, measles, chikungunya, influenza, COVID-19, zika, ebola, and marburg 
viruses. Their use is important as they offer the opportunity to study different 
parameters of virus infections in a well-controlled manner that cannot be performed 
safely in humans. Moreover, current models could be improved significantly with 
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recently evolved technological tools to comprehend clinical findings, allowing for 
better translation of antiviral and vaccine research.

Pls add elaborative conclusion on disease spread, limitations on animal models, 
advances in methodology, regulatory etc.
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Abstract The past 2 years have arguably been the most challenging since last few 
decades. The COVID-19 pandemic has changed the world in many ways—good 
and bad. With more than six million deaths worldwide (and counting), this pan-
demic has been one of the worst, second only, to the Spanish Flu pandemic of 
1918–19. The saving grace, if it can be called that, is that the vaccine(s) for 
COVID-19 were one of the fastest developed and marketed compared to any other 
vaccine, for this scale of a pandemic, in history. This has, in a way, renewed the 
focus and emphasis on, not just technological advancements enabling important 
diagnostic tools, but also put forth newer mechanisms for countering different 
modalities of viruses with corresponding vaccines. This chapter attempts to view 
viruses and their pathogenicity at a cellular level and purview various mechanism of 
their virulence. It also briefly presents an overview of various diagnostic tools avail-
able and their advancements along with different approaches to developing novel 
vaccines.

Keywords Vaccine · Virus · Pathogenesis · Virulence · Pandemic · Vector · 
Immunogenicity · Attenuated vaccines · Toxoid
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CISPR Clustered regularly interspaced short palindromic repeats
COV Corona virus
COVID Corona virus disease
COVID-19 Corona virus disease (2019 pandemic)
DETECTR DNA endonuclease targeted CRIPSR trans reporter
DNA Deoxyribonucleic acid
EVD Ebola virus disease
FDA Food and Drug Administration
GI Gastrointestinal
GWAS Genome-wide association studies
HIV Human immunodeficiency virus
MERS Middle East respiratory syndrome
mRNA messenger Ribonucleic acid
RNA Ribonucleic acid
SARS Severe acute respiratory syndrome
SHERLOCK Specific high-sensitivity enzymatic reporter un-LOCK
TMV Tobacco mosaic virus
VLP Virus-like particles
WHO World Health Organization

1  Introduction

If there exists an entity which teeters on the border of living and non-living organ-
isms, one might contend that viruses are the closest match to that description [1]. 
While composed of complex biochemicals, viruses don’t exhibit basic metabolic 
activity required for “proof-of-life.” However, when it associates with cell(s) of 
other living organisms, the replication mechanism encoded within its genetic code 
is activated and it starts to reproduce. This association, invariably parasitic, leads to 
infection, and ultimately death of the host cell. And that is why this, almost alienic 
organism, is of great interest to human species.

From discovery of the first Tobacco Mosaic Virus (TMV) in 1892/98 [2] to the 
more recent decoding of the SARS-COVID-19 virus [3], the more we learn about 
this organism, the more we think there is to know. A brief history of time (Fig. 1) 
indicates how viruses have wreaked havoc through spread of infectious diseases 
taking the form of pandemics .

Coined by Prof. M.W. Beijerinck [8], the term “virus” has come to represent this 
“agent of infection.” Certain specific viral proteins that viruses exhibit while infect-
ing other cellular organisms point towards the ancient origins of these parasitic 
organisms. Since the sole mechanism of replication for viruses is via infection of 
host cells, in the process of which the host cell ceases to exist, it therefore begets us 
to understand the mechanics of pathogenesis at a cellular level, delve into the diag-
nostics aspects for detection of virus infections, and discuss the potential pathways 
of vaccine development.
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Influenza
•1510

•death rate ~1%

Russian Flu
•1889-1893

•deaths worldwide as 
high as ~1 million

Spanish Flu
•1918-1919

• deaths worldwide 
estimated ~50 
million 

Asian Flu
•1957

•estimated deaths 
worldwide ~1-2 
million

Hong Kong Flu
•1968

•estimated deaths 
wordwide ~0.5-2 
milion

H1N1 re-emergence
•1977

•estimated deaths 
worldwide ~700,000

SARS-COV
•2003

•estimated infections 
worldwide ~8098

Swine Flu
•2009

•estimated deaths 
worlwide~2.8 million

MERS-COV
•2012

•estimated deaths 
worldwide ~500

SARS-COV-2
•2019

•estimated deaths 
worldwide ~192 
million +

Fig. 1 Brief history of time of Virus Infections/Pandemics/Epidemics [4–7]

2  Understanding of Viral Interactions at a Cellular Level

2.1  Inception of Viruses

As old as life itself, viruses are believed to have existed almost 3.5 billion years 
before human life evolved on earth. The most probable cause of emergence of this 
simple life form from the inanimate via chemical process, known as abiogenesis, is 
thought to be the impetus for its origins [9–11].

Several different hypotheses have been proposed to stipulate the timeline and 
mechanism of origin of viruses. Some of the more prevalent and rational theories 
are virus-first [12], regression theory [13], and escaped-gene theory [14]. The 
“virus-first” theory hypothesizes that after planet-formation, as the earth cooled 
down, the fundamental molecules (RNA), which were able to replicate became the 
building blocks of viruses. This, in turn, led to evolution of single-celled and multi-
cellular organisms which acted as hosts for these RNA-based organisms.

Alternatively, the “regression-theory” proposes that the cellular organisms 
regressed in their evolutionary pathway losing their ability to replicate. This led to 
conversion (regression) of self-sustaining cellular lifeforms to parasitic viruses. 
Two strains of Tupanviruses isolated from amoebae and whose genomes are coding 
for over 1400 proteins, were discovered by Abrahão, J and team [13]. This discov-
ery supports the hypothesis that these viruses had evolved regressively from prede-
cessors possessing a full set of genes.

A third theory, “escaped-gene” theory, argues that viruses evolved from genes 
that “escaped” cellular organisms at different stages of early evolution. In essence, 
this theory opposes the “virus-first” hypothesis. It goes on to propose that these 
“escaped” genes, somehow, enabled the viruses to replicate via parasitism.
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2.2  “Turning Evil”: Pathogenesis

Irrespective of the hypothesis of origins of viruses, one undeniable fact that precipi-
tates is that viruses are parasitic organisms. They rely on “host” cells for replication. 
This process of infection, or “association” with host cells leading to disease is 
termed pathogenesis [15]. The virus first implants itself onto host cell via different 
routes of entry, namely respiratory tract, gastrointestinal (GI) tract, through the skin, 
and via genital organs; basically, any organ where exposure to tissue is possible. It 
then releases its genome and replicates the same while using the host’s ribosomes to 
manufacture the proteins required for replication. The resulting virions spread to 
other target organs. Ultimately these virions reach “shedding” sites to spread the 
virus back to the environment to look for fresh hosts [16].

Thus, in an evil twist, the virus diverts the host cell’s energy and shuts off its 
macromolecular synthesis mechanism. It competes with the mRNA for cellular 
ribosomes and inhibits the interferon defense mechanisms. Eventually this causes 
cell damage and ultimately death of the host cell.

2.3  Mechanisms of Virulence

The association of a pathogen with a host cell is generally described as virulence. 
Several advancements [17] have been made towards understanding the mechanism 
of virulence. Simplistically, virulence can be evaluated based on different factors 
including the pathogen, host, and environmental factors. However, the understand-
ing of how a pathogen jumps across host species and the evolution of virulence in a 
virus is still a subject of debate. Genome-wide association studies (GWAS) [18] 
offer a promising avenue for understanding the impact of evolution of viral infec-
tions on the host’s genome and thereby can provide a deeper insight into the interac-
tion between the pathogen and the host. And this aspect is one of the most critical 
aspects of understanding virulence. Virulence is accentuated when pathogens shift 
to a new species. Ebola virus, prevalent in bats, is mostly asymptomatic; however, 
when it shifts to humans and other primates, it turns fatal [19]. Studies have sug-
gested that while prediction of pathogenicity may not be assured in a novel host, if 
a pathogen exhibits high levels of virulence in one host species, it may result in 
similar levels of virulence in closely related hosts [19]. One other key factor of viru-
lence of a virus is the proteins it chooses from the host cell for the synthesis of the 
virulence traits. Studies have also shown that amongst different strains of the same 
virus (pathogen), the strain found to be most virulent were the ones with higher non- 
structural protein content [20].
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2.4  “Trojan Attack”: Biology of Virus Infected Cells [21]

Unlike bacteria, viruses are intracellular pathogens, which means that they infect 
their host cells by entering them. This is achieved by binding of surface protein of a 
virus with a particular receptor on the surface of the host cell. Viruses, in a Trojan- 
like manner, employ a primary receptor and a secondary co-receptor in order to 
effectively attach to and gain and entry into host cells. The HIV virus uses CD4 as 
its primary receptor, which is a protein (which provides immune recognition) and is 
present on the surface of mainly T-cells and macrophages.

Once the pathogen recognizes and has attached to the host cell, its next order of 
business is to gain entry into the host cell and release its nucleic-acid genome con-
tained within its protein coat/lipid envelope. Typically, the released nucleic acid 
stays complexed with viral proteins. Viruses with an envelope can enter the host cell 
by fusing with the plasma membrane. Alternatively, they can also enter via the 
endosomal membrane via endocytosis (Fig. 2I, II). Viruses regulate fusion such that 
virus particles will only fuse with the correct host-cell membrane, and also prevent 
self-fusing with other virus particles.

HIV viruses effect fusion at neutral pH at the plasma membrane. They bind to 
receptors or co-receptors. This causes a structural change in the protein of the virus 
envelope exposing a covered fusion peptide.

When polio virus binds to its receptors, receptor-mediated endocytosis as well as 
a structural change in the virus itself is triggered. This structural change uncovers a 

Fig. 2 Mechanisms of “uncoating” employed by (I) viruses with an envelope, (II) cell-surface 
binding first followed by fusion and uncoating, (III) non-enveloped viruses such as polio virus, and 
(IV) another unenveloped virus (adeno-virus) employing a more complex “uncoating strategy”
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hydrophobic appendage on one of the capsid proteins. This appendage then inserts 
into the endosomal membrane and forms an opening. The viral genome enters the 
cytoplasm through the opening, leaving behind the capsid either in the endosome or 
on the surface of the cell, or both.

Adenovirus employs a more complex strategy. Receptor-mediated endocytosis 
takes up the virus into the cell. As the endosome turns more acidic, the adenovirus 
performs multiple uncoating steps. This causes the structural proteins to be removed 
from the capsid. One of the proteins released owing to lysis of the capsid releases 
the remainder of the virus into the cytoplasm. This adenovirus then attaches into the 
nuclear-pore complex and releases the genome into the nucleus.

3  Development of Treatments for Viral Infections

3.1  Diagnosis of Viral Infections

Owing to the unique nature of pathogenesis of viruses, especially across species, it 
is extremely challenging (as it is important) to diagnose viral infections and their 
potential fatality to humans. Diagnostic virology is therefore becoming increasingly 
important and interesting. Traditional diagnosis methods such as cultures, albeit 
effective, were slow and expensive and hence with the advent of modern-day viruses 
with the potential of turning into endemic or even pandemics required more robust 
and faster. Advantages and disadvantages of some contemporary diagnostic meth-
ods for virology are compared [22] (Table 1).

Broadly, the detection of virus-based infections can be classified into three cat-
egories (a) direct virus detection (performed about 1–3 days after the infection, (b) 
antibody-determination  – quantitation of antibodies against some virus-specific 
proteins, and (c) detection of virus-induced disease (upon tissue-specific changes in 
the host-organism). Some of the latest cutting-edge diagnostic tools employed 
include CRISPR-Cas system. Specific High-sensitivity Enzymatic Reporter un- 
LOCK (SHERLOCK) and DNA Endonuclease Targeted CRIPSR Trans Reporter 
(DETECTR) are cutting edge tools that are employed to detect specific RNA or 
DNA at lower concentrations [23]. CRISPR (Clustered Regularly Interspaced Short 
Palindromic Repeats) is a natural tool for editing genomes. It is a part of the pro-
karyotic immune system employed to combat viruses and immunize the pathogen 
[24]. Cas (CRISPR-associated protein) within the CRISPR system is driven by 
RNA to the target location. Cas-proteins are enzymes like endonucleases or ribo-
nucleases. These enzymes act to cleave DNA or RNA [25]. Nucleic acid-based 
amplification assays are fast becoming the new the standard-of-use methodologies 
for detection of viruses.
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Table 1 Advantages and disadvantages of various diagnostic tests for virology

Diagnostic methods Advantages Disadvantages

Isolation of the virus Highly sensitive Slow, time-intensive, convoluted, 
expensive

Additive in nature – produces 
more material for further 
evaluation if required

Specific to cell-type, ineffective for 
non-viable virus, or non- 
cultivatable agents

Detection of viral 
genome via PCR

Rapid and sensitive May lead to detection of non- 
relevant co-infections

Applicable to non-cultivatable 
agents as well

Risk of contamination of DNA

Can be multiplexed Target-specific
IgM serology Rapid Possibility of false positives

Target-specific
Antibody 
seroconversion

Effective in case of absence of 
direct detection samples

Slow, late (retrospective)

Interpretation is difficult
Target-specific

Visual observation via 
electron microscopy

Rapid Not sensitive owing to low 
sample-load

Detects non-cultivatable and 
non-viable viruses

Limited to few viral infections

Serological 
identification of virus

Rapid and sensitive Not applicable to all viruses
Provides information on 
serotypes

Interpretation maybe difficult

Readily available in the form of 
kits

Target-specific

3.2  Vaccine Development

One cannot speak about vaccine development in the present day and age without 
referring to COVID-19. Typically, vaccine development takes several years and a 
deep understanding of the virus, its virology, pathogenesis, interactions with the 
host, shedding pathway, and mechanism. Previously (prior to 2020), the fastest vac-
cine developed was the mumps vaccine in the 1960s, which was developed in about 
4  years. The COVID-19 vaccine was developed and commercialized (on an 
emergency- use basis) within 12  months [26]. One of the main reasons for this 
record-breaking speed of development was the fact that the groundwork for these 
vaccines started decades ago with the SARS-COV and MERS-COV outbreaks in 
2003 and 2012 respectively (Fig. 1).

Traditional approaches to vaccine development such as live attenuated vaccines 
or inactivated vaccines or vaccines based on protein subunits all came with their 
pros and cons [27–29]. Pertinent probability of reversion to a pathogenic form with 
attenuated vaccines can render them questionable forms of reliable treatments. At 
the same time, inactivated vaccines may not provide adequate immunogenicity. 
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Technology developed several decades ago, which involves delivering an antigen 
using a non-pathogenic viral backbone as the vehicle for the antigen was used to 
provide immunity to chimpanzees exposed to hepatitis B [30]. Viral-vectors have 
been employed, since, with success, in quite a few animal species [31, 32]. However, 
only one viral-vector has been approved by the FDA in 2019 for prevention of Ebola 
virus disease (EVD) [33].

Another alternative to traditional vaccines are nanoparticle-based vaccines [34]. 
They offer significant advantages such as the ability to control the size, tailored 
surface-modifications, ability to control release dynamics, increase payloads, and 
better stability [35]. Improvement in immunogenicity and stability of subunit vac-
cines in enabled by these nanoparticle vaccines as well as virus-like particles 
(VLPs). Expression of proteins that are antigenic in either a eukaryotic or prokary-
otic system results in production of VLP vaccines. This also yields self-assembling 
antigenic proteins in particulate form. Thus,VLP vaccines can be said to produce 
particulates that are similar to the structure of the actual viruses [36, 37].

Genetic vaccines comprising DNA (in the form of plasmids) and RNA (in the form 
of mRNA) have gained a lot of attention in the recent years following data indicating 
that plasmid-DNA expresses an immune response in presence of antigen that is coated 
with plasmid [38]. Researchers reported viability of mRNA for the purpose of in vivo 
gene transfer in the 1990s [39]. However, further development of mRNA vaccines 
was delayed owing to issues with their stability. Encapsulation of RNA was found to 
increase the stability as well as augment the immunogenicity of RNA vaccines [40]. 
With certain factors taken into consideration such as cellular pathways for triggering 
immunity as a response to foreign RNA, RNA vaccines may exhibit superior perfor-
mance as compared to vaccines with respect to immune response [41]. Table 2 shows 
the different types of vaccines, i.e., inactivated vaccines, live attenuated vaccines, 
mRNA, and toxoid vaccines approved, and license for use in the USA in recent years. 
This list gives an idea on the applicability of different vaccine platforms being 
employed for commercializing vaccines for various infections.

The SARS-CoV-2 virus and two SARS-like coronaviruses (bat-SL-CoVZXC21 
and bat-SL-CoVZC45) are almost 88% similar. They also employ the same human 
angiotensin-converting enzyme-2 receptor for cell-entry during infection [43]. 
According to WHO (World Health Organization), production of a safe and effective 
vaccine ready for human use can easily take upwards of 18 months. Developing a 
vaccine in the middle of a pandemic outbreaks is extremely slow and can risk pre-
cious lives. Predicting the virus mutations which can trigger reemergence of highly 
pathogenic virulent strains (cross-species) may be a way to stay ready for new 
emerging pandemic strains in the future. In light of the SARS-COV outbreak in 
2003, scientists had predicted that there could be a potential bat coronavirus that 
would likely cross species and infect humans [44]. However, this information did 
not receive proper attention. Had that not been the case, a predictive vaccine could 
have been developed for the first time in history and in time to possibly prevent the 
COVID-19 pandemic. Nonetheless, utilizing the mRNA (Pfizer and Moderna) and 
human monoclonal antibodies’ platforms (Eli Lily, Regeneron) [45], effective vac-
cines were developed in record time.
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Table 2 Different types of vaccines approved by FDA and licensed for use in the United States [42]

Vaccine type Treatment Commercial name
Initial 
Approval

Inactivated 
vaccines

Hepatitis A, Flu, Rabies, Polio Havrix® - Hepatitis 
A

2005

Diphtheria & Tetanus Toxoids & Acellular 
Pertussis Vaccine Adsorbed, Hepatitis B 
(recombinant) and Inactivated Poliovirus 
Vaccine Combined

Pediarix® 2002

Diphtheria and Tetanus Toxoids and 
Acellular Pertussis Adsorbed and Inactivated 
Poliovirus Vaccine

Kinrix® 2008

Diphtheria and Tetanus Toxoids and 
Acellular Pertussis Adsorbed and Inactivated 
Poliovirus Vaccine

Quadracel® 2015

Diphtheria and Tetanus Toxoids and 
Acellular Pertussis Adsorbed, Inactivated 
Poliovirus, Haemophilus b Conjugate 
[Meningococcal Protein Conjugate] and 
Hepatitis B [Recombinant] Vaccine

Vaxelis® 2018

Diphtheria and Tetanus Toxoids and 
Acellular Pertussis Adsorbed, Inactivated 
Poliovirus and Haemophilus b Conjugate 
(Tetanus Toxoid Conjugate) Vaccine

Pentacel® 2008

Hepatitis A Vaccine, Inactivated VAQTA® 1996
Hepatitis A Inactivated and Hepatitis B 
(Recombinant) Vaccine

Twinrix® 2001

Japanese Encephalitis Virus Vaccine, 
Inactivated, Adsorbed

Ixiaro® 2009

Poliovirus Vaccine Inactivated (Monkey 
Kidney Cell)

IPOL® 1989

Live 
attenuated 
vaccines

Adenovirus Type 4 and Type 7 Vaccine, 
Live, Oral

No trade name 2011

Cholera Vaccine Live Vaxchora® 2016
Dengue Tetravalent Vaccine, Live Dengvaxia® 2019
Ebola Zaire Vaccine Ervebo® 2019
Influenza Vaccine, Live, Intranasal Flumist® 2003
(Trivalent, Types A and B) Flumist 

Quadrivalent®

2003

Measles, Mumps, and Rubella Vaccine, Live Priorix® 2022
M-M-R-II 1978

Measles, Mumps, Rubella, and Varicella 
Virus Vaccine Live

Proquad® 2005

Rotavirus Vaccine, Live, Oral Rotarix® 2008
Rotavirus Vaccine, Live, Oral, Pentavalent RotaTeq® 2006
Smallpox and Monkeypox Vaccine, Live, 
Non-replicating

Jynneos® 2019

(continued)
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Table 2 (continued)

Vaccine type Treatment Commercial name
Initial 
Approval

Smallpox (Vaccinia) Vaccine, Live ACAM2000® 2007
Typhoid Vaccine Live Oral Ty21a Vivotif® 1989
Varicella Virus Vaccine Live Varivax® 1995
Zoster Vaccine, Live, (Oka/Merck) Zostavax® 2006

Messenger 
RNA (mRNA) 
vaccines

Covid-19 Vaccine, mRNA Comirnaty® 2021

Spikevax® 2022
Janssen Covid-19 
vaccine (Emergency 
use authorization)

2021

Toxoid 
vaccines

Diphtheria & Tetanus Toxoids Adsorbed No trade name 1997

Infanrix® 1997
Diphtheria & Tetanus Toxoids & Acellular 
Pertussis Vaccine Adsorbed

Daptacel® 2002

Diphtheria & Tetanus Toxoids & Acellular 
Pertussis Vaccine Adsorbed, Hepatitis B 
(recombinant) and Inactivated Poliovirus 
Vaccine Combined

Pediarix® 2002

Diphtheria and Tetanus Toxoids and 
Acellular Pertussis Adsorbed and Inactivated 
Poliovirus Vaccine

Kinrix® 2008

Diphtheria and Tetanus Toxoids and 
Acellular Pertussis Adsorbed and Inactivated 
Poliovirus Vaccine

Quadracel® 2015

Diphtheria and Tetanus Toxoids and 
Acellular Pertussis Adsorbed, Inactivated 
Poliovirus, Haemophilus b Conjugate 
[Meningococcal Protein Conjugate], and 
Hepatitis B [Recombinant] Vaccine

Vaxelis® 2018

Diphtheria and Tetanus Toxoids and 
Acellular Pertussis Adsorbed, Inactivated 
Poliovirus, and Haemophilus b Conjugate 
(Tetanus Toxoid Conjugate) Vaccine

Pentacel® 2008

Haemophilus b Conjugate Vaccine (Tetanus 
Toxoid Conjugate)

ActHIB® 1993

Hiberix® 2009
Meningococcal (Groups A, C, Y and W-135) 
Polysaccharide Diphtheria Toxoid Conjugate 
Vaccine

Menactra® 2005

Tetanus & Diphtheria Toxoids, Adsorbed TDVAX® 1970
Tetanus & Diphtheria Toxoids Adsorbed for 
Adult Use

Tenivac® 2003

Tetanus Toxoid Adsorbed No trade name 1997
Tetanus Toxoid, Reduced Diphtheria Toxoid 
and Acellular Pertussis Vaccine, Adsorbed

Adacel® 2005

Boostrix® 2005
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4  Conclusion

In closing, with the vast encyclopedic data available on viruses, right from their 
potential origins to the detailed knowledge on the mechanisms of virulence, patho-
genesis, and outbreaks, it is possible to develop critical diagnostic methods and 
tools to develop effective vaccines proactively. Implementation of cutting-edge 
techniques like CRIPSR combined with predictive tools (driven by AI (Artificial 
Intelligence)) should enable global collaboration towards a common goal of pre-
venting future pandemics.

In the words of Martin Luther King Jr., “We must accept finite disappointment, 
but never lose infinite hope”.
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Pneumocystis Carnii Pneumonia 
Infections: Disease, Diagnosis, 
and Treatment Options
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Muhammad Ali Syed, and Syed Atif Raza

Abstract By reading this chapter, readers will be able to understand what is 
Pneumocystis carinii pneumonia (PCP) infection, how it affects immunocompro-
mised patients, and on prior treatment different diagnostic parameters are performed 
for sampling and afterwards treatment is recommended by a physican. Readers will 
be able to distinguish PCP patients infected with HIV/AIDS and PCP patients 
infected without HIV/AIDS. Also, by going through this chapter, readers will be 
able to distinguish between pneumonia, PCP fungal infection and the compatibility 
of COVID-19 with PCP fungal infection. Different treatment strategies are dis-
cussed in this chapter in order to treat PCP-infected patients and risk factors are also 
considered so that by keeping in view these risk factors preventive measures are 
adopted to treat PCP fungal-infected patients. Epidemiology of PCP infection is 
elaborated so that reader will be able to understand whether it is endemic or pan-
demic infectious disease. In addition, the pathophysiology of PCP is discussed so 
that reader should come to know its mode of transmission in lungs where this fungal 
infection starts replicating. Importantly, different case studies are discussed in this 
chapter for the purpose of understanding that more than one infection also affects 
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PCP-infected patients and different antibiotic therapies are performed along with 
adjunctive corticosteroids therapy for better recovery of the patient. It is the expected 
responsibility of readers after studying this chapter to provide awareness of PCP 
infection among health care professionals and people.

Keywords Pneumocystis carinii pneumonia · Epidemiology · Diagnosis · 
Treatment · Case studies

1  Background

It is commonly called as Pneumocystis carinii pneumonia (PCP)/Pneumocystis jir-
ovecii pneumonia (PJP). PCP is a fungal infection that can affect one or both of the 
lungs and its causative agent is Pneumocystis jirovecii, which is also called as 
Pneumocystis carinii [1]. It mostly affects individuals who are infected with HIV 
infections [2]. In 1980, this case was first reported in the USA and it occurred in an 
individual infected with HIV.  In the beginning, scientists were confused about 
whether PCP is caused by protozoa or fungus so they classified it as protozoan but 
with the passage of time and advancement in medical knowledge they classified it 
as fungus [3]. Today, PJP is considered one of the several fungal infections which 
can cause severe life-threatening problems in individuals suffering with AIDS/HIV 
infections [4]. In the USA, the first decade of HIV epidemic cases associated with 
PJP were reported approximately to be 100,000, but today with current anti- 
retroviral therapy (ART), individuals with HIV/AIDS are less likely to be infected 
with PCP infection [5]. PCP is a fungal infection that affects the lungs of individuals 
with weakened immune system and it is usually caused by Pneumocystis jirovecii. 
There are several reasons for a weakened immune system such as cancer, HIV 
infection, AIDS, high dose corticosteroids, or medicine taken after having bone 
marrow or organ transplant. This fungal infection mostly attacks individuals suffer-
ing from HIV/AIDS infection but seems to rarely occur in healthy individuals who 
do not acquire AIDS/HIV infections [6]. Nearly, all the individuals suffering from 
PCP either have low oxygen levels in their blood (hypoxemia) at rest or an increase 
in their alveolar-arterial oxygen tension gradient, which causes difficulty for the 
individual to breathe [7].

2  Microbiology

PJP occurs in the respiratory tracts of humans and mammals and it belongs to uni-
cellular fungi group. Distinct species flexibility is present between members of 
host-specific genus. In 1909, Chagas first introduced this organism and then few 
years later Dr. Carni isolated it from infected rats and proposed this organism’s 
name as Pneumocystis carinii and some years later Dr. Otto Jirovec and his group 
members found that this organism was also present in humans, later, they isolated 
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this organism and renamed it as Pneumocystis jirovecii. Because of that reason, this 
organism has dual names i.e., PCP and PJP. There was a clash among the scientists 
whether Pneumocystis jirovecii pneumonia belongs to protozoa group or trypano-
some group, further nucleic acid biochemical analysis suggest that Pneumocystis 
RNA and mitochondrial DNA considered the organism as a fungus which is unicel-
lular rather than a protozoa [8]. Later on, scientists found that these organisms exist 
in three structural forms, namely, trophozoite, sporozoite, and cyst. The trophozoite 
is sometimes called as trophic form due to its existence in clusters arrangement. 
While sporozoite is also ranked as a precystic form in which it lays down the resting 
phase, and the cyst is a kind of form containing several spores which are sometimes 
called as intracystic bodies.

3  Epidemiology

PJP diagnosis is difficult because modern medical facilities are not present in under-
developed regions of the world. In Africa, its frequency is found to occur at the rate 
of 80% in infants suffering with pneumonia and other HIV infections [9]. In sub- 
Saharan Africa, individuals suffering from tuberculosis, which is a serious lungs 
infection, also have a chance to be infected with PJP pneumonia [10]. Similarly in 
Pakistan, PCP pneumonia prevalence rate is 16% and different antibiotic therapies 
are performed to prevent form PCP infection [11]. According to latest research 
prevalence rate of PCP infection seems to be 32–38% in India [10]. In USA, 75% 
overall PCP cases were reported [5] and in China PCP prevalence rate is 40% 
according to latest research [12]. In Malaysia, PCP prevalence rate is 60% and in 
Europe PCP detection ratio is 18% [13]. In Mozambique, PCP occurs at the inci-
dence of 6.8% and a specimen study was performed via nasopharyngeal aspirates 
through polymerase chain reaction (PCR) test to confirm the presence of infection.

In Malawi, 5% PCP detection ratio was observed and sample specimen was 
taken via lung aspiration through a PCR detection technique [5]. Similarly in 
Namibia, PCP detection ratio is 5%, but sample specimen was taken via sputum 
induction through Grocott’s Methenamine Silver stain (GMS) and PCR detection 
ratios [14]. In France, PCP occurs at the incidence of 26.1% and in Brazil 20% PCP 
detection rate was observed [5, 15]. In Uganda, 4% PCP detection ratio was noticed 
and a specimen study was performed through BAL test, and a modified Giemsa 
detection method was used in this regard [16]. In Vietnam and Tanzania, the PCP 
detection rate were found to be 3% and 1.5%, respectively, when sample specimens 
were taken via oral route using a PCP detection technique [17]. In Poland, 21% PCP 
detection rate was observed, and in Malawi, PCP occurs at incidence rate of 9% and 
specimen study was performed via BAL test and detection methods used in this 
technique were IF and PCP [18]. These are the different regions of the world where 
different studies and techniques are performed for PCP detection. By covering the 
epidemiological factors of PCP fungal infection, it was found that PCP infectious 
disease is a pandemic disease because it is present in different regions of the world.
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4  Etiology

The causative agent of PCP is the fungus Pneumocystis jirovecii pneumonia [19]. 
Individuals with healthy immune system do not get infected with this organism, but 
those individuals who have weakened immune system may easily be affected by 
this fungus organism named as PCP. The immune system may be weakened due to 
several reasons such as in the case of cancer therapy, organ transplant, and using 
medicines (steroids) that suppress your immune system [20]. If PCP is not treated 
in the appropriate manner the patient’s condition may worsen. So, it is recom-
mended to boost up your immune system in the case of PCP infection.

5  Pathophysiology

Pneumocystis pneumonia is a worldwide infectious fungal disease and it occurs 
mostly in children who are 3 to 4 years of age [21]. Furthermore, preclinical studies 
have suggested that PCP transmission is airborne and clinical trials on humans has 
also been reported due to depressed immunity in individuals [22]. PCP occurs due 
to defective humoral and cellular immunity. Once PCP spores are inhaled via alve-
oli, the host organism starts replicating and ultimately causes disease. The role of 
immunity in the case of PCP infection is attributed due to the reasons such as (1) 
defects in cellular or humoral immunity, (2) CD4+ production is low, (3) CD4+ 
T-cell count is >200 cells/μL, and (4) development of PCP infection [9].

6  Risk Factors

It is most likely to develop in those individuals in which HIV/AIDS infection has 
been reported. It also occurs in individuals who are immunodeficient. In this regard, 
patients receive long-term immunosuppressive therapy. It can also occur in indi-
viduals who are at risk of malnutrition [22]. Patients, whose organ transplantation is 
performed by providing corticosteroids therapy for suppressing  immune sys-
tem,  the  chances of PCP fungal infection began to increase  in such cases. PCP 
fungal infection is more susceptible in those patients whose are hematologic and 
nonhematologic malignant including solid tumors and cancerous cells [23].

7  Pneumonia & Pneumocystis Carinii Pneumonia

Pneumonia is an infection of lungs affecting one or both lung parts [24]. In this 
infection, alveoli are filled with fluid and pus. Its causative agent is Streptococcus 
pneumoniae. Pneumonia affects mainly patients with 65 years of age or more and 
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children about 2 years of age [25]. The signs and symptoms of pneumonia in adults 
are clearly observed but in case of children signs and symptoms are monitored care-
fully. They may have fever, cough, or they may have difficulty in breathing and 
eating. Pneumonia classification is based according to infectious agent or place 
from where infection spread. Community acquired pneumonia is caused by viruses, 
bacteria, or fungi. Hospital acquired pneumonia is caused when a patient is admit-
ted for another illness but after recovering from particular illness got infectious 
pneumonia disease. It is more severe because bacteria are more resistant to antibi-
otic therapies and patients who acquire this infection are already immunosup-
pressed. Hospital acquired pneumonia develops when people are visiting to attend 
the patient for longer times, it is also more resistant to antibiotics, and can also be 
caused by visiting out-patient clinics. Aspiration pneumonia is caused when patient 
inhaled food, drink, saliva, or vomit and disturbs body’s normal reflux mechanism. 
This can also be spread by excessive intake of alcohol.

Pneumocystis carinii pneumonia is caused by fungal infection and can affect one 
or both lungs [26]. It is usually spread through individuals who are either immuno-
compromised or have already been infected with HIV/AIDS. Before adopting treat-
ment strategy, its diagnosis is performed based on PCP patient infected with or 
without PCP. Factors that increase the risk of PCP fungal infections include smok-
ing, alcohol consumption, dyspnea, and malnutrition. From above discussion, the 
difference of pneumonia and PCP fungal infection is clearly observed. Further basic 
details of pneumonia and PCP fungal infection are given below to summarize our 
findings and by observing these findings, it can easily diagnose whether patient is 
infected with pneumonia or PCP fungal infection (Table 1).

Table 1 Difference between pneumonia and PCP

Pneumonia Pneumocystis carinii pneumonia

Inflammation of lungs in one or both parts. PCP is a fungal infection that may affect one or 
both parts of lungs.

Alveoli are filled with fluid and pus. Before opting treatment strategy, diagnosis is 
performed to rule out PCP.

Streptococcus pneumoniae is the most 
causative agent which causes inflammation in 
alveoli.

Its causative agent is pneumocystis jirovecii.

Pneumonia develops when body immune 
system is weak. 

It lowers infected patient’s immune system and 
CD4+ level, and different antibiotics along with 
adjunctive corticosteroids are given to treat PCP 
infection.

Factors that may lead to pneumonia are 
pre-existing lungs disease, recent influenza 
infections, smoking, and upper respiratory 
tract infections.

Factors that may lead to PCP are smoking, 
alcohol intake, and malnutrition. These 
conditions may trigger PCP infection.

Vaccines are available No vaccines are currently available
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8  Differential Diagnosis of COVID 19 and PCP Infection

Clinical conditions of coronavirus disease 2019 (COVID-19) and pneumocystis 
pneumonia (PCP) have similarities and are clinically indistinguishable at the early 
stages in HIV-positive patients [27]. Differential diagnosis should be performed to 
rule out similar clinical manifestations. Diagnostic parameters should be performed 
on priority basis to determine whether underlying disease is COVID-19 or PCP 
fungal infection. Similarities and differences based on COVID-19 and PCP fungal 
infection can be better described and explained with the help of case studies. Fewer 
such cases have been discussed in this context to understand the pathological condi-
tion and suspected diseased condition.

8.1  Case Study 1

During the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pan-
demic, a 25-year-old patient presented with significant hypoxemia despite using a 
non-rebreather mask. A massive right pneumothorax and severe interstitial illness 
were discovered on a chest X-ray. Despite the installation of a chest tube, hypoxemia 
persisted, prompting emergency intubation. A CT scan of the chest was performed, 
and the nasopharyngeal SARS-CoV-2 PCR was positive. His absolute CD4+ count 
was 32 cells/Mm3 and his HIV serology was positive. Because of his severe acquired 
immunodeficiency, radiographic results suggested a life- threatening co-infection 
with Pneumocystis jirovecii, prompting therapy with trimethoprim–sulfamethoxa-
zole, prednisolone, and remdesivir. Pneumocystis pneumonia (PCP) was confirmed 
4 days later by bronchoscopic pneumocystis antigen. Clinically, the patient recov-
ered and was discharged from hospital successfully 21 days later [28] (Fig. 1).

In both PCP and SARS-CoV-2 infection, widespread ground-glass nodules are 
the most common finding, making radiographic distinction challenging, especially 
in immunosuppressed patients. One-third of patients with serious PCP may develop 
cystic tumors [29, 30]. The identification of Pneumocystis jirovecii co-infection 
would have been difficult without these cystic radiographic features. As a result, in 
the present SARS-CoV-2 pandemic, knowledge of co-infections is vital in order to 
correctly diagnose and treat these co-infections, decreasing morbidity and mortality 
rates [31].

8.2  Case Study 2

With a three-week history of cough, myalgia, fever, and increasing dyspnea, a 
54-year-old man was taken to a medical center. The BMI of patient was normal. 
However, patient had an 8-year history of hypertension and type 2 diabetes as well 
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Fig. 1 Depicting a chest X-ray and a CT scan of the chest at the time of presentation, (a) X-ray of 
the chest reveals a massive right pneumothorax and severe interstitial illness, (b) Coronal CT chest 
picture demonstrating apical cystic alterations, diffuse ground-glass opacities, thick consolidation, 
and pneumothorax, (c) An axial image of the most prominent apical cystic alterations, and (d) 
Axial image with the chest tube revealing diffuse ground-glass opacities and a right pneumothorax, 
reproduced with permission [28]. (continue directly)

as electrocardiographic signs of left ventricular hypertrophy. The patient previously 
had two bouts of drug-sensitive pulmonary tuberculosis, both of which the subject 
had successfully treated. The patient was HIV positive at the time of admission, 
with a CD4+ count of 26 cells/L and a viral load of 2,447,646 copies/mL.  His 
SARS-CoV-2 polymerase chain reaction (PCR) nasopharyngeal swab was likewise 
positive. He was moved to a field hospital for coronavirus illness (COVID), where 
the subject needed nasal prong oxygen to keep his oxygen saturation (SpO2) at 96%. 
His oxygen needs increased within 24 h of transfer, therefore the patient was trans-
ferred to our intensive care unit (ICU) for high-flow nasal cannula (HFNC) oxygen 
(Figs. 2 and 3).
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Fig. 2 The above figure shows that on arrival, the patient’s chest radiograph revealed bilateral 
ground-glass opacifications, mostly in the lower zone. The patient was started on empiric dexa-
methasone and therapeutic co-trimoxazole after a working diagnosis of COVID-19 and/or PCP. On 
the third day of hospitalization, however, persistent fever, hemodynamic instability, increased oxy-
gen needs with worsening pulmonary infiltrates on chest X-ray, and growing inflammatory mark-
ers led to a diagnosis of nosocomial pneumonia. In the absence of culture findings, empiric 
meropenem and fluconazole were started, reproduced with permission [28]

Fig. 3 The above figure shows the consolidation including all but the left upper zone shown on 
this chest radiograph, indicating a severe deterioration. Sputum DFAT confirmed PCP, which was 
backed up by a β-D-glucan level of >500 pg/mL (normal 60). Acinetobacter baumannii was also 
found in blood cultures, for which colistin was started pending sensitivity. Legionella species were 
not found in the urine. On the eighth day, after admission to the ICU, the patient died of increasing 
respiratory failure. (Image reproduced with permission from [28])
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8.3  Case Study 3

A middle-aged man with shortness of breath, nocturnal sweats, and weight loss 
came to community care in England in March 2020. The subject was administered 
oral antibiotics after the chest X-ray, however, revealed nothing unusual. The sub-
ject was brought to emergency treatment a week later. In the absence of laboratory 
testing, the subject was discharged with a suspected mild COVID-19 diagnosis after 
a chest X-ray revealed bilateral apical ground glass alterations (Fig. 1a). The patient 
was clinically stable without severe hypoxia and was thus discharged with a sus-
pected light COVID-19 diagnosis. Four days later with substantial hypoxia, increas-
ing bilateral upper lobe airspace shadowing on chest X-ray, anemia (hemoglobin of 
87  g/dL), lymphopenia (0.14 cells/Mm3), and increased C-reactive protein 
(212 mg/L), as well as yeast infections were observed.

COVID-19 was initially regarded the most likely diagnosis in the emergency 
department, may be due to the relative frequency of COVID-19 during the peak of 
the epidemic and the resulting limitations in clinical reasoning. The diagnoses 
explored on the second presentation, 4 days later, were community acquired pneu-
monia (CAP) and moderate/severe COVID-19. Although the lymphopenia and 
bilateral chest X-ray alterations were consistent with COVID-19, the patient also 
had several unusual characteristics, such as oral thrush, weight loss, and a long 
clinical history. Following admission and a negative SARS-CoV-2 polymerase 
chain reaction test (PCR) result, Pneumocystis jirovecii pneumonia (PCP) was eval-
uated initially (Fig. 4).

The patient’s condition worsened on day 5 of hospitalization, and was moved to 
the critical care unit for mechanical ventilation. SARS-CoV-2, influenza, parainflu-
enza, rhinovirus, adenovirus, respiratory syncytial virus, human metapneumovirus, 
and Pneumocystis jirovecii were all found to be negative by PCR, and acid-fast 
bacilli (AFB) staining was negative. Co-trimoxazole was switched to IV pentami-
dine on the ninth day of admission due to bone marrow suppression and hyperkale-
mia. A bronchial alveolar lavage on day 10 revealed Pneumocystis jirovecii 
confirming the diagnosis. CMV and herpes simplex type 1 (HSV-1) were also found 
in the lavage, but not SARS-CoV-2, respiratory viruses, or AFB. On day 15, a right 
tension pneumothorax occurred, as well as an intractable bronchopleural fistula. 
The patient died on the 17th day of his hospital stay, around 29 days after his first 
appearance in the community.

A lengthier clinical history previous to admission to emergency care is normal 
with COVID-19, oral thrush, and radiographic indications of apical alterations with 
basal sparing were among the clinical signals that may have prompted an earlier 
HIV test in the patient presented. Adding an HIV test to the order panel for all 
COVID-19 admissions, as well as educating and being attentive about potential dif-
ferential illnesses like PCP, is one low-cost technique of enabling a differential diag-
nosis [33]. This will help determine how HIV-positive persons with and without 
COVID-19 should be treated, including cohort nursing and a focused therapy 
approach.
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Fig. 4 (a) X-ray of the chest revealing bilateral apical ground glass alterations. (b) An X-ray of 
the chest reveals increasing bilateral upper lobe airspace shadowing, (c and d) chest computed CT 
demonstrating extensive ground glass alterations with basal sparing, reprinted with permission [32]

8.4  Case Study 4

During prednisolone therapy for autoimmune hepatitis, a 76-year-old lady got pneu-
mocystis pneumonia (PCP) (AIH). A hematological test performed by patient’s 
family physician revealed that the lady had excessive levels of hepatobiliary 
enzymes. The patient was sent to the hospital for further testing and was admitted to 
the hospital. The subject was diagnosed with autoimmune hepatitis (AIH) and 
began treatment on 40  mg of prednisolone per day. The transaminase levels of 
patient were improved due to which the dose of prednisolone was tailored down-
wards every 2 weeks. Fever of 38 °C was noted during the fourth week of medica-
tion. The chest X-ray revealed ground glass opacities, related to cough complaint. 
An induced sputum cytodiagnosis was conducted since the respiratory illness was 
suspected. The respiratory condition was followed after she was diagnosed with PCP.

Cotrimoxazole [trimethoprim/sulfamethoxazole] was begun after the patient’s 
fever was managed symptomatically. The subject had acute exhaustion, hyponatre-
mia, and a drop in platelets. ADRs were thought to be the cause of these signs and 
symptoms. The cough was suppressed once hyponatremia was cured. Eventually, 
the fever subsided, and the pneumonia began to recover. Prednisolone was not 
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lowered in dosage throughout this time and was kept at 15 mg/day for the whole 
4-week period. Cotrimoxazole was added as a preventive measure, and AIH therapy 
was continued. As a result, multiple stomach ulcers and oral candidiasis was devel-
oped. The subject received treatment and was released on a daily dose of oral pred-
nisolone of 10 mg. The IgG and transaminase values were both in the normal range 
when the patient was taking prednisolone 10 mg every other day at the time of the 
previous follow-up.

8.5  Case Study 5

On day 7 of the fifth chemotherapy session, a 69-year-old lady receiving biweekly 
pirarubicin hydrochloride, oncovin, cyclophosphamide, and prednisolone for myco-
sis fungoides developed a fever. The first chest CT pictures were unremarkable, and 
serum procalcitonin and -D-glucan levels were normal. Meropenem and amphoteri-
cin B were used to treat a bacterial or fungal illness, but was useless. A contrast- 
enhanced CT was performed around 10 days following the initial chest CT. Apart 
from two mass lesions in S6 and S10 in the right lower lobe, no source of fever was 
discovered (Fig. 5).

Compared to HIV-positive individuals, Pneumocystis jirovecii is particularly dif-
ficult to identify in specimens from HIV-negative patients, who have a higher 
immune response to pneumocystis but fewer pathogens. Pneumocystis jirovecii can 
be detected using a polymerase chain reaction based on bronchoalveolar lavage 
fluid. Because the tumors were confined, biopsy and Grocott’s staining proved to be 
the most crucial measures for a correct diagnosis in this case. Because the chest CT 
results were abnormal and the patient’s blood -D-glucan level was within normal 
ranges, PCP was excluded from the differential diagnosis in this case. In a retro-
spective investigation of patients with PCP identified via bronchoalveolar lavage, 
Tasaka et al. found that blood -D-glucan level was the most accurate PCP predictor 
among serum levels of lactate dehydrogenase, -D-glucan, Krebs von den Lungen-6 

Fig. 5 In the right lung, pleural effusion can be observed, which might be impacted by inflamma-
tion. The SpO2 level was within normal range, and was asymptomatic. Bronchoscopy was con-
ducted, and bronchial biopsy specimens stained with Grocott’s staining indicated cysts of 
Pneumocystis jirovecii, reproduced with permission [28]

Pneumocystis Carnii Pneumonia Infections: Disease, Diagnosis, and Treatment Options



266

(KL-6), and C-reactive protein. The threshold value for D-glucan concentration for 
PCP in the above-mentioned study was 31.1 pg/mL, with a sensitivity and specific-
ity of 92.3% and 86.1% respectively. The reference range for -D-glucan, on the 
other hand, varies depending on the test technique used. Although the -D-glucan 
concentration was within normal ranges in this case, which might be due to the 
limited number of infections, there was insufficient data to evaluate if the D-glucan 
concentration represents the pneumocystis load in the lungs.

Depending on the patient’s immunological state, PCP might appear with a vari-
ety of chest CT abnormalities. PCP is more frequent in immunocompromised per-
sons and can be fatal. Even when chest CT images are abnormal, such as many 
lesions, PCP should be examined, and bronchoscopy should be attempted to diag-
nosis PCP if the patient’s health allows. In suspected PCP cases, quick diagnosis 
and anti-PCP therapy are essential.

9  PCP Prognosis

The prognosis of PCP is worst due to its late diagnosis and it is a major cause of 
death in the US due to AIDS. It is most likely to occur in those patients who develop 
pneumothorax, and in this case patients receive mechanical ventilation. Currently, 
20–50% cases have been reported due to large-scale studies.

10  Clinical Manifestations

These are basically signs and symptoms which distinguish and tell the medical 
expert whether infection is caused by Streptococcus pneumoniae and Pneumocystis 
jirovecii. By keeping in view these findings diagnostic parameters are performed 
prior to treatment. PCP signs & symptoms and different findings are discussed in 
below section for further observations and understanding (Table 2).

Table 2 Signs and symptoms for diagnosis of PCP

Symptoms Signs CXR Findings

Fever Hypoxia Diffuse, bilateral, hazy infiltrates
Dyspnea Tachypnea, tachycardia Pneumothorax
Dry cough Inspiratory crackles Pleural effusion, lobar infiltrate, nodules less 

common
Pleuritic chest 
pain

Elevated A-a gradient CXR normal in 25%

Malaise Chest exam normal in 
50%
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Table 3 Differential diagnostic parameters of PCP infected patient

Acute respiratory distress syndrome 
(ARDS) Cytomegalovirus Lymphocytic interstitial pneumonia

Mycoplasma infections Viral pneumonia Pulmonary embolism
Legionellosis Tuberculosis Mycobacterium avium complex (MAC) 

infection

11  Differential Diagnosis of PCP

Patients who are PCP infected may also be infected with other pneumonia diseases 
[34]. This condition is not necessary in this regard that PCP patient is infected with 
fungal disease only. PCP patient may also be infected with other fungal disease, 
that’s why differential diagnosis is performed to ensure whether patient is infected 
with PCP or multiple viral, bacterial, or fungal diseases are involved. Table 3 tells 
us about the differential diagnostic parameters of PCP-infected patient.

12  Laboratory Studies

A lactic dehydrogenase (LDH) test is performed to detect the degree of lung injury 
[35]. Individuals who are infected with HIV are at great risk of PCP and it is uplifted 
in 90% patients. There exists an alternative to invasive testing procedure names as 
sputum P. jirovecii PCR, which is a time-consuming method for sample collection 
and it is done in case of patient’s respiratory failure. For PCP detection a sensitive 
test known as β-D-Glucan (BDG) is preferred which is comprised of Aspergillus, 
Candida, and Pneumocystis, but zygomycetes are excluded. The accuracy of this 
test is determined with Quantitative studies.

13  Chest Radiography

Those patients with defective immune system and other symptoms such as fever or 
respiratory signs are observed then in this regard chest radiography is performed. 
These results may be normal in patients with early mild disease. Common signs and 
symptoms include asymmetric infiltrates, pneumothorax, and pneumatoceles. In 
this overall process, a small amount of radiation is placed on the targeted organs 
such as lungs and then the image is detected in x-ray form.
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14  Computed Tomography

For the detection and imaging of PJP infection high-resolution computed tomogra-
phy (HRCT) is used rather than CT scan because it can easily detect PJP patients 
infected with HIV infection. This process is monitored by the radiologist and after 
obtaining HRCT of the patients with the help of specified computers, concluded 
results are sent to the physician for treatment purposes.

15  Other Noninvasive Tests

15.1  Pulmonary Function Tests

This test is performed on the basis of DLCO which stands for decreased diffusion 
capacity of carbon monoxide; patients whose DLCO value is normal are less likely 
to be susceptible with PCP infection. Decreased DLCO value indicates higher risk 
of PCP infection (89–100%). When this test is compared with HRCT, then it is used 
to distinguish whether the PCP patient is infected with HIV/AIDS or the patient is 
infected with PCP infection only. In such type of tests, patient’s observation is made 
on regular basis.

15.2  Pulse Oximetry

It should be calculated in all the patients at room temperature [36]. It should be 
calculated at rest or after some activity in specified patients. If hypoxemia is detected 
in which oxygen saturation is less than 90%, then arterial blood gas level should be 
attained along with corticosteroids.

15.3  HIV Testing

In case of possible HIV testing in PCP patients, observations and results made 
before the test and after the test should be evaluated carefully [37].

15.4  Laboratory Testing

In laboratory testing, the blood sample of the affected patient is evaluated according 
to LDH level.
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16  Sputum Induction

Another method of detecting the PCP infection is via sputum induction [38]. In this 
process, the patient is nebulized with 3% hypertonic saline and the specified patient 
is provided with a box for sputum collection. The nebulization sputum is sent to the 
laboratory to detect if the PCP infection is caused by HIV or it is caused by only 
pneumonia. The sensitivity of this test is usually based on the effective technique 
applied in laboratory and its specificity varies from 99% to 100%.

17  Bronchoalveolar Lavage (BAL) Test

BAL test is performed if the sputum induction is negative and this test has higher 
diagnostic sensitivity, this test is performed on the recommendation of pulmonolo-
gist when the patient mental status is altered and the patient is unable to give sample 
by sputum induction. This test gives more sensitivity to detect PCP infection than 
sputum induction [39].

18  Lungs Biopsy

This test is performed to detect higher sensitivity and specificity, in which the results 
obtained are 100%. In this test, tissue samples are obtained from infected PCP 
patient’s lungs for diagnostic purposes [40].

19  Histologic Evaluation

P. jiroveci cannot grow in vitro, therefore, histologic findings are observed before 
patient diagnosis. Several staining techniques are applied for PCP detection. (1) 
Crystal violet, (2) Giemsa, (3) Diff-Quik, and (4) Wright stain [41]. For trophozoite 
and cyst form identification, mostly these staining methods are used.

20  Treatment of PCP

Although PCP is declared as fungal pneumonia, it does not respond to anti-fungal 
drugs. It is treated via TMP-SMX and other second line agents such as pentamidine 
and dapsone which are mostly along with pyrimethamine or atovaquone. A few suc-
cessful case studies indicate that caspofungin can also treat PCP infection [42]. 
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Treatment of PCP depends upon degree of illness and there are different parameters 
for tackling with PCP fungal infection which involves different drug combinations 
via oral or IV route depending upon the diagnosis and severity of the infection. 
There are two types of PCP patients, the first one are those who do not acquire HIV/
AIDS infection and recovers within 4–5 days and the second one are those who 
acquire PCP infection and recovers within 21 days or longer [43].

20.1  Antibiotic Therapy (Table 4)

20.2  Adjunctive Corticosteroids Therapy

In severe cases, corticosteroids therapy should be administered to the PCP patient 
because of suppression of immune response. Latest research indicates that patients 
who are infected with PCP fungal infection should not keep in contact with other 
immunocompromised patients (Table 5).

Table 4 Antibiotic Therapy for PCP

Mild to moderate PCP (oral route)

First choice Trimethoprim-sulfamethoxazole
Second choice Trimethoprim (Proloprim) and dapsone

Or
Clindamycin (Cleocin) and primaquine

Third choice Atovaquone (Mepron)
Moderate to severe PCP (IV regimens)

First choice Trimethoprim-sulfamethoxazole
Second choice Trimetrexate/leucovorin and oral dapsone

Or
Clindamycin (Cleocin phosphate) and oral primaquine

Third choice Pentamidine

Table 5 Adjunctive Corticosteroids Therapy for PCP

Schedule Dosage

Days 1–5 40 mg of prednisone twice daily
Days 6–10 40 mg of prednisone once daily
Days 11–21 20 mg of prednisone once daily
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21  PCP Prevention

Smokers are at a greater risk of getting PCP infection, so it is advisable to quit 
smoking in order to prevent lungs from PCP infections. Currently, no vaccine avail-
able for PCP as a preventive measure. If an individual is infected with PCP, avoid 
direct contact with the person and practice safety precautions. If the patient is 
immunocompromised and CD4+ level is low, the physicians recommend to take 
medications that boost immune response thereby maintaining CD4+ level.

22  Conclusion

By reading this chapter, readers can easily get to know about PCP infection and can 
easily distinguish between PCP patients infected with HIV or PCP patients infected 
without HIV. Hospitals should have separate wards for dealing with PCP patients 
for better patient care services and different tests are performed before diagnosis 
based on patient disease response and conditions. Antibiotics and adjunctive ste-
roids are given to PCP patients for better recovery and maintaining their immune 
system. Patients must be observed carefully for clinical outcomes and it must also 
be assured that no drug interactions and toxicity occurs during treatment. If the 
treatment is carried out by a general family physician, then the patient should be 
aware of this PCP fungal infection transmission and treatment protocols.
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Recent Developments in the Treatment 
of Bacterial Pneumonia

Grace Johnson, Michael Young, Jonah Gordon, and Charles Preuss

Abstract Bacterial pneumonia acquired from either the community, hospital, ven-
tilators, aspiration, or tuberculous organisms represents a threat to an immunocom-
promised host as much as a previously healthy host. The treatment of bacterial 
pneumonia is largely based on organismal prevalence in a community or hospital, 
and the decision to treat in an outpatient versus inpatient setting is guided by 
severity- of-illness scoring systems. In the setting of mild community-acquired 
pneumonia (CAP), Streptococcus pneumoniae is the presumed perpetrator, and 
amoxicillin or doxycycline is administered as the mainstay treatment. Severe CAP 
leads to suspicions of methicillin-resistant Staphylococcus aureus (MRSA) in addi-
tion to Streptococcus pneumoniae or atypical organisms, and fluoroquinolones are 
added to the regimen with a macrolide, doxycycline, and a beta-lactam. Bacterial 
pneumonia acquired in the hospital setting bears great risk for resistant organisms 
such as Acinetobacter baumannii, Pseudomonas aeruginosa, and Klebsiella pneu-
moniae. In such cases, anti-pseudomonal penicillins, cephalosporins, carbapenems, 
or fluoroquinolones are implemented accordingly, with vancomycin or linezolid 
being added when MRSA is suspected. Bacterial pneumonia acquired from mechan-
ical ventilators is identified via culturing of bronchial secretions, and is most likely 
underlain by MRSA, Acinetobacter baumanii, or Pseudomonas aeruginosa. 
Antibiograms guide the treatment regimens for these cases. Recent advances in sid-
erophore technology are facilitating targeted cephalosporin treatment of Gram- 
negative organisms causing these infections. For all types of bacterial pneumonia, 
resistance to these historically fool-proof empiric treatments is growing. 
Additionally, pneumonia in patients with chronic conditions such as cystic fibrosis 
warrants increasing ingenuity in targeting resistant Pseudomonas aeruginosa or 
Burkholderia cepacia, such as recent developments in bacteriophage therapy. For 
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all types of bacterial pneumonia in all subsets of patients, pinpointing the causative 
organism through culturing or nucleic acid hybridization for resistance gene identi-
fication, as well as greater incorporation of targeted drug-delivery systems, will 
allow for deceleration of the growing resistance threats and economic costs in treat-
ing bacterial pneumonia.

Keywords Pneumonia · Bacterial pneumonia · Tuberculosis · Community- acquired 
pneumonia · Hospital-acquired pneumonia · Ventilator-associated pneumonia · 
Aspiration pneumonia · Drug resistance · Cystic fibrosis · Immunocompromise · 
Sickle cell · Inhaled phage therapy · Inflammasome inhibitor therapy

1  Introduction

Pneumonia is an expensive, prevalent, and relevant infection of the decade. In 
2018, it ranked fourth among the 10 most frequent diagnoses among inpatients, 
accounted for 740,700 inpatient hospital stays, and comprised $7.7 billion dol-
lars of healthcare costs in the United States [1]. Pneumonia accounted for 
1,485,000 emergency department visits in 2018 [2]. In 2020, bacterial pneumo-
nia bore a mortality rate of 14 deaths per 100,000 population [3]. Pneumonia is 
traditionally categorized as community-acquired or nosocomial (hospital-
acquired or ventilator-associated), with empiric treatment aimed at the most 
likely causative organisms, as a pathogen is detected in only 38% of cases [4]. 
These organisms are described as either “typical” organisms such as 
Streptococcus pneumoniae or Hemophilus influenzae that can be cultured on 
standard media and Gram stained, and give a classic presentation of lobar pneu-
monia, or “atypical” organisms that are intracellular or gram- indeterminant, and 
thus cannot easily be cultured – such as Mycoplasma pneumoniae or Chlamydia 
species; these cause milder symptoms of an infiltrative pneumonia [5]. Decisions 
for therapy can be guided by severity-of-illness scoring systems, such as the 
CURB-65, which allots a point for confusion, uremia, respiratory rate >30/min-
ute, blood pressure <90/60, and age >65, such that a patient with a score of 0–1 
is a candidate for outpatient treatment, where a score of 2 or higher indicates a 
potential need for hospital admission [6]. The Pneumonia Severity Index is a 
composite of 20 factors and stratifies patients into mortality classes, such that 
patients in risk class IV or greater should be managed inpatient, while lower-
risk classes be maintained as outpatient [7].

This chapter delineates the types of pneumonia, their causative pathogens, and 
appropriate treatments, as well as present recent advances in experimental 
therapies.
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2  Community-Acquired Pneumonia

Community-acquired pneumonia (CAP) is defined as “the acute infection of lung 
tissue in a patient who has acquired it from the community or within 48 hours of the 
hospital admission” [5]. Presentation is typically composed of systemic symptoms 
such as chills fever, cough, pleuritic chest pain, fatigue, and anorexia. Physical 
exam findings are consistent with decreased breath sounds, increased tactile fremi-
tus, and crackles upon auscultation [8].

2.1  Etiology and Diagnosis of CAP

Though institution of the conjugated pneumococcal vaccine for infants and older 
adults has decreased pneumonia-related hospitalizations [9], Streptococcus pneu-
moniae (S. pneumoniae) is the most common cause of CAP; other bacteria to con-
sider are Hemophilus influenzae, Staphylococcus aureus (S. aureus), Mycoplasma 
pneumoniae, Chlamydia pneumoniae, Legionella sp., and less commonly 
Pseudomonas aeruginosa [4, 9]. Gram-staining and culture of respiratory secre-
tions and blood culturing are not recommended as a part of outpatient management, 
as there is no evidence that this portends better outcomes when compared to not 
performing these techniques [10]. However, in the setting of severe CAP managed 
in the hospital, Gram-staining and respiratory specimen culturing is recommended 
when the patient is intubated, or has risk factors for methicillin-resistant 
Staphylococcus aureus (MRSA) or Pseudomonas sp. such as prior parenteral anti-
biotic therapy in the last 90 days or previous infection with these organisms. Blood 
cultures should be obtained on these inpatients if they have severe pneumonia or are 
being treated for MRSA or Pseudomonas sp. [10]. This distinction between severe, 
intensive-care unit (ICU)-requiring pneumonia and non-severe pneumonia can be 
judged based on a set of major and minor criteria indicated by a joint committee of 
the Infectious Diseases Society of America (IDSA) and the American Thoracic 
Society (ATS) [11]: major criteria consist of either respiratory failure necessitating 
ventilation, or septic shock requiring pressors, or meeting three minor criteria: leu-
kopenia (WBC <4000/uL), thrombocytopenia (<100,000/uL), or hypothermia (core 
temperature <36 °C), as these have been shown to portend a poor prognosis [11].

2.2  Outpatient Treatment of CAP

Outpatient treatment for patients of no comorbidities or risk for drug-resistant 
S. pneumoniae is amoxicillin 1 g 3 times per day, or doxycycline 100 mg twice 
daily, or a macrolide if there is low regional prevalence of macrolide-resistant 
S. pneumoniae [10] (Fig. 1). For patients with co-morbidities such as heart disease, 
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Fig. 1 Overview of treatment algorithm for community-acquired pneumonia. +Linezolid + 
Vancomycin for MRSA. *Piperacillin + Tazobactam, cefepime, ceftazidime, imipenem, merope-
nem, or azotrenam for Pseudomonas. *pt. = patient. (Adapted from Metlay et al. [10])

diabetes mellitus, obesity, liver, lung, renal disease, malignancy, or alcoholism, 
therapy should cover beta-lactamase-producing Hemophilus influenzae, resistant 
S. pneumoniae, S. aureus, enteric gram-negatives, and atypicals such as Chlamydia 
spp. Monotherapy with a respiratory fluoroquinolone such as moxifloxacin, levo-
floxacin, or gemifloxacin may be used, or – and equally effective – a beta-lactam 
such as amoxicillin/clavulanic acid or a cephalosporin, plus a macrolide or doxycy-
cline [10, 12]. A benefit of quinolone monotherapy is fewer gastrointestinal side 
effects [12].

2.3  Inpatient Treatment of CAP

Community-acquired pneumonia requiring hospitalization is more common in 
elderly populations, and has an annual incidence of about 24.8 cases per 10,000 
population [4]. Patients with CAP requiring hospitalization are most likely to have 
Streptococcus pneumoniae, and H. influenzae, followed by atypicals such as 
Mycoplasma pneumoniae and Legionella spp. [13, 14]. Inpatient treatment of adults 
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with non-severe pneumonia may suffice with quinolone monotherapy or a beta- 
lactam plus macrolide or doxycycline [10] (Fig. 1). A 2020 study that performed a 
secondary analysis on the Global Initiative for MRSA Pneumonia (GLIMP) study, 
which sought to identify the pathogens underlying CAP in hospitalized patients in 
54 different countries, found that in the U.S., CAP necessitating ICU admission is 
likely to be underlain by infection by Staphylococcus aureus (MRSA and methicillin- 
sensitive Staphylococcus aureus), Pseudomonas aeruginosa, S. pneumoniae, and 
Klebsiella sp. [13]. A 2011 prospective study of 3523 adult patients treated for CAP 
at a center in Barcelona found the most common agent underlying CAP necessitat-
ing ICU admission was S. pneumoniae [14]. Adults hospitalized for severe CAP 
should combine a respiratory fluoroquinolone, macrolide, doxycycline, and beta- 
lactam [10] for coverage of these most prevalent organisms. As for treatment with 
corticosteroids, there is presently no evidence supporting their use for non-severe or 
severe CAP [10, 15].

2.4  Pseudomonas aeruginosa CAP

A 2018 point-prevalence study investigating rates of and risk factors for Pseudomonas 
sp. pulmonary infection across 54 countries found that though the rate is low, at 
4.2% of all community-acquired pneumonia cases, most cases occur individuals 
who had prior infection with Pseudomonas aeruginosa and had a preexisting pul-
monary comorbidity such as COPD, bronchiectasis, or tracheostomy [16]. In 
patients with Pseudomonas sp. CAP, resistances must be considered, as 2% of 
patients hospitalized with CAP had antibiotic-resistant Pseudomonas sp.. 
Piperacillin-tazobactam, ceftazidime, aztreonam, imipenem, or meropenem is rec-
ommended for the treatment of Pseudomonas sp. CAP [10].

2.5  Antibacterial Resistance in CAP

Methicillin-resistant Staphylococcus aureus must be considered in patients with 
risk features such as past MRSA infection, recent antibiotic use, and recent hospi-
talization [17]. A 2021 retrospective study identified a strong association between 
lung abscess and MRSA pneumonia, with a 4.24-times likelihood of having MRSA 
pneumonia in the presence of a lung abscess (P  <  0.0001) [18]. Influenza co- 
infection, end-stage renal disease, and use of illicit substances were also strong 
independent risk factors for MRSA CAP. Patients with MRSA CAP should be 
treated with vancomycin or linezolid [10].

Drug-resistant Streptococcus pneumoniae is more likely in older patients 
>65 years, patients who have been treated with a beta-lactam, macrolide, or fluoro-
quinolone in the past 3–6 months, medical comorbidities, immunosuppression, or 
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alcoholism [10, 19]. Combining a beta-lactam or cephalosporin with either a mac-
rolide or doxycycline should cover drug-resistant S. pneumoniae.

2.6  Future of CAP

A 2019 randomized controlled clinical trial comparing moxifloxacin to a newer 
fluoroquinolone, delafloxacin, found that delafloxacin was non-inferior to moxi-
floxacin in treating community-acquired bacterial pneumonia [20]. Delafloxacin 
has lower MICs than other fluoroquinolones against Gram-positive pathogens and 
anaerobes, and demonstrates similar potency as ciprofloxacin against Gram- 
negatives [21]. Because it is weakly acidic, it is able to penetrate intracellularly 
when in the acidic environment of infected tissue [22]. The non-inferiority of dela-
floxacin may be an auspicious finding as it lacks some of the adverse effects seen in 
other fluoroquinolones, such as QT prolongation, phototoxicity, and CNS effects 
[20, 23]. Lefamulin is a pleuromutilin antibiotic that inhibits protein synthesis, 
binding the 50S ribosomal subunit to interfere with peptidyl transferase activity 
[24]. It is effective against typical and atypical bacterial pneumonia pathogens such 
as S. aureus and MRSA, S pneumoniae, group A and B streptococci, M. catarrhalis, 
H. influenzae, Legionella sp., Mycoplasma sp., and Chlamydia pneumoniae [24]. A 
safety and efficacy analysis published in 2021 for phase 3 clinical trial data compar-
ing moxifloxacin to lefamulin for CAP found non-inferiority and clinical efficacy, 
as well as tolerability in populations with co-morbidities [25]. Successes with these 
alternative drugs are promising in light of drug resistances and intolerability sur-
rounding other typically used medications such as macrolides and 
fluoroquinolones.

3  Mycobacterium tuberculosis Pneumonia

Globally, mortality from Mycobacterium tuberculosis (TB) infection is number 
13 of the top 20 most common causes of death worldwide [26]. According to the 
World Health Organization’s 2021 Global Tuberculosis Report, TB traditionally 
accounted for the most deaths from a single microorganism, until the SARS-
CoV-2 pandemic struck in 2019. Though 9.9 million individuals were estimated 
to have been assailed by TB infection, only 5.8 million cases were reported; this 
decline in diagnosis and reports of TB infection during 2020 has been attributed 
to healthcare disruptions imposed by the COVID-19 pandemic. However, deaths 
from TB are estimated to have increased to 1.3 million deaths among HIV-negative 
people worldwide, compared to 1.2 million in 2019. The deaths from HIV-positive 
individuals are also estimated to have slightly increased to 214,000 from 209,000 
deaths in 2019 [26]. This is all despite a consistent decline in mortality seen up 
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until 2019, as well as a slight decrease in TB incidence even through 2020, dem-
onstrating the impact of the COVID-19 pandemic on TB mortality and access to 
care [26]. Over 86% of incident cases in 2020 occurred in WHO regions of South-
east Asia, Africa, and the Western Pacific, with the greatest incidences found in 
these countries listed in descending incidence: India, China, Indonesia, the 
Philippines, Pakistan, Nigeria, Bangladesh, and South Africa [26]. TB burden is 
inversely associated with gross domestic product per capita, directly associated 
with prevalence of undernutrition, and is commonly seen as co-infection with 
human immunodeficiency virus (HIV); in South Africa, 50% of TB cases were 
co-infected with HIV [26]. According to the World Health Organization (WHO), 
the greatest risk factors for TB infection are alcohol use disorders, diabetes mel-
litus, HIV, smoking, and poor nutrition – all features that blunt the vigor of the 
immune system to extinguish such a subversive pathogen. While implementation 
of anti-retroviral therapy for HIV over the past couple of decades has helped 
decline the cases of TB expected in the HIV population [27], a greater proportion 
of deaths from TB burden those with HIV [28]. This is due to the synergy of HIV 
and TB infection that drive each other – active TB infection provokes HIV repli-
cation in mononuclear cells activated against the local TB infection site [29]. 
Conversely, the immunosuppression induced by HIV allows TB to thrive and 
escape effective cell-mediated responses. The concert of inflammatory signaling 
allows the mycobacteria to thrive at the expense of the host.

In a healthy host, exposure may not yield infection, as Mycobacteria sp. can be 
cleared by the innate immune system [30]. Otherwise, inhaled Mycobacteria-
laden droplets are engulfed by alveolar macrophages, prevent phagolysosome 
acidification, and can reside quiescently in macrophages and surrounded in granu-
lomas. This balance is maintained by macrophage TNF-alpha release, Th1 cell 
interferon- gamma signaling, as well as a tolerizing Th2 response that tempers 
inflammation [31, 32]. However, with an immune system perturbation – such as 
HIV infection, immunosuppressive therapy such as glucocorticoids or TNF-alpha 
inhibitors, malnutrition – the reciprocal latency is disrupted and TB is permitted 
to induce necrosis of granulomas and cause pulmonary TB disease, and dissemi-
nate to well- vascularized tissues like bone, liver, spleen, brain parenchyma, or 
meninges [31].

Mathematical modeling estimates that a quarter of the world’s population har-
bors latent TB [33]. Reactivation of latent TB is estimated to occur in 5–10% of 
cases of latent TB [34, 35]. Thus, treatment of latent TB is essential. While latent 
TB is asymptomatic, lacking the features typical of active TB disease such as 
cough, hemoptysis, fevers, night sweats, and weight loss, it is strongly recom-
mended for individuals at risk of latent TB to be tested using the tuberculin skin 
test, or interferon gamma release assay (IGRA), which provoke a memory T-cell 
response to current infection [36]. These individuals include those with HIV, 
exposure to TB, immunosuppressive therapy such as TNF-alpha inhibitors, sili-
cosis, or pre-blood or marrow transplant [36].
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3.1  Treatment of Latent TB

Traditionally, a 9-month regimen of daily isoniazid had been recommended for 
treatment of latent TB [36, 37]. However, given the difficulty in adherence to lengthy 
drug regimens that frustrates treatment success [38], and evidence showing similar 
efficacy yet improved adherence of once-weekly isoniazid plus rifapentine for 
3 months compared to daily isoniazid over 9 months [39], the CDC elicited updated 
recommendations in 2020 for treatment of latent TB to prioritize shorter regimens: 
either weekly isoniazid plus rifapentine over 3 months, rifampin daily for 4 months, 
or rifampin plus isoniazid daily for 3 months [40]. Alternative courses include the 
6- or 9-month isoniazid monotherapy [40]. The regimen consisting of 3-month 
weekly rifapentine plus isoniazid therapy is also seen to have less risk of hepatotox-
icity compared to a prolonged 9-month course of isoniazid alone [41].

3.2  Treatment of Active TB

85% of individuals diagnosed with active TB can be cured with a drug regimen 
administered over 6 months [42]. Active TB is confirmed with chest X-ray, acid-fact 
bacilli smear, sputum culture, and nucleic acid amplification [43]. Rifampin- 
resistant (RR-TB) or multidrug (resistant to rifampin and isoniazid)-resistant 
(MDR-TB) strains of TB are determined by drug susceptibility assays, and have 
displayed a stable prevalence of at 3–4% of newly diagnosed TB cases and 18–21% 
of previously treated TB cases [42]. For treatment of active tuberculous disease, the 
2016 American Thoracic Society/CDC/Infectious Disease Society of American 
advises 2 months (8 weeks) of daily isoniazid, rifampin, pyrazinamide, and etham-
butol, followed by 4.5 months (18 weeks) of daily isoniazid and rifampin [44]. If a 
patient’s TB strain is susceptible to isoniazid and rifampin, then ethambutol can be 
discontinued [44]. The continuation phase may be prolonged to 9  months if the 
patient had a cavitation on initial chest X ray, and had a positive sputum culture after 
the initial 2 months of therapy [44]. A recent clinical trial comparing the traditional 
6-month quadruple therapy to a 4-month course of rifabutin plus moxifloxacin 
found no difference between the therapies in producing TB-free survival at 
12  months [45], providing evidence for future recommendations to consider a 
shorter regimen.

3.3  Drug-Resistant Tuberculosis

The 2020 WHO update for treating drug-resistant tuberculosis recommends a four- 
drug regimen for treating isoniazid-resistant TB: rifampicin, ethambutol, pyrazin-
amide, and levofloxacin for 6  months [42]. For multidrug-resistant TB, an oral 
regimen for 9–12  months is recommended [42]; this entails seven drugs to be 
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Table 1 Drug combinations used for treatment of multidrug-resistant tuberculosis

Group Drugs

Group A (highly effective, strongly 
recommended according to GRADE 
evidence)

Moxifloxacin or levofloxacin
Bedaquiline
Linezolid

Group B (second choice; 
conditionally recommended)

Clofazimine
Cycloserine or terizidone

Group C (for completion of 
treatment regimen)

Ethionamide, ethambutol, delamanid, pyrazinamide, 
imipenem/cilastin, meropenem, amikacin or 
streptomycin, and p-Aminosalicylic acid

Adapted from WHO [42]

implemented for 4 months or until sputum conversion occurs, including bedaqui-
line, levofloxacin or moxifloxacin, ethionamide, ethambutol, high-dose isoniazid, 
pyrazinamide, and clofazimine. The subsequent 5 months of continuation consist of 
treatment with moxifloxacin or levofloxacin, clofazimine, ethambutol, and pyrazin-
amide [42]. If the strain is resistant to fluoroquinolones, a regimen composed of 
bedaquiline, pretomanid, and linezolid can be used [42, 46, 47]. Agents for treat-
ment of MDR-TB are classified by the WHO according to Grading of 
Recommendations, Assessment, Evaluation (GRADE) evidence into groups A–C: 
group A including fluoroquinolones moxifloxacin and levofloxacin, bedaquiline, 
and linezolid; group B including clofazimine and cycloserine or terizidone, and 
group C including other drugs such as ethionamide, ethambutol, delamanid, pyra-
zinamide, imipenem/cilastatin, meropenem, amikacin or streptomycin, and p-ami-
nosalicylic acid (Table 1). It is recommended for patients requiring longer regimens 
encompassing 18–20 months to be initiated on four drugs until sputum conversion – 
the three from group A, and at least one from group B – and then continue with three 
drugs for the continuation phase consisting of 15–17 months after sputum conver-
sion [42].

4  Nosocomial Pneumonia

Nosocomial pneumonia can be separated into two distinct types: hospital-acquired 
(HAP) and ventilator-associated (VAP). HAP and VAP have the highest mortality 
rates, and are the most common of all nosocomial infections in the intensive-care 
unit (ICU) [48].

4.1  Ventilator-Associated Pneumonia

Intubation and mechanical ventilation are associated with risk of pneumonia known 
as ventilator-associated pneumonia (VAP). VAP is an infection of the lungs occur-
ring after a minimum of 48 hours of mechanical ventilation (MV). An initial step in 
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the pathogenesis of VAP involves aspiration of oropharyngeal or gastric contents 
and subsequent lung colonization. With an average incidence of 20–25%, VAP most 
commonly occurs within the first 5  days of MV [49]. Burn victims, as well as 
patients with increased duration of MV and impaired consciousness, are associated 
with increased risk of acquiring VAP [50]. Further, the 30-day mortality due to VAP 
has been reported to be around 30% [51]. It has been noted that developing coun-
tries have higher rates of VAP due to ineffective or lack of prevention strategies [50].

4.2  Etiology of VAP

VAP is believed to exist on a spectrum with ventilator-associated tracheobronchitis 
(VAT), which has also been increasing in incidence [52]. Identification of the caus-
ative pathogen can be determined via bronchoalveolar lavage and subsequent cul-
ture of the aspirate. A 2018 study noted isolation of 2387 different pathogens for 
1474 episodes of VAP over a 10-year period in the United States [53]. This same 
study reported increasing incidence of S. aureus, including MRSA, as the causative 
agent. This trend is believed to be due to increasing antibiotic resistance among 
pathogens. A 2012 Korean study determined the most common pathogens for VAP 
in the ICU-setting were S. aureus and Acinetobacter baumanii (A. baumanii), a 
Gram-negative coccobacillus [54]. These two pathogens were responsible for 75% 
of all VAP infections within the study. A 2018 meta-analysis, including 27 years of 
publications across the Asian continent, reported A. baumanii as being the most 
common cause of VAP with P. aeruginosa a close second [55]. Resistance to car-
bapenems, a strong class of antibiotic covering Gram-negatives, was also noted to 
be very high at 57%. The aforementioned studies highlight the necessity of local 
antibiograms as different pathogens with differing resistance patterns are responsi-
ble for VAP in each geographic region.

4.3  Treatment of VAP

As highlighted, VAP is relatively common phenomenon in the ICU setting with 
significant mortality, thus necessitating robust prevention and treatment strategies. 
The most recent 2016 guidelines from both the Infectious Disease Society of 
America (IDSA) and American Thoracic Society (ATS) recommend use of local 
antibiograms to guide treatment regimens. Empiric treatment includes risk stratifi-
cation for methicillin-sensitive or methicillin-resistant S. aureus (MSSA and 
MRSA, respectively) as well as coverage for Gram-negative rods, including P. aeru-
ginosa. Vancomycin or linezolid are recommended for MRSA risk and piperacillin- 
tazobactam, cefepime, levofloxacin, the carbapenems meropenem and imipenem, or 
aminoglycosides are recommended for their respective antipseudomonal properties 
[56]. Further, many of the aforementioned antibiotics have inherent side effects 
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such as nephro- and ototoxicity (aminoglycosides) and tendon damage (fluoroqui-
nolones). Combination therapy, including coverage for MRSA/MSSA and P. aeru-
ginosa, is the current recommended treatment modality for VAP. Antibiotic choice 
should depend on both local antibiograms and patient comorbidities to minimize 
unwanted side effects.

4.4  Prevention of VAP

Intubation and MV are both obvious risk factors for VAP and minimizing the dura-
tion of MV can help mitigate risk. It has been established that, when mechanically 
ventilated, supine patients have a higher risk of pulmonary aspiration compared to 
patients in the 45° upright position [57]. As a result, many critical care units adopted 
this practice of elevating ventilated patients as lower aspiration risk should, in the-
ory, minimize VAP risk. Despite this common practice, “head of bed” elevation has 
been shown to have no significant clinical benefit [58]. Many of the pathogens 
responsible for VAP colonize the oropharynx, thus making effective oral care a tar-
get for VAP prevention. Bedside nurses in the critical care setting focus on oral 
cavity assessment (validated scoring tools such as the Beck oral assessment scale), 
saliva maintenance, and suctioning of oral secretions [59]. Oral rinse of 2% 
chlorhexidine has been shown to be an effective prevention strategy for VAP and 
subsequent colonization of the oropharynx [60]. Use of probiotics in patients under-
going critical care has been shown to reduce length of ICU stay with no effect of 
VAP prevention [61].

4.5  Future of VAP

Although a viral infection, the onset of the COVID-19 pandemic has generated 
massive amounts of research related to infectious disease. A handful of studies 
have noted that patients with severe forms of COVID-19 pneumonia undergoing 
MV had a concomitant bacterial lung infection [62, 63], with A. baumanii being 
the responsible pathogen in one of these case series. Currently, much research 
surrounding VAP is focused on multidrug-resistant organisms, especially A. bau-
manii. This Gram-negative bacterium is able to survive in the hospital environ-
ment through strong biofilms [64]. Although carbapenems have long been noted 
to be the last resort for A. baumanii VAP treatment, it seems as though carbape-
nem-resistant A. baumanii (CRAB) levels are rising [65].

A new siderophore cephalosporin, known as cifderocol, has been recently devel-
oped with promising and potent anti-Gram-negative activity, including activity 
against CRAB [66]. The polymyxin colistin, a significant nephrotoxin when given 
IV, has been shown to be efficacious against CRAB in the nebulized form, event 
without additional intravenous dosing [67]. Trials have shown ceftazidime- avibactam 
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to be non-inferior to meropenem in the treatment of VAP [68]. Some trials have 
examined the use of tigecycline as a treatment of VAP with insignificant results. In 
2010, the FDA issued a safety announcement noting increased mortality risk when 
IV tigecycline is used to treat patients with VAP. A black box warning was added to 
the medication in 2013 [69].

There have been recent developments in diagnostics for VAP as well. The BioFire 
FilmArray Blood Culture Identification (BCID) panel is a respiratory sample diag-
nostic test with 1-hour turnaround time and high sensitivity and negative predictive 
value [70]. The BCID panel, with rapid results and the ability to identify drug- 
resistant pathogens, is promising with quick turnaround for antibiotic choice, mini-
mizing the overall duration of empiric treatment.

4.6  Hospital-Acquired Pneumonia

Hospital-acquired pneumonia (HAP) is a form of pneumonia that occurs at least 
48 hours after admission without prior indication of underlying pulmonary infection 
and is not associated with use of mechanical ventilation nor intubation. A 2018 
study noted the incidence of HAP of just under 2%, but with a higher mortality rate 
than VAP [48]. Although less common than VAP, HAP leads to significant health-
care costs, thus there is a strong a focus of both prevention and treatment strategies 
in the hospital setting.

4.7  Etiology of HAP

As both VAP and HAP commonly occur in the hospital critical care setting, simi-
lar causative pathogens are to be expected. A 2019 retrospective study in China 
noted HAP and VAP with similar causative pathogens, namely A. baumannii, 
P. aeruginosa, and Klebsiella pneumoniae (K. pneumoniae) [71]. A multicenter 
study of nine different Chinese cities reported the most common HAP pathogens 
to be, once again, A. baumannii, P. aeruginosa, S. aureus, and K. pneumoniae [72] 
S. pneumoniae has been noted to be cultured in ~5% of cases and is more common 
as the causative pathogen in early-onset HAP versus late-onset [73]. A 2017 
Indian study reported the most common cause of HAP as S. aureus with high 
levels of resistance in antibiotics such as cefepime, amoxicillin, and ceftazidime 
[74]. Between 2008 and 2012, the incidence of MRSA-associated HAP increased 
despite an overall decrease in MRSA infections globally [75]. In general, etiology 
of HAP can vary depending on geographic location, with strains of drug-resistant 
pathogens on the rise.
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4.8  Risk and Treatment of HAP

There are many potential risk factors that increase the likelihood of a HAP. Utilization 
of IV antibiotics within 90 days of HAP diagnosis is a risk factor for many drug- 
resistant strains of pathogens [76]. As noted prior, HAP secondary to MRSA colo-
nization is increasing in incidence. In general, risk factors associated with increased 
likelihood of MRSA colonization include chronic skin breakdown [77] as well as 
hospital length of stay greater than 7 days, age greater than 65 years, previous his-
tory of MRSA colonization, and recent antibiotic use, including fluoroquinolones 
[78]. Once hospitalized, use of a ventilator after HAP diagnosis, as well as a diag-
nosis of septic shock, are two underlying risk factors that increase mortality rate in 
HAP patients [56]. Further, use of acid blockers such as proton-pump inhibitors and 
histamine blockers have been associated with a 30% increase in odds of developing 
HAP [79].

Patients diagnosed with HAP undergo risk stratification to determine if there is a 
high likelihood of MRSA infection, high mortality risk, or both [56]. The 2016 
clinical practice guidelines from the IDSA and ATS utilize risk stratification when 
recommending treatment options. For patients with no increased mortality risk nor 
additional risk factors for MRSA colonization, one of the following antibiotics is 
recommended as empiric treatment: piperacillin-tazobactam, or cefepime. It is rec-
ommended that patients with increased risk of MRSA colonization initiate either 
vancomycin or linezolid for MRSA coverage as well as one of the following antibi-
otics: piperacillin-tazobactam, the fourth generation cephalosporins cefepime or 
ceftazidime, levofloxacin or ciprofloxacin, imipenem or meropenem, or aztreonam. 
For patients with recent IV antibiotic use or high mortality risk, either linezolid or 
vancomycin is recommended as well one of the following antibiotics: piperacillin- 
tazobactam, cefepime or ceftazidime, levofloxacin or ciprofloxacin, imipenem or 
meropenem, aztreonam, or one of the aminoglycosides amikacin, gentamicin, or 
tobramycin. Specific populations at risk for Gram negative infections, including 
those with underlying lung disease such as cystic fibrosis, are recommended to 
receive two anti-pseudomonal antibiotics (piperacillin-tazobactam, fourth genera-
tion cephalosporins, aminoglycosides, carbapenems). The aforementioned recom-
mendations must be supplemented with the local antibiograms at each institution in 
order determine the most effective treatment for each individual.

4.9  Future of HAP

Given that a HAP diagnosis can be avoided, the prevention of HAP is the primary 
focus in critical care settings. Techniques for prevention are similar to those of VAP, 
including a strong focus on proper oral care to prevent transmission of oral flora to 
the lungs [80]. Despite a focus on prevention, adequate treatment of HAP needs to 
be optimized as many of the recommended empiric antibiotics have significant side 
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effects including ototoxicity, nephrotoxicity, myelosuppression, and thrombocyto-
penia, as well as seizures [81–84]. A new scoring tool, known as the CarbaSCORE, 
has been recently developed and validated to aid physicians in determining if the 
causative pathogen in HAP requires carbapenem treatment [85]. The goal of this 
validated tool is to shorten duration to initial antibiotic therapy as well as limit 
unnecessary empiric therapy to prevent both the development of multidrug-resistant 
organisms and toxic side effects to patients.

Many clinical trials have been performed in the past decade to determine the 
most effective treatment with minimal side effects. The 2019 ASPECT-NP trial 
determined that a high-dose combination of ceftolozane-tazobactam is non-inferior 
to meropenem in the treatment of HAP [85]. The REPROVE trial found ceftazidime- 
avibactam to be non-inferior to meropenem in the treatment of HAP as well [68]. 
These findings are significant as cephalosporins have much favorable side effect 
profiles when compared to carbapenems.

5  Bacterial Aspiration Pneumonia

5.1  Etiology and Risks of BAP

Upper airway, gastric, and oropharyngeal secretions are normally colonized by bac-
teria within their respective microbiome. When large amounts of these secretions or 
contents are aspirated into the lungs, bacterial aspiration pneumonia (BAP) can 
occur. The lung parenchyma has its own microbiome. It is hypothesized that, fol-
lowing aspiration of different organisms into the lungs, “dysbiosis” occurs, espe-
cially in patient populations with inability to cough or impaired consciousness, such 
as the elderly [87]. In a 2003 study including 95 elderly individuals with diagnosed 
BAP, 67 different causative pathogens were reported, with Gram-negative enteric 
rods (49% of infections) and anaerobes (16%) being the most common [88]. The 
study reported the most common causative anaerobes were Prevotella sp. and 
Fusobacterium sp., and no significant difference was found in mortality between 
patients with aerobic or anaerobic infections. More recent data suggest the common 
thought that BAP is primarily due to anaerobic pathogens is, in actuality, quite rare 
[89]. A 2010 Taiwanese study noted the most common pathogen associated with 
community-acquired lung abscesses, a sequela of untreated BAP, were the 
Streptococcus species [90].

Common risk factors for the development of BAP include altered mental status, 
poor oropharyngeal hygiene, recent stroke, recurrent vomiting, impaired gag reflex, 
dysphagia or swallowing impairment, and altered feeding mechanisms such as 
nasogastric tube feeds [89]. BAP can be further categorized by nosocomial, hospital- 
acquired BAP or community-acquired infection. Similar to other forms of bacterial 
pneumonia in the hospital setting, oral hygiene is a staple in hospital-acquired BAP 
prevention.
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5.2  Treatment of BAP

Currently, no specific guidelines exist for the treatment for BAP. As a result, treat-
ment typically consists of following the 2016 IDSA and ATS for either HAP- or 
VAP-based patient history, with the addition of anaerobic coverage if a high likeli-
hood of aspiration is present. Current IDSA/AST guidelines for the treatment of 
HAP can been seen in Fig. 2. As with HAP/VAP, determining the causative patho-
gen can help narrow initial antibiotic coverage. A 2018 systematic review from 
Australia cites common BAP diagnostic methods as sputum culture, protected brush 
specimens, bronchoalveolar lavage, and blood culture [91]. Regarding additional 
anaerobic coverage, the most commonly used antibiotics include metronidazole and 
clindamycin. As noted prior, the thought that anaerobes are common causative 
pathogens in BAP is fading away. As a result, it seems as though the use of metro-
nidazole or clindamycin for the treatment of BAP is mainly used when culture 
results indicate anaerobic infection, not as an empiric treatment. A 2020 meta- 
analysis noted, for severe bacterial infections in hospitalized patients (nonspecific to 
BAP), there was no significant difference in 90-day mortality when empiric metro-
nidazole was prescribed [92]. Further, there are no large, double-blinded, random-
ized control trials for the treatment of BAP to date, thus the IDSA/AST guidelines 
for HAP and VAP are routinely used given that the causative pathogens for BAP, 
HAP, and VAP are similar.

5.3  Future of BAP

A handful of clinical trials are currently recruiting patients to elucidate further strat-
egies for diagnosis, prevention, and treatment of chemical pneumonitis and 
BAP. The “Early Stop (Ruling) of the Antibiotic Treatment During Pneumopathies 
d’ Inhalation (APAPI)” in France is studying the use of PCR-based diagnostics. The 
“Early Antibiotics After Aspiration in ICU Patients” from UConn Health in the 
United States is studying the use of either ceftriaxone, amoxicillin-clavulanate, 
cefepime, vancomycin, or levofloxacin as empiric agents in ICU patients with clini-
cal signs of aspiration. The “Nutrition Monitoring and Feeding Optimization With 
the smART+ System- Comparative Study” in Israel is investigating the use of the 
smART+ feeding tube nutrition system, which has the ability to prevent reflux epi-
sodes with automatic balloon inflation to prevent reflux of gastric contents into the 
oropharynx. This study has the potential to be extremely useful in ICU patients at 
risk for BAP as it may minimize aspiration events. The “Validation of Aspiration 
Markers in Intubated Patients” out of Massachusetts General Hospital is investigat-
ing the use of quinine as a biomarker for aspirated contents and endotracheal tube 
cuff leakage in the ICU.  The results of these aforementioned clinical trials are 
highly anticipated as they have the potential to change the future of BAP management.
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Fig. 2 Treatment of HAP in patients with low mortality risk. (Adapted from Kalil et al. [56])

6  Pneumonia in the Pediatric Population

Bacterial pneumonia is a frequent cause of hospitalization in the pediatric popula-
tion. Although the focus of this chapter is on bacterial pneumonia, the presumed 
cause of most cases of pediatric CAP are of viral origin. This is supported by the 
fact that routine childhood vaccinations are given for respiratory bacteria such as 
H. influenzae and S. pneumoniae. More recent studies suggest that, upon 
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Table 2 Current 2011 IDSA guidelines for the treatment of bacterial pneumonia in the pediatric 
population

Etiology Outpatient management Inpatient management

S. pneumoniae Amoxicillin Ampicillin, penicillin, or 
ceftriaxone

S. aureus Cephalexin Cefazolin
MRSA Oral clindamycin Vancomycin, clindamycin, or 

linezolid
S. pyogenes Amoxicillin or penicillin V IV penicillin or ampicillin
H. influenza (typeable 
or nontypeable)

Amoxicillin with or without 
clavulanate

IV ampicillin, cefotaxime, 
ceftriaxone, ciprofloxacin, or 
levofloxacin

Mycoplasma sp. Azithromycin or clarithromycin, 
doxycycline in adolescent 
population

IV azithromycin or erythromycin

C. pneumoniae Azithromycin or clarithromycin IV azithromycin or erythromycin

Adapted from Bradley et al. [94]

presentation at an outpatient clinic, children with a diagnosis of mild pneumonia do 
not need antibiotic treatment [93].

IDSA guidelines for the treatment of bacterial CAP in infants and children are 
currently undergoing updates, with the most recent published guidelines being 
released in 2011. In the outpatient setting these guidelines recommend use of amox-
icillin, for Streptococcus pneumoniae coverage, in pediatric patients with suspected 
bacterial CAP as well as macrolides for the treatment of atypical causes of CAP 
such as Mycoplasma pneumoniae [94]. On the inpatient unit, third generation ceph-
alosporins (such as ceftriaxone) are recommended for the treatment of a child or 
infant without full immunization status. Ampicillin is recommended for the treat-
ment of hospitalized CAP where S. pneumoniae is suspected whereas an empiric 
combination of vancomycin or clindamycin plus a beta-lactam is recommended for 
the treatment of Staphylococcus aureus pneumonia. Finally, in a hospitalized pedi-
atric patient in which atypical organisms (such as Mycoplasma sp. or Chlamydia 
pneumoniae) are suspected, a macrolide and beta-lactam are recommended [94]. 
Ultimate antibiotic choice must depend on both patient characteristics as well as 
current antibiograms of the practicing institution. Current recommendations from 
the IDSA can be further seen in Table 2.

7  Novel Developments in Pneumonia Therapy

7.1  Inhaled Phage Therapy

The constant evolution of antibiotic resistance among the etiologic agents of pneu-
monia has enhanced the need for novel therapeutic approaches. A promising 
approach to this growing concern is inhaled phage therapy, which utilizes lytic 
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Fig. 3 Schema of phage therapy for chronic lung infection

bacteriophages to selectively target replicating bacterial cells within the respiratory 
system [95]. Lytic bacteriophages are an optimal choice as a novel therapeutic for a 
number of reasons, including bactericidal activity, low toxicity, and a high specific-
ity which protects the natural microbiome of the lungs [95]. Following inhalation, 
lytic phages will bind to specific bacterial receptors to inject genetic material into a 
cell where replication machinery can then be redirected to produce bacteriophage 
progeny, which serves as an important mechanism of control for bacterial popula-
tion size through phage titer build-up [96]. Further, whereas a hallmark of airway 
infections is the formation of biofilms with antimicrobial resistance, inhaled phage 
therapy has demonstrated anti-biofilm activity by preventing the initial formation of 
biofilms and disrupting those already formed [96] (Fig. 3). Biofilm disruption stems 
from the virion-associated depolymerases and endolysins associated with the 
phages that damage peptidoglycan and dissolve the outer extracellular polymeric 
substance (EPS) matrix, which increases the penetrative capability of both the 
phage and other classical antimicrobials to bacterial cells contained deep within the 
biofilm [96].

One etiologic agent of pneumonia of growing importance for alternative treat-
ment approaches is Pseudomonas aeruginosa, which has demonstrated significant 
multidrug resistance [97]. While the use of phage therapy has received limited 
attention in the past, persistent lung infections by Pseudomonas aeruginosa within 
pediatric patients with cystic fibrosis have successfully been treated with this novel 
approach [98, 99]. Outside of these specific populations, animal models have shown 
promise for phage therapy in a broad-treatment approach to Pseudomonas aerugi-
nosa infections, with findings indicating comparability to traditional antimicrobial 
treatment and increased survival compared to controls when phage administration 
was performed early during the course of infection [97]. Bacteriophages in this 
model were even found to have entered the bloodstream, which may play an impor-
tant role in preventing sepsis associated with the initial pneumonia [97]. Earlier 
animal models have highlighted the efficacy of intranasally administered liposome- 
encapsulated phages in pneumonia caused by Klebsiella pneumoniae [100]. 
Nebulized phage therapy was demonstrated to be an effective approach in treating 
infections with Burkholderia cenocepacia and was compared to an intraperitoneal 
phage administration which had no impact on treating the respiratory infec-
tion [101].

While phage therapy is certainly a promising approach to treating bacterial pneu-
monia, a number of safety and efficacy concerns would need to be addressed before 
its adoption as a standard practice. Due to the biological nature of phage therapy, 
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there exists the potential for co-evolution amongst bacteria and the administered 
phages, thus creating difficulty in investigating therapeutic outcomes in such a 
dynamic environment [102]. Akin to antibiotic-resistance, phage-resistance would 
be a near-certainty in the widespread adoption of phage therapies through a number 
of extracellular and intracellular mechanisms ranging from receptor modifications 
to enhanced abortive infection phenomena [102]. Additionally, there is concern 
regarding the interactions of bacteriophages with the human immune system, as 
well as pharmacokinetic considerations related to poorly defined dosing and admin-
istration routes [102]. At this time, no bacteriophage therapies have been registered 
in the Western world, though there are a number of phase I and II trials ongoing, as 
well as instances of limited use under the FDA’s Emergency Investigational New 
Drug scheme [103].

7.2  Inflammasome Inhibitor Therapy

A promising approach to managing and treating pneumonia are therapies that mod-
ulate the immune response to limit excessive activity of often damaging inflamma-
tory mechanisms. Inflammasomes are a critical component of such immune activity 
that exist as a complex of proteins that processes a number of pro-inflammatory 
signals to stimulate a downstream response, and have been associated with a num-
ber of pulmonary pathologies including bacterial pneumonia [104]. Primarily, 
inflammasomes promote the synthesis and release of interleukin-1ß and interleukin-
 18 as the driving mechanism behind pulmonary inflammation [104]. The aim of 
inflammasome inhibitor therapy is to repress the chronic activation that often leads 
to adverse outcomes while balancing the importance of inflammation in targeting 
invasive bacteria [105].

The primary inflammasome involved in pneumococcal pneumonia is NLRP3, 
which cleaves and activates caspase-1 and has demonstrated significant activity in 
the presence of virulence factors such as pneumolysin [105]. Additionally, RNA 
from staphylococcal and group B streptococcal bacteria has been documented as 
activating NLRP3 in even small concentrations [106]. As has been stated, inflam-
masomes such as NLRP3 certainly possess a critical role in bacterial clearance; 
however, NLRP3 overactivation has been associated with the release of a number of 
damaging factors including reactive oxygen species, ATP, chemokines, and cyto-
kines, all of which enhance disease burden associated with pneumonia [107].

Resveratrol is a plant-derived natural polyphenol with anti-inflammatory activity 
that acts by inhibition of NLRP3  in a number of pathologies induced by 
Staphylococcus aureus [108]. While a greater number of studies are required to 
identify the clear role and mechanism resveratrol plays in NLRP3 downregulation, 
early experimentation has demonstrated decreased mRNA and protein expression 
of NLRP3 and caspase-1 in mice models infected with S. aureus pneumonia, as well 
as a reduction in inflammatory cytokines including interleukin-1ß [108]. Further, 
while outside the realm of bacteriology, the importance of inflammasome inhibition 
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was demonstrated in studies of pneumonia associated with SARS-CoV-2, in which 
NLRP3-knockout mice models showed less signs of interstitial pneumonia and a 
decrease in inflammatory cell aggregation [109].

While certainly a novel therapeutic approach to bacterial pneumonia, research 
into inflammasome inhibitor therapy must address the risks of downregulating a 
natural immune response that has clear benefits for bacterial clearance. For instance, 
patients on inflammasome inhibitors for other conditions have been documented to 
be at greater risk of pneumococcal infections, a fact which both accentuates the 
critical role of the inflammasome in immune defense against pneumonia and empha-
sizes the risks involved in such therapy [105]. A greater library of data is essential 
to explore the role of the inflammasome, specifically NLRP3, in bacterial pneumo-
nia so that its complex associations with genetics and immunity can be fully 
understood.

8  Pneumonia in Special Populations

8.1  Sickle Cell Disease

Individuals with a diagnosis of sickle cell disease are a particularly at-risk group for 
bacterial pneumonia, and thus warrant special attention in recognizing etiological 
and epidemiological trends as well as the current treatment modalities unique to this 
population.

A number of immunological deficits have been associated with sickle cell dis-
ease, including impaired splenic function, complement inactivity, and micronutrient 
deficiencies, each of which enhances the risk for acquiring a bacterial infection 
[110]. Specifically, sickle cell disease has been correlated with an upregulation of 
the platelet-activating factor receptor, which allows for increased binding of pneu-
mococcal bacteria to activated cells and thus promotes bacterial invasion [111]. One 
study comparing rates of pneumococcal disease found that Black individuals with 
sickle cell or hemoglobin C trait had 77% and 42% increased rates of disease com-
pared to Whites and Blacks with normal hemoglobin phenotypes [112]. Children 
with sickle cell disease are at a particularly high risk of developing pneumonia, with 
an odds ratio of 7.38 compared to controls [113]. Further highlighting the correla-
tion between sickle cell disease and pneumonia was a large systematic review and 
meta-analysis among African populations that found that patients with pneumococ-
cal disease had 36-times greater odds of having sickle cell disease compared to 
controls without sickle cell disease [114].

Prophylaxis is an important modality of treatment concerning sickle cell patients 
and bacterial pneumonia. The pneumococcal polysaccharide vaccine has shown to 
provide protection from 75% of pneumococcal serotypes through a T-cell indepen-
dent response, therefore meaning that responses diminish quickly following vacci-
nation [111]. The seven-valent pneumococcal conjugate vaccine is composed of the 
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polysaccharide capsule conjugated to a carrier protein such as diphtheria toxin 
mutant or tetanus toxoid, and has been shown to build strong immunologic memory 
in children under 2, thus contributing to an overall reduction in the incidence of 
bacterial pneumonia [111]. Prophylactic oral penicillin has been proven effective in 
reducing infection and mortality rates related to pneumonia; however, it does not 
cover all causes of community-acquired pneumonia and poor adherence to treat-
ment regiments may inadvertently enhance the evolution of penicillin-resistant 
strains [115]. Of note, prophylactic oral penicillin significantly reduces the rates of 
nasopharyngeal carriage in sickle cell patients – an important risk factor for devel-
oping bacterial pneumonia [111].

Regarding treatment, a recent systematic review could not identify any random-
ized control trials that examined safety or efficacy in antibiotic usage for sickle cell 
patients presenting with community-acquired pneumonia [115]. Therefore, current 
recommendation for presenting cases is intravenous administration of broad- 
spectrum antibiotics following relevant cultures [111]. Given the critical correla-
tions between sickle cell disease and bacterial pneumonia from both a 
pathophysiologic and epidemiologic standpoint, it is of utmost importance for 
future research to address clinical practices such as antibiotic administration in this 
high-risk population in order to optimize the quality of treatment.

8.2  Pneumonia in the Immunocompromised

Individuals with immunocompromised conditions such as those with AIDS, cancer/
on myeloablative chemotherapy, transplant recipients, or others on immuno- 
suppressive therapies are susceptible to a variety of bacterial pneumonia-causing 
organisms (Table  3). Those with depleted humoral immunity are susceptible to 
encapsulated pathogens such as S. pneumoniae and H. influenzae; those with 
impaired cell-mediated immunity are vulnerable to intracellular organisms and 
mycobacteria; others with neutropenia can easily contract Gram-negative rods or 
catalase-positive organisms such as S. aureus or MRSA, as well as fungi [116]. 
ESKAPE organisms (i.e., Enterococcus faecium, S. aureus, Klebsiella sp., 
Acinetobacter sp., Pseudomonas sp., and Enterobacter spp.) are most likely to 
cause pneumonia post-lung transplant, as well as Norcardia sp. [117]. S. pneu-
moniae, S. aureus, Klebsiella sp., and Gram-negative rods are most likely to cause 
pneumonia immediately following hematopoietic stem cell transplant [116]. Other 
than ensuring receipt of both the 13- and 23-valent pneumococcal vaccines, empiric 
antimicrobials in the case of pneumonia in an immunocompromised patient should 
include anti-pseudomonals (e.g., piperacillin-tazobactam, cefepime, carbapenems), 
beta-lactam with a macrolide or doxycycline; if inpatient, cefepime and vancomy-
cin should also be administered to cover Pseudomonas sp. and MRSA [116, 118]. 
While pneumonia severity index scores are useful for guiding decisions for inpa-
tient versus outpatient management in the immunocompetent, these should be used 
with caution in the immunocompromised as these individuals’ conditions can pre-
cipitously deteriorate [118].
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Table 3 Most common agents causing bacterial pneumonia in immunocompromised hosts

Immunocompromised condition Common organisms

Humoral immunity (e.g., X-linked 
agammaglobulinemia, hyper-IgM)

Encapsulated: S pneumoniae, H influenzae

Cell-mediated immunity (e.g., AIDS, 
DiGeorge syndrome)

Intracellular organisms (Legionella, Coxiella), 
Mycoplasma, Mycobacterium

Neutropenia S aureus, MRSA, Gram-negative rods
Post-lung transplant ESKAPE pathogens
Post-hematopoietic stem cell transplant S pneumoniae, S aureus, Klebsiella, other 

Gram-negative rods

8.3  Pneumonia and Cystic Fibrosis

In cystic fibrosis (CF), mutation of the CFTR gene precludes sufficient mucus pro-
duction that normally facilitates clearance of inhaled pathogens along the mucocili-
ary escalator. Thus, chronic bacterial colonization and subsequent inflammation 
contribute to pulmonary decline through the lifetime [119]. While Staphylococcus 
aureus colonization is most prevalent in the first few years of life, by the second 
decade, more than 50% of individuals with cystic fibrosis develop chronic 
Pseudomonas sp. infection. Treatment of chronic Pseudomonas sp. infection 
includes inhaled tobramycin powder or inhaled aztreonam [120], with intravenous 
aminoglycosides for an acute exacerbation [121]. Azithromycin is also recom-
mended for ongoing therapy mainly due to its anti-inflammatory properties in the 
CF lung, showing to reduce pulmonary exacerbations by 44% compared to placebo 
in a 2018 randomized controlled clinical trial [122].

9  Conclusion

The goal of this chapter is to highlight the evolving nature of bacterial pneumonia 
in a variety of presentations, including CAP, HAP, VAP, and TB, with an emphasis 
on recent advancements in both treatment and diagnostics. Bacterial pneumonia is 
a disease that warrants serious attention from within the medical community due to 
its significant prevalence and great economic burden on healthcare systems. A num-
ber of novel therapeutic agents show promise in advancing the treatment of bacterial 
pneumonia through modalities designed for specific targeting of pathogenic bacte-
ria or immunomodulation to limit the common, immune-mediated damage associ-
ated with the normal inflammatory response. However, as both traditional and novel 
approaches to treatment continue to evolve, a number of biological and ethical con-
cerns will need to be addressed in order to minimize the risk of emerging treatment- 
resistant bacterial strains.

Multidrug-resistant bacteria are on the rise throughout healthcare, especially in 
the context of bacterial pneumonia [123]. Pneumonia is the leading cause of death 
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from nosocomial infection [124], and multidrug and extensively drug-resistant 
strains in nosocomial pneumonia bear mortality rates near 50% [125]. While this 
prompts increasing innovation in combinations of antibiotics to overcome resis-
tance, this effort is also what imposes the selection pressure to breed those mecha-
nisms conferred by either chromosomal mutation, plasmid exchange, or transposable 
elements – such as efflux pumps, alterations in penicillin-binding proteins, beta- 
lactamase production, DNA gyrase mutations, and lipo-oligosaccharide changes 
[123]. As a result, antibiotic stewardship and use of local antibiograms are key in 
helping curb the development of new multidrug-resistant organisms. However, 
diagnosis is limited by time, as culturing cannot be accelerated beyond the 
48–72 hours it takes for this method of microbe identification. Thus, the future of 
bacterial pneumonia – particularly in hospitalized patients or those with high likeli-
hoods of harboring resistant strains – must lie in molecular techniques to expedite 
diagnosis, and prompt implementation of targeted therapies. Real-time polymerase 
chain reaction (PCR) or nucleic acid hybridization to identify resistance genes can 
be performed in 2–6 hours [126] and facilitate efficient diagnosis. Rather than inun-
dating these bacterial pathogens with antibiotics in hopes of extinguishing their 
resistances, it will be important to increasingly rely on therapies that directly target 
the invader, such as the aforementioned phage therapy for treating Gram-negative 
bacillus pneumonia. Where the creativity of microbial survival tactics is cunning, 
the innovation of novel therapies must prevail to curtail the growing burden of bac-
terial pneumonia in both the community and hospital.
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Abstract Respiratory tract infections are a significant problem that severely 
impacts public health due to high morbidity and mortality rates. The causes of respi-
ratory tract infections are bacteria, fungi, and viruses, thus requiring antibiotics, 
antifungal, and antivirus agents. In addition to treating the causes of bacterial, fun-
gal, or viral pneumonia, alternative therapies are required to address the symptoms 
caused by infection. The use of the pulmonary route is increasingly common 
because it is possible to target drugs specifically on the respiratory tract locally and 
systemically. Undesirable systemic effects can be minimized because the drug acts 
with maximum pulmonary specificity and rapid onset of action. However, the drug’s 
solubility and permeability highly determine its capability to reach target sites and 
produce therapeutic efficacy. Therefore, an innovative drug delivery system using a 
non-invasive and practical approach is required to enhance therapeutic efficacy and 
drug safety. Considering the pathophysiology of pneumonia, the physicochemical 
properties of delivery carriers significantly affect drug deposition. The use of lipids 
in liposomes, microspheres, and solid-lipid nanoparticles successfully improved 
drug solubility and enhanced its penetration for achieving high drug accumulation 
in lung tissue, providing future use for pneumonia treatment.
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1  Introduction

Respiratory tract infections are a significant problem that severely impacts public 
health due to high morbidity and mortality rates. According to the World Health 
Organization (WHO), respiratory tract infections rank highest in diseases causing 
death or disability. The Global Burden of Disease (GBD) study estimates that 2.74 
million deaths have resulted from lower respiratory tract infections [1], which rep-
resent a leading cause of morbidity and mortality worldwide, particularly in the 
under-5 s and adults aged 70 and over. This infection affects the lower respiratory 
tract of the larynx, including the trachea and alveoli, causing acute bronchitis, bron-
chiolitis, pneumonia, tracheitis, and influenza. In general, patients with lower respi-
ratory tract infections will present symptoms of pneumonia or the presence of 
certain infections, which can lead to a high risk of long healing and poorer outcomes.

The leading causes of respiratory tract infections are bacteria and viruses. The 
latter reportedly lead to the majority of lower respiratory tract infections, including 
bronchitis, bronchiolitis, and pneumonia. Viruses can infect and replicate in the epi-
thelium, causing damage to the proximal airways, the alveoli, and parenchyma. 
Viral infections can present several clinical manifestations, one of them being pneu-
monia, an inflammation of the pulmonary parenchyma. In developing countries, 
viruses cause 40–90% of respiratory tract infections in children. Viruses that most 
commonly affect this group include respiratory syncytial virus (RSV), influenza A 
and B viruses (IAV and IBV), parainfluenza viruses (PIVs), adenoviruses (AdV), 
human rhinoviruses (hRV), and human enteroviruses (hEV) [2].

In addition to viruses, bacteria, fungi, and parasites are also known to cause 
respiratory tract infections. Bacterial infection due to Streptococcus pneumoniae is 
most commonly found in cases of pneumonia, while atypical pneumonia is an infec-
tion caused by Mycoplasma pneumoniae, Chlamydia spp., Legionella, and Coxiella 
burnetti [3]. The ability of bacteria to infect the respiratory tract is influenced by the 
nature of the respiratory tract epithelium. The delayed release of bacteria from the 
respiratory tract is caused by a viral infection, smoking, or the characteristics of the 
bacteria themselves, which can inhibit the clearance of respiratory mucous mem-
branes. When the process is inhibited, bacteria can easily attach to the surface of 
epithelial cells, subsequently forming and increasing bacterial colonization in the 
respiratory tract. Meanwhile, fungi have been reported as causing respiratory tract 
infections, with Aspergillus sp. reputedly the most common cause. The fungus is 
frequently present in residential environments, both indoors and outdoors.

The use of the pulmonary route is increasingly common because it is possible to 
target drugs specifically on the respiratory tract, both locally and systemically. The 
benefits of administering inhalation therapy through oral suspension dosages during 
the treatment of pulmonary diseases have been recognized for many years. Moreover, 
inhalation has been recognized as a more effective form of inflammatory therapy 
than its conventional counterparts. Compared with oral or parenteral formulations, 
therapeutic doses of the drug are typically administered in a matter of minutes into 
the airways, where the active drug exerts its beneficial effect. Undesirable systemic 
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effects can be minimized because the drug acts with maximum pulmonary specific-
ity together with a rapid onset of action. There are currently several forms of inhala-
tion for local delivery to the lungs, including dry powder inhalers, metered-dose 
inhalers, and nebulizers.

Pulmonary drug delivery systems are not only intended to deliver drugs locally 
to the lungs but can also perform systemic delivery. However, the complexity of the 
respiratory system, comprising the mouth, nose, upper respiratory tract, and lungs, 
with their respective anatomies and histologies, renders this a considerable chal-
lenge. The flow and rate of respiration, neurological, and muscular responses are 
also affected. Furthermore, the asymmetrical branches of the lungs also provide 
horizontal heterogeneity between the pulmonary regions.

Innovative drug delivery using a non-invasive and practical approach is required 
to enhance therapeutic efficacy and drug safety. Several formulation strategies have 
been developed to maintain drug release in the lungs using nanocarriers as the most 
researched approaches. Nanocarriers allow controlled drug release at optimal thera-
peutic levels.

2  Pneumonia

Pneumonia is the severest inflammatory condition of the respiratory system and the 
most common infectious disease. The word “pneumonia,” meaning “lung disease,” 
is derived from the ancient Greek word Pneumon meaning “lungs.” Pneumonia is an 
acute respiratory infection that affects the alveoli and the distal bronchi of the lungs 
and is broadly divided into community-acquired pneumonia (CAP), hospital- 
acquired pneumonia (HAP), and ventilation-acquired pneumonia (VAP). The global 
incidence of CAP varies from 1.5 to 14 cases per 1000 people annually. At the same 
time, cases of HAP range from 6 to 8.6 per 1000 individuals. The highest incidence 
is reported in the ICU, where it occurs in 12–29% of patients, 90% being VAP cases 
with mortality between 33% and 50% [4].

Pneumonia occurs when the lower respiratory tract is invaded by infective micro-
organisms, bacteria, viruses, or fungi. In general, Streptococcus pneumoniae (pneu-
mococcus) is a common pathogen causing CAP. It was reported that infections due 
to gram-negative bacteria were more common than those caused by gram-positive 
bacteria [3]. Certain viruses are also known to cause infections of the upper and 
lower respiratory tracts. The virus group includes influenza (IV), human respiratory 
syncytial virus (HRSV), human rhinovirus (HRV), human metapneumovirus 
(HMPV), parainfluenza, and severe acute respiratory syndrome coronavirus (SARS- 
CoV). Among the various pathogens that cause infections of the respiratory tract, 
fungi represent an extremely limited variety. Aspergillus is the leading cause of 
fungal infections of the lungs. Pathogens can reach the lungs through inhalation of 
droplets, aspiration of pathogens in the oropharynx, or dissemination through the 
bloodstream. Microscopic bacteria, less than 5 μm in size, can penetrate the lungs.
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Clinical symptoms in patients with pneumonia can be influenced by the infective 
microorganisms and include fever, chills, malaise, cough, increased sputum produc-
tion, tachypnea, decreased oxygen saturation, and shortness of breath. Coughing 
constitutes a defense mechanism of the lungs which can also be indicative of a 
severe illness. While it constitutes one of the common symptoms of pneumonia, 
coughing is not a feature of the form of the illness caused by viruses or myco-
plasma. In bacterial pneumonia, the infection produces a fever which activates the 
body’s defense system with alveolar macrophages eradicating the proliferating bac-
teria. However, when the invading bacteria exceed the capacity of the body to defend 
itself, they multiply. The alveolar macrophages then respond by releasing cytokines 
such as interleukin-1 (IL-1) and tumor necrosis factor (TNF), which can cause fever 
[5]. Pneumonia patients can also experience shortness of breath due to IL-8 and 
granulocyte colony-stimulating factor (G-CSF) inducing neutrophil maturation 
which, in turn, results in leukocytosis and purulent secretion. The released cyto-
kines are responsible for leakage in the alveolar-capillary membrane causing short-
ness of breath [5], also referred to as hypoxemia, which indicates a lack of oxygen 
in the blood.

3  Pharmacological Therapy for Pneumonia

3.1  Antibiotics

Pneumonia is an infection of the respiratory tract requiring appropriate antibiotic 
therapy. In patients with CAP, macrolide antibiotics such as azithromycin or doxy-
cycline can be administered. In this regard, fluoroquinolones and β-lactams can also 
be considered. Macrolides are generally used as the first-line treatment for 
CAP. These antibiotics impede bacterial growth by inhibiting binding to the bacte-
rial 50S ribosomal subunit and interfering with protein synthesis [6]. These macro-
lides can reduce mortality due to severe sepsis through their immunomodulatory 
properties. Azithromycin is administered via the parenteral or oral route in single 
500 mg doses for 7–10 days.

Azithromycin is effective against Haemophilus influenzae and Moraxella. 
Furthermore, this drug can be used to treat Mycoplasma and chlamydia, both com-
mon causes of pneumonia in adults. Azithromycin is widely distributed in the lower 
respiratory tract, and the drug levels can be maintained for a certain period [7], 
although one of the main problems associated with its use is that of extremely poor 
solubility. This drug belongs to the Biopharmaceutics Classification System (BCS) 
Class II in biological fluids, which demonstrate low bioavailability on oral 
administration.

Azithromycin induces certain side effects, including gastrointestinal distur-
bances, headaches, and dizziness. Hearing loss has also been reported by individu-
als using this drug, including those with respiratory disorders [8]. Therefore, an 
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azithromycin nanocarrier design, which can increase bioavailability and target lung 
tissue while reducing systemic side effects, needs to be developed.

In CAP patients who are not admitted to an ICU, fluoroquinolone monotherapy 
or the use of β-lactams with or without macrolides for empiric therapy may also be 
recommended. Fluoroquinolones are also drugs that can treat upper and lower respi-
ratory tract infections. Drugs of this class include ciprofloxacin, moxifloxacin, gati-
floxacin, and levofloxacin and trigger a broad spectrum of action on both 
gram-positive and gram-negative bacteria. Quinolones function by converting DNA 
gyrase and topoisomerase IV into toxic enzymes that break down bacterial chromo-
somes [9]. Drugs belonging to the fluoroquinolone therapeutic class promote 
increased oral absorption and systemic distribution. Thus, the clinical application of 
these compounds has been extended to the treatment of lower respiratory tract 
infections, skin and soft tissue infections, sexually transmitted diseases, and urinary 
tract infections.

The use of fluoroquinolones has side effects such as gastrointestinal distur-
bances, toxicity to the central nervous system, rashes, and QT prolongation, among 
others [10]. In addition, fluoroquinolone drugs such as norfloxacin and ciprofloxa-
cin have low solubility and poor permeability. This characteristic can limit their 
bioavailability. Consequently, it is necessary to formulate drugs such as lipid nano-
carriers that can enhance these properties in order to increase their therapeutic effi-
cacies when targeting the lungs.

3.2  Antiviral Agents

In the case of viral pneumonia, it is necessary to use antiviral therapy, including 
drugs such as oseltamivir, zanamivir, or peramivir. A 2021 study conducted by 
Moreno et al. reported that the early use of oseltamivir in adults with influenza or 
viral pneumonia reduced fatalities in the ICU by as much as 33% [11].

Oseltamivir is an antiviral neuraminidase inhibitor administered orally in cap-
sule form. This drug can competitively and selectively inhibit the influenza virus 
neuraminidase, an enzyme required for viral replication. Oseltamivir can impede 
the release of the influenza virus and prevent the spread of infection to new host 
cells [12]. Oseltamivir reportedly causes gastrointestinal disturbances such as nau-
sea and vomiting, while other side effects include abdominal pain, diarrhea, head-
ache, insomnia, and vertigo [13]. It belongs to a class of drugs with limited 
absorption characteristics. However, given the current lack of drug solubility data, 
oseltamivir cannot be classified in the BCS yet.

Lopinavir is used in conjunction with ritonavir to enhance its therapeutic effect 
on patients with viral pneumonia. Since lopinavir in isolation has a low bioavail-
ability of 25%, combining it with ritonavir is necessary to increase its bioavailabil-
ity. Lopinavir is an antiviral protease inhibitor previously used to treat HIV infections 
which now forms part of the treatment of COVID-19 patients. The use of lopinavir/
ritonavir reportedly aids patients with pneumonia resulting from COVID-19 
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infection because the lopinavir mechanism binds to the SARS-CoV 3CL protease 
receptor [14].

In a previous study [15], the tissue distribution of lopinavir with isotope labels 
was observed in mice. The radioactivity level in the lungs was lower than that in 
their plasma, indicating that the pulmonary distribution of lopinavir was relatively 
low [15]. Therefore, it is necessary to formulate a drug delivery system capable of 
targeting lopinavir in lung tissue in order to increase the drug’s effectiveness as an 
antiviral medication in the treatment of pneumonia.

3.3  Antifungal

In patients with fungal pneumonia, appropriate antifungal therapy is required. 
Conventional antifungals include amphotericin B, flucytosine, and several 
azole groups.

Polyenes are one antifungal group used to treat fungal pneumonia. Amphotericin 
B is one such drug prescribed to combat severe fungal infections. Polyenes bind to 
sterols in fungal cell membranes, forming transmembrane channels that lead to cell 
leakage and death. However, monitoring of serum creatinine parameters, blood urea 
nitrogen (BUN), and electrolytes (especially potassium and magnesium) present in 
the blood, in addition to liver function, is required due to the potential side effects 
of amphotericin B, which can cause renal toxicity [16].

Amphotericin B belongs to BCS class IV. The problems connected with its oral 
delivery include low water solubility, poor permeability, and poor drug absorption 
in the digestive tract. The formulation of drugs included in BCS class IV is neces-
sary to increase their clinical application.

In addition to amphotericin B, fluconazole, an antifungal belonging to the azole 
group, can be used to treat pneumonia. Fluconazole is currently more effective in 
treating infection in lung tissues than other azole groups. Fluconazole works by 
inhibiting C-14 demethylase, which is required to synthesize ergosterol. C-14 
demethylase is part of the fungal cytochrome P450 complex that causes subsequent 
disruption of fungal membranes. In human studies, it was reported that fluconazole 
was distributed rapidly in lung tissue, with concentrations twice as high as those in 
plasma [17]. Therefore, this drug is suitable for the treatment of lung infections.

Belonging to the BCS class 1 as a highly soluble and permeable drug, this drug 
dissolves rapidly, enabling its effective therapeutic applications.

3.4  Symptomatic Therapy: Anti-inflammation and Analgesic

In addition to treating the causes of bacterial, fungal, or viral pneumonia, alternative 
therapies are required to address the symptoms caused by infection. Other drugs 
widely prescribed to treat pneumonia patients include anti-inflammatory and 
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analgesic groups, such as non-steroidal anti-inflammatory drugs (NSAIDs). 
NSAIDs are a class of FDA-approved drugs that act as antipyretic, anti- inflammatory, 
and analgesic agents. They are commonly prescribed to treat localized inflammation 
in lungs infected due to injury to the parenchyma. NSAIDs represent a class of 
drugs that are highly effective at treating pain and inflammation. The inflammatory 
response involves cyclooxygenase (COX), which is necessary to convert arachi-
donic acid into thromboxane, prostaglandins, and prostacyclin, which are all media-
tors of inflammation. NSAIDs inhibit the cyclooxygenase (COX) enzyme, whose 
function is speed determining for prostaglandins and the synthesis of other pros-
tanoids such as thromboxane.

In pneumonia patients, infection in the lungs can cause inflammation leading to 
the release of various cytokines and inflammatory mediators. As vital organs are 
involved in gas exchange, excessive pulmonary inflammation can be life- threatening 
since the lungs are constantly exposed to harmful pathogens. Therefore, immediate 
and intense defensive measures, especially inflammation, are required to eliminate 
the pathogens as rapidly as possible.

In general, this drug is administered orally in tablet form. Although NSAIDs are 
generally considered safe and, therefore, readily available without a prescription, 
numerous reports exist of risks and safety concerns associated with their use. 
Potential side effects of NSAIDs include kidney damage and gastrointestinal bleed-
ing. Moreover, these drugs have been reported to have cardiovascular side effects 
and induce nephrotoxicity. Side effects affecting the gastrointestinal tract are caused 
by inhibition of COX-1, which prevents the formation of prostaglandins, whose 
function is to protect the gastric mucosa. Cardiovascular side effects reported as 
resulting from NSAID use, particularly COX-2 selective NSAIDs, include myocar-
dial infarction, thromboembolism, and atrial fibrillation. Selective inhibition of 
COX-2 by specific NSAIDs may exacerbate the risk of cardiovascular events in 
patients with a medical history of cardiovascular disease. This prothrombotic risk 
results from thromboxane A2-mediated vasoconstriction and platelet aggregation, 
which is unbalanced and cannot be counteracted when prostacyclin activity is sup-
pressed through COX-2 inhibition [18].

COX-1 and COX-2 have been acknowledged as facilitating the production of 
prostaglandins that play a role in renal hemodynamics. In patients with normal renal 
function, inhibition of prostaglandin synthesis does not pose a significant problem. 
However, in patients with renal dysfunction, these prostaglandins assume greater 
significance and can be a source of problems if the use of NSAIDs compromises 
their effective functioning. Potential complications include acute kidney function 
disorders, fluid and electrolyte disturbances, renal papillary necrosis, and nephrotic 
syndrome/interstitial nephritis. Side effects such as bleeding are also possible, espe-
cially with nonselective NSAIDs, due to their antiplatelet activity, which is usually 
only problematic if the patient has a history of GI ulcers, diseases that impair plate-
let activity (hemophilia, thrombocytopenia, von Willebrand, etc.), in certain cases, 
perioperatively.

The NSAID class of drugs belongs to the BCS class II weak acid groups whose 
members dissolve rapidly in the small intestine but demonstrate low solubility at 
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gastric pH. Fifteen of the 18 NSAIDs were classified as BCS class II. Because the 
majority of the drugs in this class are included in BCS class II, whose solubility is 
low, a formulation is required to increase the solubility and bioavailability of 
NSAID drugs.

3.5  Symptomatic Therapy: Corticosteroid

Corticosteroids are synthetic analogs of naturally occurring steroid hormones pro-
duced by the adrenal cortex. This synthetic compound has glucocorticoid and/or 
mineralocorticoid properties. Mineralocorticoids affect ion transport in renal tubu-
lar epithelial cells and are primarily involved in regulating electrolyte and water 
balance. Glucocorticoids are primarily involved in carbohydrate, fat, and protein 
metabolism and have anti-inflammatory, immunosuppressive, antiproliferative, and 
vasoconstrictive effects. Corticosteroid drugs such as prednisone, prednisolone, 
methylprednisolone, and dexamethasone have potent anti-inflammatory, immuno-
modulatory, and antineoplastic properties and are important to the treatment of vari-
ous conditions.

The use of corticosteroids in patients with severe pneumonia has been reported 
to reduce lung inflammation. In addition, it has been asserted that this drug can play 
a role in preventing respiratory failure. Corticosteroids can inhibit the expression of 
numerous molecules involved in the inflammatory response caused by pneumonia. 
The molecular mechanism that occurs increases the transcription of anti- 
inflammatory molecular genes. In addition, corticosteroids are known to cause tran-
srepression by decreasing gene transcription of various inflammatory cytokines, 
chemokines, or adhesion molecules [19]. This drug can be given orally or parenter-
ally. High doses of glucocorticoids can be administered intravenously to patients 
who experience an emergency or those with respiratory tract disorders. On the other 
hand, oral administration can be an alternative applied to reduce patient discomfort 
and facilitate administration.

Dexamethasone is reported to be highly water-soluble. Consequently, in some of 
the literature, this drug is included in BCS class I. However, in other studies, it is 
classified as falling within BCS class III. In healthy individuals, the bioavailability 
of oral dexamethasone ranges between 70% and 78%. However, extrapolating the 
bioavailability assigned to healthy individuals to patients hospitalized with pneu-
monia may be inaccurate because of the potential for impaired absorption caused by 
delayed gastric emptying or changes in first-pass metabolism.

Several in vitro studies have shown that corticosteroids reduce cytokine expres-
sion in human cells and inhibit phagocytic cell migration. Corticosteroids can 
reduce the release of the cytokine Interleukin-6 (IL-6), C-reactive protein, and the 
number of neutrophils. Another potential benefit of using corticosteroids in pneu-
monia is to block a Jarisch-Herxheimer-like reaction to antibiotic initiation in 
patients with a high bacterial load. Jarisch-Herxheimer-like reactions are thought to 
be caused by high concentrations of cytokines immediately after initiation of 
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antibiotics, possibly through the release of endotoxins or other bacterial mediators 
in individuals with a high bacterial load [20]. Experimental studies have shown that 
corticosteroid administration reduces the inflammatory response in cases of severe 
CAP [21].

The use of corticosteroids can cause various side effects ranging from mild to 
severe. Factors influencing the occurrence of side effects due to the use of cortico-
steroids include the dose administered and duration of therapy. The most common 
side effects of corticosteroids include osteoporosis and fractures, hypothalamic- 
pituitary- adrenal suppression, cushingoid, hyperglycemia, myopathy, glaucoma, 
cataracts, psychiatric disorders, immunosuppression, cardiovascular disease, gas-
trointestinal, and skin disorders.

Corticosteroid drugs such as methylprednisolone and dexamethasone have been 
reported as accumulating at relatively low levels in the lungs [22].

3.6  Symptomatic Therapy: Beta-Agonist

β2-adrenergic receptor agonists, a class of drugs used to manage respiratory disor-
ders, mimic the functioning of catecholamines such as epinephrine, norepinephrine, 
and dopamine in producing different autonomic responses in the body. In particular, 
the smooth muscle of the respiratory tract, uterus, intestines, and systemic blood 
vessels in the organ experience the most significant β-2 agonist effect.

β2-Agonists are effective bronchodilators primarily because of their ability to 
relax airway smooth muscle. The mechanism involves binding to the active site of 
β2-adrenergic receptors found in the respiratory tract. This can increase intracellular 
cyclic-AMP, which controls smooth muscle tone. Thus, activation of β2-adrenergic 
receptors results in direct bronchodilation.

Based on the onset of this action, this class of drugs is subdivided into two 
groups, namely, short-acting beta-agonists (SABA) and long-acting beta-agonists 
(LABAs). SABAs are characterized by rapid onset of action and immediate symp-
tom relief. In contrast, LABAs have a long onset of action and provide prolonged 
and sustained treatment due to their increased half-life. SABA class drugs include 
salbutamol, terbutaline, levalbuterol, and pirbuterol, while salmeterol and for-
moterol are members of the LABA group.

The main side effects of salbutamol use are nervousness and tremors. The occur-
rence of the latter is caused by the activation of β2 receptors on motor nerve termi-
nals which increases intracellular cAMP. Other side effects include nausea, sleep 
disturbances, fever, bronchospasm, vomiting, headache, and dry mouth. Moreover, 
salbutamol can also increase blood pressure and cause hypokalemia. Elevated blood 
sugar levels and prolongation of the QTc interval and ST-segment depression can 
also occur, although these side effects are rare.

Salbutamol belongs to the BCS class 1 drug group commonly used to treat respi-
ratory disorders. The administering of salbutamol in combination with budesonide 
produced a therapeutic effect in cases of bacterial pneumonia in neonates. Its 
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administration can effectively alleviate symptoms such as shortness of breath and 
cough, reduce treatment time, and mitigate the inflammatory response in neonates.

The drug overview used for pneumonia therapy can be seen in Table 1.

Table 1 The overview of drugs used for pneumonia therapy

No
Pharmacological 
class therapy Active drug

Approval 
date Dosage form(s)

1 Antibiotics Azithromycin 
(ZITHROMAX®)

24 May 
2002

Azithromycin 250 mg tablet.
Azithromycin 500 mg tablet.
Azithromycin 300 mg suspension.
Azithromycin 600 mg suspension.
Azithromycin 900 mg suspension.
Azithromycin 1200 mg 
suspension.

Doxycycline 
(DORYX®)

6 May 
2005

Doxycycline hyclate delayed- 
release tablets 75 mg.
Doxycycline hyclate delayed- 
release tablets 100 mg.

Ciprofloxacin 
(CIPRO®)

25 March 
2004

Ciprofloxacin hydrochloride 
100 mg tablet.
Ciprofloxacin hydrochloride 
250 mg tablet.
Ciprofloxacin hydrochloride 
500 mg tablet.
Ciprofloxacin hydrochloride 
750 mg tablet.
Ciprofloxacin 5 g/100 mL oral 
suspension.
Ciprofloxacin 10 g/100 mL oral 
suspension.

Moxifloxacin 
(AVELOX®)

10 
December 
1999

Moxifloxacin hydrochloride 
400 mg tablets.
Moxifloxacin hydrochloride 
400 mg in 250 mL sodium 
chloride injection flexibag.

Levofloxacin 
(LEVAQUIN®)

17 
December 
1998

Levofloxacin 200 mg tablet.
Levofloxacin 500 mg tablet.

2 Antiviral Oseltamivir 
(TAMIFLU®)

14 
December 
2000

Oseltamivir phosphate 75 mg 
capsule.
Oseltamivir phosphate 12 mg/mL 
powder for oral suspension.

Lopinavir/ritonavir 
(KALETRA®)

15 
September 
2000

KALETRA capsule (133.3 mg 
lopinavir and 33.3 mg ritonavir).
KALETRA oral solution (80 mg 
lopinavir and 20 mg ritonavir).

(continued)
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No
Pharmacological 
class therapy Active drug

Approval 
date Dosage form(s)

3 Antifungal Amphotericin B 
(Ambisome)

11 August 
1997

Liposomal amphotericin B 50 mg/
vial injection.

Flucytosine 
(ANCOBON®)

26 
November 
1971

Flucytosine 250 mg capsule.
Flucytosine 500 mg capsule.

Fluconazole 
(DIFLUCAN®)

29 January 
1990

Fluconazole 50 mg tablet.
Fluconazole 100 mg tablet.
Fluconazole 150 mg tablet.
Fluconazole 200 mg tablet.

4 NSAIDs Aspirin 25 June 
1965

Oral 650 mg 8-h Bayer extended 
release tablet.
Oral 650 mg Measurin extended 
release tablet.

Piroxicam 
(FELDENE®)

06 April 
1982

Piroxicam 10 mg capsule.
Piroxicam 20 mg capsule.

Diclofenac Sodium 
(VOLTAREN®)

28 July 
1988

Diclofenac sodium 25 mg 
delayed-release tablet.
Diclofenac sodium 50 mg 
delayed-release tablet.
Diclofenac sodium 75 mg 
delayed-release tablet.

5 Corticosteroid Prednisone 21 April 
2012

Prednisone 5 mg tablet.

26 July 
2012

Prednisone 1 mg delayed-release 
tablet.
Prednisone 2 mg delayed-release 
tablet.
Prednisone 5 mg delayed-release 
tablet.

Prednisolone 
(Orapred® ODT)

02 June 
2006

Prednisolone sodium phosphate 
equivalent to 10 mg prednisolone 
base orally disintegrating tablet 
(ODT).
Prednisolone sodium phosphate 
equivalent to 15 mg prednisolone 
base ODT.
Prednisolone sodium phosphate 
equivalent to 30 mg prednisolone 
base ODT.

Methylprednisolone 31 October 
1997

Methylprednisolone 4 mg tablet.
Methylprednisolone 8 mg tablet.
Methylprednisolone 16 mg tablet.
Methylprednisolone 32 mg tablet.

Dexamethasone 15 
December 
1983

Dexamethasone 0.5 mg tablet.
Dexamethasone 0.75 mg tablet.
Dexamethasone 4 mg tablet.
Dexamethasone 6 mg tablet.

11 April 
2003

Dexamethasone sodium phosphate 
10 mg/mL injection.

Table 1 (continued)

(continued)
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Table 1 (continued)

No
Pharmacological 
class therapy Active drug

Approval 
date Dosage form(s)

6 Beta-agonist Salbutamol 
(VENTOLIN™)

10 July 
1986

Albuterol sulfate equivalent to 
2 mg albuterol tablet.
Albuterol sulfate equivalent to 
4 mg albuterol tablet.

Terbutaline 
(BRETHINE®)

17 May 
1976

Terbutaline sulfate 2.5 mg tablet.
Terbutaline sulfate 5 mg tablet.

Levalbuterol 
(XOPENEX®)

25 March 
1999

Levalbuterol hydrochloride 
equivalent to 0.021% Levalbuterol 
solution for inhalation.
Levalbuterol hydrochloride 
equivalent to 0.042% Levalbuterol 
solution for inhalation.
Levalbuterol hydrochloride 
equivalent to 0.0103% 
Levalbuterol solution for 
inhalation.
Levalbuterol hydrochloride 
equivalent 0.25% Levalbuterol 
solution for inhalation.

Pirbuterol 
(MAXAIR®)

30 
December 
1986

Pirbuterol acetate equivalent to 
0.2 mg pirbuterol aerosol metered 
inhalation.

Salmeterol 
(ADVAiR® 
DISKUS)

24 August 
2000

Combination of100/50 mcg 
fluticasone propionate/salmeterol 
xinafoate powder inhalation.
Combination of 250/50 mcg 
fluticasone propionate/ Salmeterol 
xinafoate powder inhalation.
Combination of 500/50 mcg 
luticasone propionate/ Salmeterol 
xinafoate powder inhalation.

Formoterol 
(SYMBICORT®)

21 July 
2006

Budesonide 80 μg and formoterol 
fumarate dihydrate 4.5 μg /inh 
aerosol metered inhalation.
Budesonide 160 μg and formoterol 
fumarate dihydrate 4.5 μg /inh 
aerosol metered inhalation.

4  Challenges in Drug Delivery for Pneumonia

The pulmonary drug delivery system is a non-invasive route for local and systemic 
therapy, which increases patient comfort and compliance. The pulmonary route is 
an efficient method for absorbing macro- and micro-molecules through deep lung 
tissue into the bloodstream. This drug delivery system is superior to others with 
regard to certain diseases. This route offers many advantages over conventional oral 
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administration, such as a large surface area enabling rapid absorption due to high 
vascularity and avoiding the first-pass effect. The large absorption surface area of 
the alveoli, the skinny diffusion pathways from the air spaces into the blood, and the 
increased blood flow render the lungs the gateway to the circulation system. Drug 
molecules are absorbed more efficiently from the lungs than other non-invasive 
drug delivery routes. As a result, ever-increasing amounts of inhaled drugs are avail-
able to treat various diseases. Modifying the formulation in the drug delivery system 
may enable delayed release in the respiratory tract. These benefits include a more 
prolonged duration of action, reduced drug use, increased patient compliance, and 
fewer drug-related side effects.

4.1  Particle Size

Pulmonary drug delivery systems have numerous advantages, although these depend 
on optimal particle size. If the drug particle size is relatively large, deposition in the 
larynx can ensue, possibly proving to be an irritant. However, if comparatively 
small, drug particles can be directly exhaled from the lungs without being deposited.

Particles larger than 5 μm in size will be deposited in the upper respiratory tract, 
such as in the oropharyngeal area. In comparison, smaller particles in the range of 
1–5  μm are deposited in the bronchiolus area through sedimentation. This is an 
effective measure of drug distribution throughout the lungs. Meanwhile, particles 
smaller than 1 μm are deposited in the deeper alveolar region through Brownian 
diffusion, while those less than 0.5 μm in size will be directly expelled during the 
exhalation process.

The disposition of drug particles in the lungs is highly dependent on the particle 
size at the time of formulation. The drug disposition reflects the ability of drug par-
ticles that are inhaled to be deposited in the respiratory tract. Drug disposition 
mechanisms based on particle size include impaction, sedimentation, and diffusion. 
Particles smaller than 0.1 μm in diameter are only deposited by diffusion. Particles 
1 μm to 5 μm in size will be gradually deposited in the bronchioles over a relatively 
long period. Inertial transport becomes an effective transport mechanism for larger 
particles, while deposition due to impaction increases with particle size, particle 
density, and airflow rate. Aerosol particles pass through the oropharynx and upper 
respiratory tract at high velocity in the impaction deposition mechanism. Due to 
centrifugal force, the particles collide with the respiratory wall and are deposited in 
the oropharynx [23].

However, the effectiveness of pulmonary route drug delivery therapy is limited 
due to rapid lung clearance. Small particles delivered to the lungs will rapidly dif-
fuse across the epithelial cells of the lungs and penetrate the bloodstream within a 
few minutes. On the other hand, although macromolecules can also be absorbed 
within the systemic circulation after a few hours, they are rapidly taken up by alveo-
lar macrophages and excreted by mucociliary cells.
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4.2  Drug Solubility

Active ingredients with poor solubility become a significant challenge in the devel-
opment of drug dosage forms for clinical use. Drug absorption will be limited by the 
amount of active ingredient dissolved, which subsequently diffuses through the bio-
logical membrane. Poor drug solubility can lead to low bioavailability. Solubility 
enhancement remains one of the most challenging aspects of drug development.

Drug delivery through inhalation has considerable potential for the treatment of 
various pulmonary conditions such as tuberculosis, asthma, chronic obstructive pul-
monary disease (COPD), and pulmonary infections. This delivery route can assist in 
the direct and efficient delivery of high-dose drugs to the target site while reducing 
systemic exposure and side effects and avoiding first-pass metabolism. However, its 
effectiveness is hampered by drug clearance at the target site, poor accumulation in 
the respiratory tract, and inefficient penetration of the lung mucosa and epithelium. 
This scenario necessitates more drug doses. Thus, a nanocarrier is necessary to 
encapsulate drugs that can maintain drug release, prolong residence time in the 
respiratory tract, and support drug penetration through the mucosa and epithelium.

4.3  Local Therapy and Mucoadhesive Property

The mucoadhesive delivery system is intended to prolong the contact between the 
drug and the mucosa. Particles with mucoadhesive systems have been extensively 
investigated for pulmonary drug delivery because of their benefit in increasing the 
residence time of particles in the lungs. However, retention of adhesively trapped 
particles in the mucus of the airways may be limited by physiological mucus clear-
ance mechanisms [24].

The short duration of a drug’s action and the requirement that it be administered 
several times a day represents a drawback of pulmonary route therapy. Therefore, 
drug formulation with a controlled drug release rate is required. Controlled release 
drugs such as antibiotics can maintain a relatively constant concentration in pulmo-
nary tissue for an extended period to enhance their effect. In addition, the advan-
tages of controlled-release formulations can protect the drug against rapid clearance 
in the respiratory tract, including mucociliary clearance and macrophage 
phagocytosis.

The nanocarrier drug delivery system can provide continuous release in the lungs 
to increase the therapeutic effect of inhaled drugs. Modification of the release sys-
tem is intended to maintain the drug in the lungs for an extended period and sustain-
ably release it locally at the desired therapeutic level. In addition to increasing the 
effectiveness of therapy, this can reduce the systemic side effects of drugs.
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4.4  Low Dose

Drug delivery systems to the lungs are generally formulated at low doses. However, 
under certain conditions, higher doses are required, such as is the case with antibiot-
ics directly targeted at the lungs. High doses are required to ensure sufficient drug 
concentrations in the lungs to provide optimal results. On the other hand, the admin-
istration of high drug doses with a larger number of carriers will result in an increase 
in powder volume, which is inconvenient for multidose inhalers and can result in 
certain side effects such as throat irritation and coughing [25].

The pulmonary alveoli possess a surface area of more than 100 m2 with a wall 
thickness of less than 1 μm, allowing rapid absorption into the systemic circulation. 
This can produce a more rapid onset of action than other routes and reduce common 
systemic side effects. Administering drugs locally via the pulmonary route can also 
avoid first-pass metabolism. Consequently, these advantages support the use of 
lower doses when compared to those of other drug delivery routes.

4.5  Rapid Onset of Action

Lung physiology featuring a large surface area, high blood supply, and rapid onset 
of action with high drug bioavailability means that the drug delivery system has 
significant potential as a form of treatment for lung disorders such as pneumo-
nia [26].

5  Nanocarriers for Pulmonary Drug Delivery

5.1  Liposomes

Liposomes are spherical vesicles with an aqueous core surrounded by phospholip-
ids. Liposomes are nanocarriers that can trap various therapeutic agents, control the 
release of drugs trapped in liposomes, and improve the pharmacokinetic profile of 
drugs after in vivo administration. This delivery system can be used in drug delivery 
systems aimed at the lungs because it can trap drugs and target their effects on these 
organs for a protracted period. This can increase the benefits of drug therapy and 
reduce the potential for negative side effects.

Liposomes are produced using phospholipids with or without cholesterol, com-
ponents that are very similar to the pulmonary biological membrane. This system 
has biocompatible and biodegradable characteristics, which render it suitable as a 
drug carrier to formulate inhaled drugs. Liposomal formulations with compositions 
similar to pulmonary surfactants can be potential drug carriers for drug delivery to 
the lungs. This is due to its low local irritation in the lung parenchyma, high biode-
gradability, and sustained release.
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Several drugs have been developed into liposomes for the treatment of pneumo-
nia. Liposomal azithromycin is a potential therapy to increase the efficacy of 
azithromycin in combatting lung infections, in addition to its safe use [27]. In the 
form of liposomes, oseltamivir is also reported as capable of enabling direct target-
ing of the influenza virus in the lungs. The delivery system provides an enhanced 
safety profile as well as rapid and effective delivery of antivirals within pneumonia 
therapy [25]. In addition, the formulation of amphotericin B, one of the treatments 
for pneumonia in the form of liposomes and lipid complexes, can reportedly reduce 
kidney toxicity in patients with renal impairment. The use of amphotericin B at a 
dose of 1 mg/kg/day is known to cause a high incidence of toxicity. The liposome 
formulation produced fewer side effects [28]. Therefore, the use of amphotericin B 
in the form of liposomes can be recommended for patients with kidney disorders to 
reduce renal toxicity [16]. There are other liposomal drugs that maintain their 
release in the lungs, including ciprofloxacin liposome [29], isoniazid liposome for 
the treatment of tuberculosis [30], and salbutamol sulfate liposome as part of asthma 
therapy [31].

5.1.1  Tedizolid Phosphate Liposome

Tedizolid forms part of the second generation of oxazolidinone antibiotics. It is a 
protein synthesis inhibitor that acts as an antibacterial by binding to the 50 s subunit 
of the bacterial ribosome in order to inhibit bacterial protein synthesis [32]. In the 
study conducted by Yang et al. (2017), it was reported that the tedizolid phosphate 
liposome contained spherical formations uniform in size, namely, 194.9 ± 2.93 nm 
with a zeta potential of 20.4 mV and encapsulation efficiency of 5.52% [32]. In the 
in vitro release study, it was found that the tedizolid liposome released approxi-
mately 80% of drug content within 10 h. Slow-release commenced after the first 2 h 
precipitating a sustained-release effect.

In vivo biodistribution studies have shown that the liposome can be distributed in 
the lungs. The use of stearylamine in liposome formulations produced a positive 
charge of liposomes, thereby increasing drug affinity in the lungs. The relative 
uptake of liposomes in the lungs is 1.527, which indicates that the drug can be deliv-
ered in a targeted manner.

5.1.2  Amikacin Liposome (Arikayce™)

In the amikacin liposome, which is composed of lipid dipalmitoyl- 
phosphatidylcholine (DPPC) and cholesterol, the average particle size of liposomes 
ranged from 248 to 282 nm [33]. This drug is given to patients by a nebulizer and 
produces droplets with a diameter of ~4.7  μm, which includes sizes that can be 
widely distributed in the lungs (<5 μm). Amikacin liposomes release about 30% of 
amikacin when initially produced during nebulization [34]. The development of the 
amikacin liposome for the treatment of respiratory tract infections via inhalation 
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showed promising results. In vitro studies reported that liposomes could diffuse 
through the patient’s sputum and penetrate the biofilm of Pseudomonas aeruginosa, 
thereby enabling them to get closer to the target site. Liposomes can also increase 
drug levels locally and prolong the half-life of the drug [33].

In the in vivo study on mice, the use of liposomes in cases of infection was able 
to reduce and eradicate P. aeruginosa compared to conventional preparations [35]. 
In clinical trials in phase I and phase II, amikacin liposome was a safe drug therapy 
devoid of side effects. The use of amikacin in the form of liposomes also improved 
lung function in 14–28 days [36].

5.1.3  Tobramycin Liposome (LipoBiEDT-TOB ™)

Encapsulation of tobramycin in a liposome increases its in vitro efficacy against 
P. aeruginosa [37, 38]. The tobramycin liposome has a particle size of between 200 
and 500 nm with a zeta potential of −22.3 to −0.5 mV [39]. Only 20% of the drug 
was released from the liposome in phosphate buffer media at 37  °C for 72  h, 
although this figure rose over time at increasing temperatures. These results indicate 
that tobramycin liposome is stable when releasing drugs in the body at physiologi-
cal temperatures, increasing precise drug delivery to target sites such as inflamed 
lungs [40]. The in vivo study using liposomes produced drug levels 16 times higher 
than those of native drugs [41].

5.1.4  Ciprofloxacin Liposome

The ciprofloxacin liposome can be administered either through inhalation or intra-
venously. At the preclinical stage, ciprofloxacin liposomes can treat lung infections 
due to P. aeruginosa. In vivo studies have shown that the ciprofloxacin liposomes 
can maintain their concentration for 24 h with a half-life of 12 h [42, 43]. In clinical 
study phase II, this system was reported to be safe and capable of increasing the 
antimicrobial activity of Ciprofloxacin [44].

5.2  Microspheres

Microspheres are one of the new drug delivery systems used as an effective thera-
peutic alternative to conventional or immediate-release dosage forms. Microspheres 
are spherical solid particles with diameters ranging from 1 μm to 1000 μm, with the 
drug dispersed in a particular solution in a microcrystalline form.

Microspheres consist of natural and synthetic polymers that are biocompatible 
and biodegradable such as chitosan, poly (lactic) acid, poly (lactic-co-glycolic) 
acid, and poly (lactic-co-lysine graft lysine). Using polymeric microparticles as a 
carrier system for drug delivery to the lungs offers potential advantages such as drug 
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stability, high drug encapsulation efficiency, and targeting specific drugs to the site 
of action. This system is capable of enabling drug deposition in the lungs, delaying 
drug release, and protecting biomacromolecules such as proteins and peptides from 
hydrolysis by enzymes. Preparation of drug formulations in microspheres with 
aerodynamic diameters of 1–5 μm and suitable shape and porosity can be under-
taken to meet pulmonary administration requirements. In addition, microspheres 
usually demonstrate high stability with robust moisture resistance capabilities. 
These characteristics have determined the broad application of microspheres in lung 
delivery.

Vishwa et  al. (2021) studied the moxifloxacin microsphere [45]. An in  vitro 
study of moxifloxacin microspheres as a treatment for tuberculosis showed them to 
be a potent antibiotic against M. tuberculosis. An in vivo study demonstrated that 
the moxifloxacin microsphere increases the duration of the drug’s residence in the 
lungs. The microsphere is also capable of eradicating bacteria and reducing drug 
delivery. However, there is currently no available data regarding clinical studies of 
moxifloxacin microspheres.

5.2.1  Solid Lipid Nanoparticle (SLNs)

SLNs can potentially be used for pulmonary drug delivery. SLNs are nanoscale 
aqueous suspensions prepared from physiological lipids, mainly triglycerides, and 
phospholipids. Since the formulation is based on physiological components, this 
system is less toxic and, consequently, more acceptable for pulmonary drug deliv-
ery. Phospholipids based on surfactant proteins are found on the alveolar surface, 
where they are essential for maintaining optimal surface tension and reducing fric-
tion in lung tissue. SLNs are ideal for delivering drugs with lipophilic characteris-
tics and low water solubility. Thus, drug formulations in the SLN can increase 
solubility and therapeutic effectiveness. In the study by Esmaeili et al. (2016), it was 
reported that the use of budesonide in SLN at a size of 170–200 nm produced an 
increase in system performance [46]. In addition, the high stability and slow drug 
release of SLN indicate its potential as an alternative to conventional formulations.

The rifabutin SLN is intended for antibiotic delivery to the lungs. This formula-
tion prepared with glyceryl dibehenate, glyceryl tristearate lipids, and Tween pro-
duced uniform particle sizes ranging from 100 to 200  nm with a polydispersity 
index less than 0.2. The zeta potential value was obtained at −24 mV [47].

The release study of rifabutin from SLN in a 0.1% lung surfactant medium 
showed a release of 95.6% from SLN composed of glyceryl tristearate and 97.4% 
from SLN composed of glyceryl dibehenate in 24 h. During the first 30 min, there 
is a rapid release of around 65%, subsequently followed by a slow release lasting for 
12 h [47].

In the in vitro study, the rifabutin SLN showed an intensification of the antimi-
crobial effect with a decrease in the viability of the bacteria. Meanwhile, in the 
in vivo studies, the rifabutin SLN system produced a reasonably high accumulation 
in the lungs compared to the conventional rifabutin formulation [48].
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The SLN formulation of amikacin prepared with Tween 80 and cholesterol has a 
particle size of 150 nm with a zeta potential of +4 mV [49]. In the study undertaken 
by Ghaffari et al. (2011), it was reported that the release of amikacin SLN at 25 °C 
was 12% in 24 h, reaching 25% in 48 h, and 33% in 72 h. The drug release stood at 
95% after 144 h of observation [49].

Based on the previous study [50], it was reported that the in vivo biodistribution 
of amikacin SLN for pulmonary delivery produced an increase in drug concentra-
tion compared to intravenous administration. Moreover, with regard to the nephro-
toxic side effect of amikacin, the administration of the amikacin SLN via the 
pulmonary route causes lower drug concentrations in the kidney than intravenous 
administration. Therefore, it can reduce the side effects of nephrotoxic amikacin. 
This study indicates that the use of amikacin SLN via the pulmonary route can 
increase the effectiveness of the drug in cases of respiratory tract infection because 
the inhalation of nanoparticles can reduce the frequency of drug administration and 
increase its pharmacological index.

The summary of nanocarrier studies for delivering drugs in pneumonia treatment 
can be seen in Table 2.

Table 2 In vitro and in vivo activities of nanocarrier drug delivery for pneumonia

No
Types of 
nanocarrier Active drug In vitro and in vivo activities Reference(s)

1 Liposome Azithromycin Azithromycin liposomes significantly 
reduced P. aeruginosa colonies, 
bacterial counts within biofilms, 
virulence factors, and motility.
Azithromycin liposomes showed no 
toxicity in vitro.

[27]

Tedizolid 
phosphate

Tedizolid liposomes provided a 
sustained-release effect, with 
approximately 80% of the drug 
released within 10 h.
Tedizolid liposome increased the 
uptake of the drug into the lungs, 
indicating a targeted manner.

[32]

Amikacin Amikacin liposomes could diffuse 
through the patient’s sputum and 
penetrate the biofilm of 
Pseudomonas aeruginosa.
Liposomes increased amikacin levels 
in the lung and prolonged the 
half-life of amikacin.
Amikacin liposomes successfully 
reduced and eradicated P. aeruginosa 
infection compared to the 
conventional preparation.
Amikacin liposome provided a safe 
therapy for patients with improved 
lung functions within 14–28 days.

[33, 35, 36]

(continued)
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No
Types of 
nanocarrier Active drug In vitro and in vivo activities Reference(s)

Tobramycin Tobramycin liposomes increased 
in vitro efficacy against P. 
aeruginosa.
Tobramycin liposome is stable with 
minimum drug leakage, thus 
increasing the precise drug to target 
the inflamed lungs.
It produced drug levels 16 times 
higher than those of free drug.

[37, 38, 40, 
41]

Ciprofloxacin The concentration of ciprofloxacin 
liposomes could be maintained for 
24 h with a 12 h half-life time.
Liposomes were reported to be safe 
and capable of increasing the 
antimicrobial activity of 
ciprofloxacin.

[42–44]

2 Microsphere Moxifloxacin Moxifloxacin microsphere produced 
potent antimicrobial activity against 
M. tuberculosis.
Moxifloxacin microsphere increased 
the duration of the drug’s residence 
in the lungs and was capable of 
eradicating the bacteria.

[45]

3 Solid lipid 
nanoparticles 
(SLNs)

Budesonide SLN Budesonide SLN successfully 
increased drug stability and produced 
slow drug release.

[46]

Rifabutin SLN Rifabutin SLN showed an 
intensification of the antimicrobial 
effect with a decrease in the viability 
of the bacteria.
Rifabutin SLN produced high drug 
accumulation in the lungs.

[48]

Amikacin SLN Amikacin SLN had slow drug release 
up to 144 h.
SLN increased drug concentration in 
the lung.
Amikacin SLN had a lower drug 
concentration in the kidney, thus 
reducing the nephrotoxicity.

[49, 50]

Table 2 (continued)

6  Conclusion

Pulmonary drug delivery systems represent attractive carriers for managing pneu-
monia. They offer various advantages over the conventional oral route. Nanoparticle- 
based drug carriers are of great interest in the delivery of drugs to the lungs due to 
their extensive surface area with rapid absorption due to their high drug vascularity, 
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thus having significant potential for successfully treating lung diseases. Various 
drugs prescribed in the treatment of pneumonia are subject to limitations on their 
clinical use, such as poor bioavailability. The use of nanoparticles such as lipo-
somes, microspheres, and solid lipid nanoparticles successfully improves bioavail-
ability and targets the drug to the lungs. Nanoparticles with specific particle sizes 
can be deposited at high levels in the lungs, thus improving effective drug concen-
tration in the treatment of lung infections such as pneumonia. Moreover, encapsu-
lating active drugs into nanoparticles also significantly reduces drug toxicity. The 
use of lipid nanocarriers can be promising carriers for pulmonary drug delivery for 
the effective therapy of pneumonia infections.

References

1. Troeger C, Forouzanfar M, Rao PC, Khalil I, Brown A, Swartz S, et al. Estimates of the global, 
regional, and national morbidity, mortality, and aetiologies of lower respiratory tract infections 
in 195 countries: a systematic analysis for the global burden of disease study 2015. Lancet 
Infect Dis. 2017;17(11):1133–61.

2. Khomich OA, Kochetkov SN, Bartosch B, Ivanov AV.  Redox biology of respiratory viral 
infections. Viruses. 2018;10(8):392.

3. Cilloniz C, Martin-Loeches I, Garcia-Vidal C, Jose AS, Torres A. Microbial etiology of pneu-
monia: epidemiology, diagnosis and resistance patterns. Int J Mol Sci. 2016;17(12):2120.

4. Howie SRC, Hamer DH, Graham SM. Pneumonia. In: International encyclopedia of public 
health (Second Edition). 2017. p. 500–8.

5. Sattar SBA, Sharma S.  Bacterial pneumonia. In: StatPearls [internet]. Treasure Island: 
StatPearls Publishing; 2022 Jan. Available from: https://www.ncbi.nlm.nih.gov/books/
NBK513321/.

6. Dinos GP. The macrolide antibiotic renaissance. Br J Pharmacol. 2017;174:2967–83.
7. Danesi R, Lupetti A, Barbara C, Ghelardi E, Chella A, Malizia T, et al. Comparative distribu-

tion of azithromycin in lung tissue of patients given oral daily doses of 500 and 1000 mg. J 
Antimicrob Chemother. 2003;51(4):939–45.

8. Zuckerman JM, Qamar F, Bono BR. Macrolides, ketolides, and glycylcyclines: azithromycin, 
clarithromycin, telithromycin, tigecycline. Infect Dis Clin N Am. 2009;23(4):997–1026.

9. Aldred KJ, Kerns RJ, Oshero N. Mechanism of quinolone action and resistance. Biochemistry. 
2014;53(10):1565–74.

10. Cowling T, Farrah K.  Fluoroquinolones for the treatment of respiratory tract infections: a 
review of clinical effectiveness, cost-effectiveness, and guidelines [internet]. Ottawa: Canadian 
Agency for Drugs and Technologies in Health; 2019. Available from: https://www.ncbi.nlm.
nih.gov/books/NBK543514/.

11. Moreno G, Rodríguez A, Sole-Violán J, Martín-Loeches I, Díaz E, Bodí M, et al. Early osel-
tamivir treatment improves survival in critically ill patients with influenza pneumonia. ERJ 
Open Res. 2021;7(1):00888–2020.

12. Treanor JJ, Hayden FG, Vrooman PS, Barbarash R, Bettis R, Riff D, et al. Efficacy and safety 
of the oral neuraminidase inhibitor oseltamivir in treating acute influenza: a randomized con-
trolled trial. J Am Med Assoc. 2000;283(8):1016–24.

13. Malosh RE, Martin ET, Heikkinen T, Brooks WA, Whitley RJ, Monto AS. Efficacy and safety 
of oseltamivir in children: systematic review and individual patient data meta-analysis of ran-
domized controlled trials. Clin Infect Dis. 2018;66(10):1492–500.

14. Orbak Z, Laloglu F, Akat H.  Effectiveness of lopinavir/ritonavir on COVID-19-related 
pneumonia in a child with COVID-19-associated Kawasaki disease. Cardiol Young. 
2021;31(3):507–10.

Lipid-Based Drug Delivery for Pneumonia Treatment

https://www.ncbi.nlm.nih.gov/books/NBK513321/
https://www.ncbi.nlm.nih.gov/books/NBK513321/
https://www.ncbi.nlm.nih.gov/books/NBK543514/
https://www.ncbi.nlm.nih.gov/books/NBK543514/


328

15. Wang Y, Chen L. Lung tissue distribution of drugs as a key factor for COVID-19 treatment. Br 
J Pharmacol. 2020;177(21):4995–6.

16. Limper AH, Knox KS, Sarosi GA, Ampel NM, Bennett JE, Catanzaro A, et al. An official 
American Thoracic Society statement: treatment of fungal infections in adult pulmonary and 
critical care patients. Am J Respir Crit Care Med. 2011;183(1):96–128.

17. Felton T, Troke PF, Hope WW. Tissue penetration of antifungal agents. Clin Microbiol Rev. 
2014;27(1):68–88.

18. Perry LA, Mosler C, Atkins A, Minehart M. Cardiovascular risk associated with NSAIDs and 
COX-2 inhibitors. US Pharm. 2014;39:35–8.

19. Rhen T, Cidlowski JA. Anti-inflammatory action of glucocorticoids — new mechanisms for 
old drugs. N Engl J Med. 2005;353(16):1711–23.

20. Wunderink RG. Corticosteroids for severe community-acquired pneumonia: not for everyone. 
JAMA. 2015;313(7):673–4.

21. Sibila O, Luna CM, Agustí C, Baquero S, Gando S, Patrón JR, et al. Effects of glucocorticoids 
in ventilated piglets with severe pneumonia. Eur Respir J. 2008;32(4):1037–46.

22. Ayyar VS, Song D, DuBois DC, Almon RR, Jusko WJ. Modeling corticosteroid pharmaco-
kinetics and pharmacodynamics, part I: determination and prediction of dexamethasone and 
methylprednisolone tissue binding in the rats. J Pharmacol Exp Ther. 2019;370(2):318–26.

23. Heyder J. Deposition of inhaled particles in the human respiratory tract and consequences for 
regional targeting in respiratory drug delivery. Proc Am Thorac Soc. 2004;1(4):315–20.

24. Schneider CS, Xu Q, Boylan NJ, Chisholm J, Tang BC, Schuster BS, et al. Nanoparticles that 
do not adhere to mucus provide uniform and long-lasting drug delivery to airways following 
inhalation. Sci Adv. 2017;3(4):e1601556.

25. Aziz S, Scherlieβ R, Steckel H. Development of high dose oseltamivir phosphate dry powder 
for inhalation therapy in viral pneumonia. Pharmaceutics. 2020;12(12):1–21.

26. Ali M.  Pulmonary drug delivery. In: Kulkarni VS, editor. Handbook of non-invasive drug 
delivery systems. USA: William Andrew Publishing; 2010. p. 209–46.

27. Solleti VS, Alhariri M, Halwani M, Omri A. Antimicrobial properties of liposomal azithro-
mycin for pseudomonas infections in cystic fibrosis patients. J Antimicrob Chemother. 
2015;70(3):784–96.

28. Akbarzadeh A, Rezaei-sadabady R, Davaran S, Joo SW, Zarghami N. Liposome: classifica-
tion, preparation, and applications. Nanoscale Res Lett. 2013;8:1–9.

29. Finlay WH, Wong JP.  Regional lung deposition of nebulized liposome-encapsulated cipro-
floxacin. Int J Pharm. 1998;167(1–2):121–7.

30. Chimote G, Banerjee R. In vitro evaluation of inhalable isoniazid-loaded surfactant liposomes 
as an adjunct therapy in pulmonary tuberculosis. J Biomed Mater Res. 2010;94(1):1–10.

31. Huang WH, Yang ZJ, Wu H, Wong YF, Zhao ZZ, Liu L. Development of liposomal salbutamol 
sulfate dry powder inhaler formulation. Biol Pharm Bull. 2010;33(3):512–7.

32. Yang Z, Tian L, Liu J, Huang G. Construction and evaluation in vitro and in vivo of tedizolid 
phosphate loaded cationic liposomes. J Liposome Res. 2017;28(4):322.

33. Li Z, Zhang Y, Wurtz W, Lee JK, Malinin VS, Durwas-Krishnan S, et al. Characterization of 
nebulized liposomal amikacin (Arikace™) as a function of droplet size. J Aerosol Med Pulm 
Drug Deliv. 2008;21(3):245–53.

34. Zhang J, Leifer F, Rose S, Chun DY, Thaisz J, Herr T, et al. Amikacin liposome inhalation 
suspension (ALIS) penetrates non-tuberculous mycobacterial biofilms and enhances amikacin 
uptake into macrophages. Front Microbiol. 2018;9(May):1–12.

35. Meers P, Neville M, Malinin V, Scotto AW, Sardaryan G, Kurumunda R, et al. Biofilm pen-
etration, triggered release and in  vivo activity of inhaled liposomal amikacin in chronic 
Pseudomonas aeruginosa lung infections. J Antimicrob Chemother. 2008;61(4):859–68.

36. Waters V, Ratjen F. Inhaled liposomal amikacin. Expert Rev Respir Med. 2014;8(4):401–9.
37. Halwani M, Mugabe C, Azghani AO, Lafrenie RM, Kumar A, Omri A. Bactericidal efficacy 

of liposomal aminoglycosides against Burkholderia cenocepacia. J Antimicrob Chemother. 
2007;60(4):760–9.

N. Rosita et al.



329

38. Marier JF, Brazier JL, Lavigne J, Ducharme MP. Liposomal tobramycin against pulmonary 
infections of Pseudomonas aeruginosa: a pharmacokinetic and efficacy study following single 
and multiple intratracheal administrations in rats. J Antimicrob Chemother. 2003;52(2):247–52.

39. Messiaen A, Forier K, Nelis H, Braeckmans K, Coenye T.  Transport of nanoparticles and 
tobramycin-loaded liposomes in burkholderia cepacia complex biofilms. PLoS One. 
2013;8(11):e79220.

40. Zhao Y, Dai X, Wei X, Yu Y, Chen X, Zhang X, et al. Near-infrared light-activated thermo-
sensitive liposomes as efficient agents for photothermal and antibiotic synergistic therapy of 
bacterial biofilm. ACS Appl Mater Interfaces. 2018;10(17):14426–37.

41. Güngör N, Knaapen AM, Munnia A, Peluso M, Haenen GR, Chiu RK, et al. Genotoxic effects 
of neutrophils and hypochlorous acid. Mutagenesis. 2010;25(2):149–54.

42. Khatib I, Khanal D, Ruan J, Cipolla D, Dayton F, Blanchard JD, et  al. Ciprofloxacin 
nanocrystals liposomal powders for controlled drug release via inhalation. Int J Pharm. 
2019;566(May):641–51.

43. Bassetti M, Vena A, Russo A, Peghin M.  Inhaled liposomal antimicrobial delivery in lung 
infections. Vol. 80, Drugs. Springer International Publishing; 2020. p. 1309–18.

44. Serisier DJ, Bilton D, De Soyza A, Thompson PJ, Kolbe J, Greville HW, et al. Inhaled, dual 
release liposomal ciprofloxacin in non-cystic fibrosis bronchiectasis (ORBIT-2): a randomised, 
double-blind, placebo-controlled trial. Thorax. 2013;68(9):812–7.

45. Vishwa B, Moin A, Gowda DV, Rizvi SMD, Hegazy WAH, Abu Lila AS, et al. Pulmonary 
targeting of inhalable moxifloxacin microspheres for effective management of tuberculosis. 
Pharmaceutics. 2021;13(1):1–17.

46. Esmaeili M, Aghajani M, Abbasalipourkabir R, Amani A.  Budesonide-loaded solid lipid 
nanoparticles for pulmonary delivery: preparation, optimization, and aerodynamic behavior. 
Artif Cells Nanomed Biotechnol. 2016;44(8):1964–71.

47. Gaspar DP, Faria V, Goncalves LMD, Taboada P, Remunan-Lopez C, Almeida AJ. Rifabutin- 
loaded solid lipid nanoparticles for inhaled antitubercular therapy: physicochemical and 
in vitro studies. Int J Pharm. 2016;497(1–2):199–209.

48. Gaspar DP, Gaspar MM, Eleute CV, Grenha A, Blanco M, Taboada P, et al. Microencapsulated 
solid lipid nanoparticles as a hybrid platform for pulmonary antibiotic delivery. Mol Pharm. 
2017;14(9):2977–90.

49. Ghaffari S, Varshosaz J, Saadat A, Atyabi F. Stability and antimicrobial effect of amikacin- 
loaded solid lipid nanoparticles. Int J Nanomedicine. 2011;6:35–43.

50. Varshosaz J, Ghaffari S, Mirshojaei SF, Jafarian A, Atyabi F, Kobarfard F, et  al. 
Biodistribution of amikacin solid lipid nanoparticles after pulmonary delivery. Biomed Res 
Int. 2013;2013:136859.

Lipid-Based Drug Delivery for Pneumonia Treatment



331

Hepatitis C: Exploration of Diseases, 
Diagnosis, and Treatment Strategies

Laiba Masood, Nayyer Islam, Muhammad Irfan, Ameer Fawad Zahoor, 
Haroon Khalid Syed, Muhammad Shahid Shah, Muhammad Ajmal Shah, 
Muhammad Ali Syed, and Sana Hanif

Abstract By reading this chapter, readers will be able to understand what is hepa-
titis and how it affects different patients, and on prior treatment, different diagnostic 
parameters are performed. Also, by going through this chapter, readers will be able 
to distinguish between different types of hepatitis and their effect on different peo-
ple. Different treatment strategies are discussed in this chapter in order to treat 
hepatitis- infected patients, and risk factors are also considered so that by keeping in 
view these risk factors, preventive measures are adopted to treat hepatitis. 
Epidemiology of hepatitis is elaborated so that reader will be able to understand 
whether it is endemic or pandemic infectious disease. In addition, the pathophysiol-
ogy of hepatitis C is discussed so that the reader should come to know its mode of 
transmission in the liver where this viral infection starts replicating. Certain out-
breaks of hepatitis C are also discussed in this chapter. Some generally used treat-
ment strategies are elaborated in this chapter along with necessary preventive 
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measures. It is the expected responsibility of readers after studying this chapter to 
provide awareness of hepatitis C infection among healthcare professionals and 
 people. At the end of this chapter, there is a complete summary of all of the topics 
in the form of conclusion.

Keywords Hepatitis C · Epidemiology · Diagnosis · Treatment options

1  Introduction

The word “hepatitis” described inflammation of the liver. It is the vital organ that 
operates to process nutrition with filtration of blood as well as combats against 
infections [1]. Any wound or inflammation can damage the functions of the liver. 
Excessive alcohol intake, some medicines, pollution diseases, and injuries can all 
cause hepatitis. The causative agent of hepatitis is a virus [2]. Hepatitis A, B, and C 
are the most common types of viral hepatitis in the USA. Hepatitis A symptoms 
might last anywhere from a few weeks to several months. It is transferred when 
someone consumes solids, even in tiny amounts, or when they come into contact 
with objects, foods, or drinks that have been contaminated by an infectious indi-
vidual. There is a vaccine of hepatitis A that works by inhibiting hepatitis A (HCA) 
virus. Infections continue to happen in the USA with hepatitis A.  In most of the 
countries, particularly those where there is lack of a modern sewage disposal system 
suffer from hepatitis A more. Every year, approximately 24,900 new infections 
occur with hepatitis A [3]. The symptoms of hepatitis B can vary from a moderate, 
short-term sickness to serious chronic condition. Greater than 90% of unvaccinated 
newborns, who become infected, develop chronic hepatitis B; only 6.2–10.5% of 
adults and older children that were infected develop the same chronic condition [4]. 
It spreads from blood plasma, bio fluids or ejeculation conatining sperms, even in 
trace quantity, of a person infected with the virus enter the body of a healthy indi-
vidual. Hepatitis B can sometimes be spread through delivery from a mother to 
child, sexual contact with an infected individual, and reusing needles, syringes, and 
even medical equipment contaminated with blood from an infected person, like 
glucose monitors. Personal items like toothbrushes and razors should not be shared 
that might spread hepatitis B. Infection outbreaks have occurred in healthcare set-
tings due to a lack of infection control. Chronic liver disease, for example, liver 
failure, cirrhosis, or liver cancer, affects 15–25% of persistently infected patients 
[5]. There is an effective hepatitis B vaccine available. About two-thirds of those 
infected with hepatitis B are unaware they are afflicted, and Asians make up almost 
half of those infected in the USA. Hepatitis B is the most prevalent trigger of liver 
cancer [6]. Hepatitis B vaccination is an essential requirement for all newborns, 
children, and adolescents under the age of 19. Hepatitis B infection is a concern for 
people who have hepatitis B in their sex partners, homosexuals, and treatment. 
Persons who inject drugs, those who share a residence with a hepatitis B-infected 
person, residents and staff of developmentally handicapped facilities, and 
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healthcare and public safety professionals who make contact with blood- 
contaminated fluids are all at risk of contracting hepatitis B. The hepatitis C virus 
causes a liver infection called hepatitis C (HCV) [7]. Hepatitis C is transferred by 
coming into contact with the blood of an infected person. Sharing needles or other 
injecting equipment is the most common way to develop hepatitis C right now. 
Hepatitis C is a short-term condition for some people, but it is a long-term, chronic 
infection for more than half of those who contract it. Cirrhosis and liver cancer are 
two significant and potentially fatal chronic hepatitis C consequences [8]. As a sig-
nificant liver disease progresses, symptoms are common. Hepatitis C is a disease 
that does not have a vaccine. The simplest approach to avoid contracting hepatitis C 
is to avoid risky habits like drug injections [9]. Hepatitis C analysis is crucial since 
most persons with the disease can be cured in 8–12 weeks if they receive the right 
therapy. When injected intravenously, hepatitis C is a flavivirus with an RNA 
genome that is the most common cause of non-A, non-B hepatitis (NANBH) [10]. 
To distinguish it from viral causes of nonalcoholic hepatitis, the virus was given the 
moniker NANBH before it was discovered. Chronic liver disease, which can lead to 
cirrhosis and hepatocellular carcinoma, affects the majority of HCV patients.

2  Epidemiology

Hepatitis C is a worldwide infection that affects millions of people. HCV infection 
affects more than 3% of the world’s population [11]. HCV is thought to infect 170 
million people around the world [12], out of which approximately 71 million 
(Fig. 1) are chronic patients according to the report of United Nations in 2017 [13]. 
It is the most common cause of parenteral NANBH in the globe. Due to the use of 
parenteral anti-schistosomal medication, prevalence rates in Egypt have been 
reported to be as high as 22% [14]. Healthy blood donors have a high prevalence 
rate as well. In central Europe, the Middle East, Spain, Italy, and Japan, hepatitis C 
is very common. The most common way for HCV to spread is through blood trans-
fusion. The risk of HCV infection through blood transfusions is now estimated to be 
one case per 100,000 transfused units [15]. In 2018, the Centers for Disease Control 
and Prevention (CDC) received reports of 3621 cases of acute hepatitis C. In 2018, 
the estimated 50,300 acute hepatitis C infections were recorded after accounting for 
under-ascertainment and underreporting [16]. The CDC has further information 
about hepatitis C surveillance. Between 2013 and 2016, 2.4 million persons in the 
USA were predicted to contract hepatitis C [17]. Cirrhosis will develop in about 
5–25 people infected with HCV in 10–20 years. Cirrhotic patients have a 1–4% 
annual risk of developing hepatocellular carcinoma and a 3–6% annual risk of 
hepatic decompensation, with a 15–20% risk of death the next year [18]. The preva-
lence of patients with HCV load worldwide is approximately 170 million, out of 
which almost 70 million patients are of chronic type [12]. Another study in 2005 
reported that the prevalence of HCV was 2.8% with a total patient burden of approx-
imately 185 million. The countries with the highest proportion of HCV patients 
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Fig. 1 Global prevalence of chronic hepatitis C-infected virus positive patients according to 
World Health Organization (WHO) Report 2015. (Reproduced with permission from [23])

mainly belong to lower middle income countries which correlates the association 
with poor socioeconomic conditions [19]. According to a report, the alarming prev-
alence of HCV patients was found in Egypt, and it contributes almost 15% [20]. 
Other countries with higher prevalence of HCV disease proceeded by Egypt are 
Cameron (13.8%), Gabon (11.2%), Uzbekistan (11.3%), Mongolia (10.8%), Nigeria 
(8.4%), and Pakistan (6.8%). However, in abovementioned countries, there were 
associated contributing factors. For instance, according to national literature in 
meta-analysis, it was found that exposure to medical procedures was one of the 
determinants of quick spread of HCV between 1989–2013  in Egypt [21]. These 
findings were supported as the cause of spread of disease in other countries like 
India, Gabon, and Nigeria as well [21]. The occurrence of hepatitis is even prevail-
ing at lower pace in developed countries such as Austria, Cyprus, Italy, Israel, 
Germany, Denmark, France, and the UK between 0.4% and 1.5% [22].

In Pakistan, HCV has infected 12.9 million people, with 8.7 million of them 
chronically infected. The figure is greater than previous estimates of 6.7–7.8 million 
chronic infections, but it is comparable. HCV transmission is fostered by barbering, 
ear/nose piercing, and healthcare practices (blood transfusions, medical injections) 
as well as injecting drug usage in Pakistan which has the world’s second-highest 
prevalence. According to a countrywide study conducted in 2007, 4.8% of the popu-
lation or around eight million people have been exposed to HCV.  In 2013, 17.0 
million people in Pakistan were chronically infected with HCV, accounting for one 
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tenth of the global HCV burden [24]. This emphasizes how critical it is to treat the 
HCV epidemic in Pakistan as part of any worldwide effort to eradicate the virus. 
Pakistan has had national and provincial hepatitis prevention and control programs 
including HCV screening and treatment in place since 2005. Local HCV prevention 
efforts have also focused on educational activities. The effectiveness of these treat-
ments is unknown. Pakistan’s population is expected to grow by a third to almost 
250 million people between 2016 and 2030 with chronic HCV prevalence rising 
from 3.9% (95% confidence interval 3.7–4.1%) to 5.1% (4.6–5.5%) [24]. The num-
ber of prevalent chronic infections will increase from 7.5 (7.2–7.9) million to 12.6 
(11.8–13.6) million as a result of these changes with yearly incident infections 
increasing from 700,000 (620,000–780,000) to 1.1 (1.0–1.3) million (from 3.7 to 
4.8 per 1000 person-years) [24]. There will be significant increases in HCV-related 
disease during this decade, with 1.4 (1.0–2.0) million HCV-related deaths expected 
among those over the age of 20. According to the report of World Health Organization 
(WHO) in 2015, 20% of the patients were aware of their diagnosis based upon 
which treatment started (Fig. 2). The American regions had a maximum diagnosing 
rate compared with others, while the lowest diagnosis rate was associated with the 
African region which was 6% [23].

3  Pathogenesis

The ability of HCV to stay cell-associated and evade host cell death is the most 
important factor in viral pathogenicity, which results in chronic liver infection. One 
of the key determinants in the survival of HCV infection in the liver is the presence 
of a closely related but diverse population of virus genomes. Infections with the 
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hepatitis C virus and their pathogenesis HCV’s natural targets are hepatocytes and 
probably B lymphocytes [25]. According to current research, people with chronic 
hepatitis may have at least 50% of their hepatocytes infected with HCV. Viremia 
remains in the majority of infected patients and is associated with varying degrees 
of hepatic inflammation and fibrosis [26]. Lymphocytic infiltration in the portal tube 
or the liver lobule, as well as portal and periportal fibrosis, characterizes chronic 
hepatitis [27]. The primary histological markers of chronic hepatitis induced by 
HCV are portal inflammation, interphase hepatitis, and lobular necrosis. Immunity 
of host HCV immunity is not always permanent, and serum antibodies to the virus 
are typically protective [28]. Cell-mediated immunity, particularly cytotoxic T cells, 
plays a major role in liver inflammation and tissue necrosis (Fig. 3).

4  Clinical Syndromes

The majority of people with acute HCV infections do not show any symptoms and 
do not get jaundice. Acute HCV infection is often accompanied by mild symptoms 
that are comparable to HBV infection. Hepatomegaly affects a third of acutely 
infected patients in symptomatic settings, but jaundice affects less than a quarter. 
The vast majority of instances (80%) are asymptomatic and do not result in jaundice 
[30]. Hepatitis C is the most frequent cause of chronic hepatitis all over the world. 
In the absence of hepatic synthesis malfunction, most people with chronic hepatitis 
are asymptomatic; however, they may feel nonspecific symptoms like weariness or 
malaise. The hepatitis C virus is the most common cause of cirrhosis and hepatitis 
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today. Cirrhosis develops in roughly 20% of chronic hepatitis patients [31]. Globally, 
this process could take up to 20 years after the original infection. Secondary conse-
quences include liver failure, portal hypertension, and other difficulties in patients 
with this illness. In 1–5% of patients with underlying cirrhosis, hepatocellular car-
cinoma is one of the most serious consequences [32]. Serological tests to detect 
antibodies to HCV can be used to confirm hepatitis C infection. Antibodies are 
directed against the core envelope as well as the NS3 and NS4 proteins and have a 
low titer. Acute HCV antibodies are frequently detected 6–8 weeks after the initial 
infection in acute infections. The antibodies that are created then last for the rest of 
your life if you have a persistent infection. Anti-HCV antibodies can be detected 
using ELISAs, including second- and third-generation ELISAs [33]. HCV RNA in 
the serum is detected using PCR and branched DNA tests. The most specific test for 
HCV infection is HCV RNA testing, which can be used to diagnose acute HCV 
infections before antibodies are formed. The most accurate way to determine the 
amount of HCV-related liver damage is to perform a liver biopsy. Before starting 
antiviral therapy, it is usually suggested for all patients.

5  Transmission and Symptoms

HCV is mostly transmitted through parenteral administration of infectious blood or 
bodily fluids. Two examples of probable exposures are using drugs and having a 
child with an HCV-infected mother. HCV can also be spread through unregulated 
tattooing, receiving donated blood and blood products, and needle stick injuries in 
healthcare settings, as well as through sexual contact with an HCV-infected person 
or exchanging personal items contaminated with infectious blood, such as razors or 
toothbrushes [34]. In the USA, there have been nationwide seroprevalence surveys 
aimed at people who inject drugs (PWID), and estimates based on smaller surveys 
in regional and urban areas vary substantially [35]. According to a 2018 study, the 
overall prevalence of hepatitis C among PWID in the USA is around 53%, ranging 
from 38.1% to 68.0% depending on the state. Although it is difficult to distinguish 
this risk from that linked with injectable drug use and intercourse with HCV-infected 
partners, limited epidemiologic evidence suggests that non-injection snorted or 
inhaled cocaine adds an additional risk. Because blood banks use more advanced 
hepatitis C screening tests, the risk of transmission to recipients of blood or blood 
products is extremely minimal, with about one case per two million units trans-
fused. Blood transfusions were a major source of hepatitis C virus transmission 
prior to 1992 [36]. Medical and dental treatments done in the USA do not pose a 
danger of hepatitis C transmission as long as standard precautions and other infec-
tion control protocols are routinely followed. When injection equipment, such as 
syringes, is shared among patients, or when injectable drugs or intravenous solu-
tions are mismanaged and contaminated with blood, hepatitis C can spread in 
healthcare settings. Standard precautions should be known and followed by health-
care staff, including maintaining injection safety procedures aimed at reducing 
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blood-borne pathogen dangers for patients and healthcare employees. Cases of sus-
pected HCV infection caused by a healthcare professional should be reported to 
state and local public health officials as soon as possible for investigation and treat-
ment. If standard precautions and other infection-control practices are not followed 
on a regular basis, hepatitis C can spread in healthcare settings. In the USA, poor 
infection-prevention measures in inpatient, outpatient, and hemodialysis settings 
have been associated to hepatitis C transmission. Syringe reuse and other aseptic 
technique failures, contamination of multidose vials, and poor equipment cleaning 
were among the infection control difficulties [37]. Controlled substance diversion 
for malicious purposes has also been linked to outbreaks. Physicians who uncover 
novel diseases in people who have no risk factors and then report them to public 
health authorities are frequently the source of healthcare-related outbreaks. People 
who have recently contracted HCV are often asymptomatic or have just minor 
symptoms that do not necessitate medical attention. Some of the symptoms include 
fever, lethargy, dark urine, clay-colored feces, abdominal pain, loss of appetite, nau-
sea, vomiting, joint pain, and jaundice. The majority of people who have chronic 
HCV infection are asymptomatic or have nonspecific symptoms such as chronic 
fatigue and depression. Many people develop chronic liver disease, which can range 
in severity from mild to severe and can lead to cirrhosis and cancer of the liver. 
HCV-infected people’s chronic liver disease is mostly quiet, progressing over 
decades without presenting any signs or symptoms. HCV infection is typically 
missed until asymptomatic patients are discovered to be HCV-positive via blood 
donation screens or when high alanine aminotransferase (ALT) levels are discov-
ered during routine checkups [38]. Hepatitis C can cause medical issues that are not 
restricted to the liver in some patients who have a prolonged HCV infection. Only a 
few examples are diabetes, glomerulonephritis, essential mixed cryoglobulinemia, 
porphyria, and non-lymphoma Hodgkin’s lymphoma.

6  Testing and Diagnosis

The patients were chosen from the hospitals’ outpatient, inpatient, and blood bank 
departments. The outpatients were people who had been instructed by their doctor 
that an anti-HCV ELISA test was required. Inpatients were people who had previ-
ously tested positive for anti-HCV antibodies, having evidence of infection in their 
files, and were recruited at the blood bank. To confirm that all possible volunteers 
met the eligibility standards, they were further questioned. Patients who have been 
eligible for the study were invited to participate, with the goal to learn more about 
HCV infection. They were assured that any information obtained during the inter-
view would be kept absolutely confidential. Outpatients, inpatients, and blood bank 
controls were also chosen. We chose outpatients who had been instructed by their 
attending physician to have an ELISA done and had tested negative for anti- 
HCV.  Patients with a negative anti-HCV test before surgery were chosen as 
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inpatients in allied surgical wards (ENT, Eye) or general surgery patients other than 
hepato-biliary surgery [39]. Among blood donors, those who tested negative by 
ELISA were considered possible controls. Injecting drugs and sharing needles, 
syringes, or other medical items, as well as the individuals with certain medical 
disorders, should undergo routine periodic testing while risk factors exist. Regardless 
of setting prevalence, testing of those at risk should be done. If no hepatitis C preva-
lence data are available in a hospital or patient catchment area, physicians and pro-
gram administrators should begin screening all adults including pregnant women 
for HCV infection during each pregnancy. Some of the blood tests that can detect 
HCV infection include enzyme immunoassay (EIA), enhanced chemiluminescence 
immunoassay (CLIA), chemiluminescence microparticle immunoassay (CMIA), 
microparticle immunoassay (MEIA), electrochemiluminescence immunoassay 
(ECLIA), immunochromatographic assay, and immunochromatographic assay 
(rapid test) [40]. Other methods to determine the presence and quantities of HCV 
RNA include qualitative and quantitative nucleic acid testing. Anti-HCV serocon-
version takes 8–11 weeks on average following HCV exposure; however, it can take 
longer in immunocompromised patients, such as those with HIV. HCV RNA levels 
can be detected as early as 1–2 weeks following exposure to the virus in people who 
have recently developed an acute infection. HCV antibody testing (anti-HCV) is 
insufficient to diagnose active HCV infection [41]. Anti-HCV testing simply detects 
whether or not you have ever been exposed to HCV. Testing is only used to rule out 
HCV infection if a patient tests negative, indicating that the patient has never been 
exposed to the virus. After a positive anti-HCV test, an HCV RNA test must be 
conducted to complete hepatitis C testing. In patients with chronic hepatitis C, liver 
enzyme levels associated with hepatic inflammation (Fig. 4) vary often and then 
recover to normal or near normal on a regular basis. Despite chronic liver illness, 
liver enzyme values can stay normal for over a year.

Fig. 4 Ultrasonogram showing (a) fibrotic liver with regions of pinhead echoes, moderate inflam-
mation, mild steatosis, and fibrosis. (b) mild-severe swelling, absence of fibrosis, and steatosis 
with presence of nodular pattern. (Reprinted with permissions from [42])
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7  Management and Treatment

People with hepatitis C should be evaluated by a primary-care clinician or a special-
ist in hepatology, gastroenterology, or infectious disease for chronic liver disease, 
including treatment and monitoring, hepatitis A and B vaccination, alcohol screen-
ing and brief intervention, and HIV risk assessment and testing, as per experts [43]. 
Liver inflammation can be caused by HCV, which can lead to a variety of issues, 
including cancer. People with chronic hepatitis C require medicine to manage their 
condition. These medications can assist to alleviate symptoms. Even if an HCV 
infection has not yet manifested symptoms, it is critical to treat it. This is because 
medications can reduce the risk of hepatitis C consequences like serious liver disor-
ders. HCV has a number of genetic variants (genotypes) [44]. The genotype of the 
patient determines the treatment for hepatitis C. Genotype 1 is the most common in 
the USA. The drugs available to treat hepatitis C are listed below, along with some 
helpful information on what to expect throughout therapy. PEGylated interferon and 
the antiviral medication ribavirin are presently used to treat patients with chronic 
infections. Protease inhibitors, ribozymes, and viral vaccinations are some of the 
other therapeutic alternatives. There are many treatment plans adopted in Pakistan. 
Hepatitis C can now be eradicated as a public health issue to the development of 
directly acting antiviral (DAA) medicines [45]. DAA treatment is highly tolerated 
and more effective than prior interferon-based treatments; with cures attainable in 
as little as 8 weeks because such therapies are so simple, they may now be adminis-
tered through more simplified care models, such as primary care, which has been 
demonstrated to enhance adoption and be more cost-effective than hospital-based 
therapy. For hepatitis C to be eradicated, maximum treatment uptake at the lowest 
possible cost will be necessary. Employing reversible addition-fragmentation chain 
transfer, an antiviral prodrug containing tenofovir alafenamide (TAF) was synthe-
sized by first conjugating it to glycerol monomethacrylate and then polymerizing it 
to make a diblock copolymer (pTAF) (RAFT) (RAFT) [46]. Using mix electrospin-
ning with poly (caprolactone) (PCL) as the carrier polymer, this copolymer was 
formed into an electrospun nanofiber (ESF) scaffold to provide an efficient drug 
delivery method. Ribavirin is a medicine that is used to treat hepatitis C. It works by 
preventing viruses from multiplying and spreading; however, it might cause birth 
abnormalities if a child is conceived while the father is taking it. Protease inhibitors 
(NS5A inhibitors) have an unclear mechanism of action in treatment of hepatitis 
C. They may act by preventing the virus from replicating. They may also aid in the 
prevention of medication resistance (when a drug no longer works to treat a condi-
tion). All HCV genotypes are treated with these medicines. They can be taken by 
themselves or in combination with other drugs. Ledipasvir, a component of the 
combination medicine Harvoni, and elbasvir, a component of the combination treat-
ment Zepatier, are two examples of directed inhibitors. To patients diagnosed with 
viral hepatitis, the importance of avoiding alcohol because it hastens cirrhosis and 
end-stage liver disease; the importance of eating a healthy diet and staying 
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physically active, especially for overweight patients; the importance of consulting a 
health professional before starting any new prescription pills; and the importance of 
consulting a health professional before starting any over-the-counter medications 
should all be emphasized. People should avoid or stop donating blood, tissue, or 
sperm, as well as the small but real risk of transmission to sex partners and when 
sharing personal items containing blood, such as toothbrushes, dental equipment, 
razors, nail clippers, glucose monitors, and lancet devices, to reduce the prevalence 
of hepatitis C. Hepatitis C therapy has been simplified, and a wide range of experts, 
including internal medicine and family practice physicians, nurse practitioners, 
physician assistants, and pharmacists, can now effectively manage HCV-infected 
patients. Children with hepatitis C and patients with severe HCV-related sequelae or 
advanced disease, such as those who require a liver transplant, may be best served 
by specialists such as infectious-disease physicians, gastroenterologists, pediatri-
cians, and hepatologists. Genotyping is no longer required before starting hepatitis 
C therapy due to the availability of medications that are effective against a wide 
range of genotypes.

Pretreatment genotyping is still suggested for patients with cirrhosis and/or a 
history of failed hepatitis C treatment, since this information can help modify treat-
ment regimens and enhance patient outcomes. With 8–12 weeks of oral medication, 
about 90% of persons infected with hepatitis C virus (HCV) can be cured of their 
infection, independent of HCV genotype. In collaboration with the International 
Antiviral Society–USA (IAS–USA), the Infectious Diseases Society of America 
(IDSA), and the American Association for the Study of Liver Diseases (AASLD) 
developed evidence-based recommendations for hepatitis C management to provide 
healthcare professionals with timely guidance as new therapies become available 
and integrated into hepatitis C treatment regimens and HBV reactivation was 
recently documented [47]. As a result, people starting HCV DAA treatment should 
be tested for HBV using HBsAg, anti-HBs, and anti-HBc antibodies. Also dur-
ing HCV treatment, people who test positive for HBsAg and/or anti-HBc should be 
closely watched. Although there are many treatment plans of hepatitis C implicated 
in Pakistan, its prevalence rate is still very high due to use of injection drugs. It is 
transmitted by sexual activity with an infected person or the sharing of things such 
as razors or toothbrushes, unregulated tattooing, receiving donated blood and blood 
products, and needle stick injuries in healthcare settings. Hepatitis B and C infect 
around five and ten million persons in Pakistan, respectively [48]. Due to a lack of 
prevention, diagnostic, and treatment resources, as well as inadequately screened 
blood transfusions, improperly sterilized intrusive medical equipment, and risky 
injections, tens of thousands of additional patients are added each year. In order to 
lessen the large disease burden, the government has set a goal of eradicating hepati-
tis infections in the country by 2030. The program’s goal is to set preventive mea-
sures and treatment plan with the provision of leadership and coordination. To avoid 
liver damage, people with hepatitis should maintain a healthy lifestyle. Begin by 
paying closer attention to your diet to safeguard your liver. Hepatitis does not 
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require a particular diet; instead, those with the disease should eat a healthy, well- 
balanced diet. Patients with hepatitis C should consume a diet high in fruits and 
vegetables. Whole grains such as oats, brown rice, barley, and quinoa must be 
included in the diet of HCV patients [49]. Lean protein can be found in fish, skinless 
chicken, egg whites, and lentils. Nuts, avocados, and olive oil, as well as low-fat or 
non-fat dairy products, are all good sources of healthy fats. Liver damage can be 
exacerbated by an unhealthy diet. You will gain weight if you eat too much high- 
calorie greasy, fatty, or sugary food, and fat will begin to build up in your liver. 
Cirrhosis, or scarring of the liver, may be accelerated by a “fatty liver” [50]. Hepatitis 
virus-targeting drugs may be hampered by fat in the liver. Butter, sour cream, and 
other high-fat dairy foods, as well as fatty cuts of meat and fried dishes, should be 
avoided. Sugar is abundant in cookies, cake, soda, and pre-packaged baked goods. 
The liver is harmed by salty foods and alcoholic beverages. Hepatitis patients should 
avoid eating raw or undercooked shellfish, according to some doctors, because they 
can carry viruses and bacteria.

8  Hepatitis C Prevention Methods

The most effective strategy to limit the spread of blood-borne infections among 
healthcare workers is to avoid occupational exposure to blood. Health-care workers 
should seek expert advice on infectious disease control to ensure blood safety. 
Potential for harm has decreased in recent decades due to better preventative tactics, 
but they still happen, exposing healthcare personnel to blood-borne illnesses. Those 
who are exposed to HCV-antibody-positive blood through needle-stick or sharps 
injuries have a 0.2% chance of becoming infected, according to a recent review of 
multiple studies [51]. Although there have been a few accounts of the hepatitis C 
virus being transmitted through blood splashed into the eye, the chances of this 
occurring are exceedingly remote. Between 2002 and 2015, no HCV transmission 
was observed among 458 healthcare workers who were exposed to mucosal mem-
branes in the USA [52]. However, it was unclear whether the HCV-antibody-positive 
patients were infected at the time of exposure.

9  Hepatitis C and Pregnancy

All pregnant women should be checked for anti-HCV throughout their pregnancy 
unless they live in an area where the prevalence of (HCV RNA positive) is less than 
0.1% [53]. Pregnant women with known risk factors should be checked throughout 
their pregnancy, regardless of the setting predominance. Anti-HCV-positive preg-
nant women should get a PCR test for HCV RNA to see if they are still infected. The 
total risk of transmitting HCV to an unborn child for an infected mother is between 
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4% and 8% every pregnancy [54]. During pregnancy or labor, transmission occurs, 
and there is no prophylactic treatment available to protect the newborn at this time. 
If the mother’s HCV viral load is high and she also has HIV, she should be tested, 
which has a transfer rate of 8% to 15%; the danger is considerably increased [55]. 
The majority of infants who are born with this viral disease have no indications or 
symptoms. Hepatitis C is not transferred through nursing, according to study. 
According to standards, children should be tested for HCV antibodies no sooner 
than the age of 18 months, because anti-HCV from the mother may persist until then 
[56]. If a diagnosis is desired before the kid reaches the age of 18, testing for HCV 
RNA can be done at or after the infant’s first well-child check at the age of 
1–2 months. The testing should be repeated at a subsequent visit, regardless of the 
first test result.

10  Hepatitis C (HCV) Outbreaks

Hepatitis C virus (HCV) was first discovered in 1989 and has since grown to become 
the world’s most pervasive health epidemic, infecting over 185 million people glob-
ally, becoming the leading cause of death and illness all over the world [57]. This 
infection is usually asymptomatic, and 50–80% of persons infected are unaware of 
their illness. One-third of those infected develop end-stage liver disease, cirrhosis, 
and hepatocellular carcinoma (HCC), with an estimated half-million individuals 
dying each year from these complications. Pakistan has an estimated eight million 
infected people, making it the world’s second-largest burden behind China [58]. 
More than 3000 people were notified for outpatient primary care screening in 2019. 
There are eight infections linked to the outbreak. The suspected mode of transmis-
sion is non-sterile IV (intravenous) infusions of vitamins, antibiotics, steroids, and 
other drugs. In 2018, 425 people working in outpatient clinics were suspected of 
using dangerous injection techniques that could lead to hepatitis C. Non-sterile 
glassware and tubing were used to create IV (intravenous) infusions, which were 
not adequately reprocessed between patients also cause hepatitis C in 2017 in 584 
cases according to research. The main causes of HCV transmission in undeveloped 
nations like Pakistan are a lack of suitable blood transfusion protocols, reuse of 
syringes and needles for tattooing and ear piercing, and insufficient cleaning of pos-
sibly contaminated surgical and dental equipment. According to a countrywide sur-
vey conducted in 2007, roughly 4.8% of the population was infected with 
HCV. Reusing syringes to access multidose ketamine vials that were likely used for 
more than one patient, accessed in the immediate patient treatment area with medi-
cation vials, and the space where they are prepared are not disinfected were the 
causes of hepatitis C in 121 cases, according to a 2016 study. In skilled nursing 
facilities, a 2013 epidemiological study discovered a link between HCV infection 
and podiatry, phlebotomy, and nail care [59] (Table 1).
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Table 1 Hepatitis C (HCV) outbreaks as reported to CDC during 2008–2019 [59]

Setting Year State

Persons 
notified 
for 
screening

Outbreak- 
associated 
infections

Known or suspected 
mode of transmission Comments

Outpatient 
primary 
care 
practice

2019 NY >3000 8 IV (intravenous) 
infusions of vitamins, 
antibiotics, steroids, 
and other medications 
were prepared/
administered using 
non-sterile technique. 
Scope of practice 
issues were identified: 
medical assistant 
prepared and 
administered injections 
and IV infusions

Investigation 
ongoing

Outpatient 
clinic

2018 CA 425 6 Suspected unsafe 
injection safety 
practices

Alternative 
medicine 
practice

2017 NY 584 5 IV (intravenous) 
infusions were 
prepared using 
non-sterile glassware 
and tubing, which was 
not properly 
reprocessed between 
patients. Scope of 
practice issues were 
also identified with a 
phlebotomist preparing 
and administering 
injections and IV 
infusions

In addition to the 
five cases 
determined to be 
transmission-linked 
with HCV genetic 
sequencing, three 
clinic patients with 
resolved HCV may 
have had outbreak- 
associated 
infection

Vascular 
access 
clinic

2016 PA 121 2 Reuse of syringes to 
access multidose vials 
of ketamine that were 
possibly used for >1 
patient; multidose vials 
accessed in the 
immediate patient 
treatment area; lack of 
disinfection of 
medication vials and 
medication preparation 
area

(continued)
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Table 1 (continued)

Setting Year State

Persons 
notified 
for 
screening

Outbreak- 
associated 
infections

Known or suspected 
mode of transmission Comments

Skilled 
nursing

2013 ND >500 46 Epidemiologic analysis 
suggested podiatry 
care, phlebotomy, and 
nail care performed at 
the skilled nursing 
facility were associated 
with HCV infection

Hospital 
emergency 
room

2018 WA 2762 12 Narcotics tampering by 
nurse

Hospital 2015 UT 7217 7 Drug diversion by 
nurse

Reproduced with permission from [60]

11  Conclusion

By reading this chapter, readers can easily get access about HCV infection and can 
easily distinguish between different types of hepatitis. Hospitals should have sepa-
rate wards for dealing with Hepatitis C patients for better patient care services, and 
different tests are performed before diagnosis based on patient disease response and 
conditions. Antivirals are given to HCV patients for better recovery and maintaining 
their immune system. Patients must be observed carefully for clinical outcomes, 
and it must also be assured that no drug interactions and toxicity occur during treat-
ment. If the treatment is carried out by a general family physician, then he should be 
aware of detailed history of HCV patients.
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Recent Developments in the Treatment 
of Bacterial Meningitis

Dao Le, Deborah Liaw, Nicole Naterelli, Brian Longbottom, 
and Charles Preuss

Abstract There are 1.2 million cases of bacterial meningitis each year, with about 
one fifth of these cases resulting in significant morbidity and mortality, usually in 
lower-resource countries. Early antibiotic treatment has been demonstrated to 
improve the morbidity and mortality of this disease. Because many organisms can 
cause bacterial meningitis, empiric antibiotic treatment must remain broad based on 
the likelihood of the causative organism, which can be estimated by the age of the 
patient. The most common organisms that cause bacterial meningitis include 
Streptococcus pneumoniae, Neisseria meningitidis, Listeria monocytogenes, and 
Haemophilus influenzae. Most of the disease burden is concentrated in vulnerable 
populations, such as the neonatal and geriatric populations as well as immunocom-
promised individuals. Though there are currently many effective antibiotic therapies 
for bacterial meningitis, with the increasing issue of antibiotic resistance and 
remaining significant morbidity and mortality from bacterial meningitis, non- 
antibiotic therapies are currently being trialed to propel this area forward. In addi-
tion to antibiotic therapy, immunotherapy and vaccination show great promise in 
lessening the disease burden of bacterial meningitis worldwide.

Keywords Bacterial meningitis · Antibiotic therapy · Immunotherapy · 
Vaccination · Streptococcus pneumoniae · Neisseria meningitidis · Listeria 
monocytogenes · Haemophilus influenzae · Lyme meningitis

D. Le (*) · D. Liaw · N. Naterelli · B. Longbottom 
University of South Florida Morsani College of Medicine, MD Program, Tampa, FL, USA 

C. Preuss 
University of South Florida Morsani College of Medicine, Department of Molecular 
Pharmacology & Physiology, Tampa, FL, USA

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
R. Shegokar, Y. Pathak (eds.), Infectious Diseases-Drug Delivery Systems, 
https://doi.org/10.1007/978-3-031-20521-7_16

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-20521-7_16&domain=pdf
https://doi.org/10.1007/978-3-031-20521-7_16


350

1  Bacterial Meningitis

Bacterial meningitis is a bacterial infection of the meninges, the three-layer protec-
tive covering of the brain and spinal cord. The resulting meningeal inflammation 
and swelling can press on the brain and spinal cord, with a multitude of potential 
complications. As meningitis is a serious and life-threatening condition, prompt 
diagnosis and treatment are necessary to reduce associated morbidity and mor-
tality [1].

Although meningitis-causing agents can be viral, bacterial, parasitic, or even 
non-infectious (arising from another condition, such as lupus), bacterial meningitis 
constitutes the most severe and serious form. Leading causes of bacterial meningitis 
in the United States include Streptococcus pneumoniae, Group B Streptococcus, 
Neisseria meningitidis, Haemophilus influenzae, Listeria monocytogenes, and 
Escherichia coli [2]. The proportion of cases caused by each bacterial serogroup 
varies by age group; similarly, standard antibiotic treatment differs according to 
age. Clinical presentation and associated symptoms vary greatly depending on age 
and host immune status, though hallmark symptoms include fever, nuchal rigidity, 
photophobia, and/or purpuric rash. Non-specific symptoms can include headaches, 
dizziness, confusion, delirium, irritability, and nausea/vomiting [3].

1.1  Disease Epidemiology

The morbidity and mortality of bacterial meningitis is most pronounced in lower- 
resource countries, with a total of approximately 1.2 million cases worldwide per 
year. The prevalence, morbidity, and mortality of bacterial meningitis is dependent 
on region, causative organism, and age group. For example, Neisseria meningitidis 
meningitis is endemic to a region in sub-Saharan Africa that encompasses Senegal 
to Ethiopia. This region has approximately 350 million people at risk of Neisseria 
meningitidis meningitis per year, with relatively less access to antibiotics and vac-
cination as well [4].

The epidemiology of bacterial meningitis has undergone drastic changes result-
ing from widespread use of vaccines and antimicrobial treatment of pregnant 
women [5]. The incidence of bacterial meningitis in Western countries has declined 
by 3–4% per year to 0.7–0.9 per 100,000 per year since the 1990s [6], notably due 
to the introduction of four vaccines targeting meningitis-causing bacterial agents: a 
conjugate Haemophilus influenzae type b vaccine (1990), a 7-valent S. pneumoniae 
conjugate vaccine (2000), a 4-valent meningococcal vaccine (2005), and a 13-valent 
pneumococcal vaccine (2010). The decreasing proportion of disease caused by 
Haemophilus influenzae type b, Neisseria meningitidis, and Streptococcus pneu-
moniae serotypes reflects the positive impact of these vaccination efforts. 
Furthermore, as Haemophilus influenzae type b primarily affects infants aged 
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6–12 months, the 1990 implementation of its associated conjugate vaccine shifted 
disease burden from children under 5 years old to adults [7].

Prior to the implementation of the H. influenzae type b conjugate vaccine, an 
epidemiologic study including 13,974 US cases of bacterial meningitis from 1978 
to 1981 described an overall incidence of 3.0 cases per 100,000. Incidence varied 
drastically with age; 76.7 cases per 100,000 were described for children under 
1 year [8]. The three most common bacterial agents, accounting for over 80% of 
cases, included H. influenzae, N. meningitidis, and S. pneumoniae.

In 1986, a similar surveillance study for all cases of bacterial meningitis was 
conducted in five US states: Missouri, New Jersey, Oklahoma, Tennessee, and 
Washington, in addition to Los Angeles County [9]. The overall incidence described 
was greater than the prior study, likely owing to an improved system for searching 
active cases [5]. The three most common bacterial agents remained H. influenzae 
(45%), N. meningitidis (14%), and S. pneumoniae (18%). In children under 5 years 
old, 95% of meningitis was caused by type b strains of H. influenzae, suggesting a 
significant need for an effective immunization initiative [9]. In addition, the 19% 
case fatality rate described from S. pneumoniae-induced meningitis, compared to 
3% from H. influenzae, highlighted the importance of addressing both bacte-
rial agents.

In the early 1990s, following the introduction of the H. influenzae type b vaccine 
(Hib) for infants, the rate of bacterial meningitis declined by 55% [7]. More specifi-
cally, a 94% reduction in H. Influenzae-induced meningitis was described based on 
1995 surveillance data including 22 counties of 4 states. As anticipated, this was 
accompanied by an increase in the median age of affected individuals from 
15 months (1986) to 25 years (1995) [10]. These drastic shifts in epidemiologic pat-
terns depict the success of this infant vaccination initiative.

However, the 1995 surveillance data demonstrated that N. meningitidis was the 
predominant meningitis-causing bacterial agent among children aged 2 to 18 [10]. 
Yet, in 2005, Menactra® was approved in the United States as the first 4-valent con-
jugate vaccine for immunization against meningococcal disease, lending way for 
further epidemiological shift. A population-based observational study in the United 
States described the decreasing incidence of Neisseria meningitidis infection from 
0.721 per 100,000 people in 1997 to 0.123 per 100,000 people in 2010 [11].

The 1995 data also depicted a relatively high case fatality rate attributed to pneu-
mococcal meningitis (21%), highlighting the need for an effective pneumococcal 
vaccine [10]. A 7-valent pneumococcal conjugate vaccine was ultimately intro-
duced in 2000; the vaccine is termed “7-valent,” as it consists of a solution of cap-
sular antigen saccharides of Streptococcus serotypes 4, 6B, 9V, 14, 18C, 19F, and 
23F conjugated to diphtheria CRM 197 protein [12].

A baseline study on incidence, mortality, and morbidity of pneumococcal men-
ingitis prior to the introduction of the 7-valent conjugant pneumococcal vaccine was 
conducted in England between 1998 and 2005. Of note, this data is considered 
baseline information as the 7-valent conjugated pneumococcal vaccine was imple-
mented in the routine childhood immunization program in 2006. The researchers 
found the highest incidence in children aged 2–11 months; furthermore, using the 
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serotype distribution of isolates obtained in 2005, they described a 72% serotype 
coverage with the 7-valent conjugate vaccine for patients less than 2 years of age 
[13]. In line with this observation, a CDC surveillance study of bacterial meningitis 
in the United States from 1998 to 2003, following the 2000 7-valent vaccine imple-
mentation in the United States, depicted a significant reduction in the incidence of 
pneumococcal meningitis in patients less than 2 years of age [5].

In 2010, the 13-valent pneumococcal vaccine (PCV13) replaced the 7-valent 
conjugate vaccine for pediatric populations, and it was subsequently recommended 
for immunocompromised adults greater than or equal to 19  years old [14]. 
Implementation of these conjugate vaccines not only protected vaccinated individu-
als but led to a decline in disease incidence among unvaccinated children and adults 
via prevention of carriage and transmission of covered pneumococcal serotypes 
[15]. Although PCV13 was recommended for all adults ≥65 years in 2014, the rec-
ognition that pneumococcal disease incidence had been drastically reduced among 
adults through indirect effects from PCV13 use in populations led the Advisory 
Committee on Immunization Practices to revise this recommendation. PCV13 is 
now recommended for adults aged ≥65 years who do not have an immunocompro-
mising condition, CSF leak, or cochlear implants, while the remaining recom-
mended for immunocompromised adults ≥19 years [15].

Ultimately, the success of these vaccination initiatives is reflected by the declin-
ing incidence of H. influenzae, S. pneumoniae, N. meningitidis, and associated men-
ingitis following the introduction of the conjugate H. influenzae type b vaccine, 
7-valent S. pneumoniae conjugate vaccine, the 4-valent meningococcal vaccine, and 
the 13-valent pneumococcal vaccine. Epidemiologic patterns have subsequently 
changed, as peak incidence of bacterial meningitis has shifted from children under 
5 years old to adults [7]. S. pneumoniae and N. meningitidis now represent the most 
common bacterial agents of community-acquired meningitis, rather than H. influen-
zae, the most common cause of bacterial meningitis prior to the introduction of the 
Hib conjugate vaccine; furthermore, whereas N. meningitidis was the most common 
meningitis-causing bacterial agent among children aged 2 to 18 based on the US 
1995 surveillance data, S. pneumoniae is now the leading cause of bacterial menin-
gitis in children and young adults. Despite the implementation of pneumococcal 
vaccines, serotype replacement contributes to its relatively higher incidence [6]. 
Different organisms continue to preferentially affect different individuals based on 
age and immunocompetency, and unvaccinated children are primarily affected.

1.2  Bacterial Agents of Meningitis

Although the proportion of meningitis-causing bacterial agents differs according to 
age group, the most common agents of bacterial meningitis include Streptococcus 
pneumoniae, Group B Streptococcus, Neisseria meningitidis, Haemophilus influen-
zae, Listeria monocytogenes, and Escherichia coli [3]. As newborns often get men-
ingitis following exposure to a multitude of pathogens during the vaginal delivery 
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[16], the meningitis-causing bugs are unique from those of other age groups. In 
addition, Listeria monocytogenes affects those with poor cell-mediated immunity, 
thereby affecting primarily newborns and the elderly [17].

In order of decreasing prevalence, newborns (0–6 months) are most affected by 
Group B Streptococcus, E. coli, and Listeria sp. [17]. The leading cause of bacterial 
meningitis in the remaining age groups is Streptococcus pneumoniae. This bacterial 
agent is encapsulated, thus leaving asplenic patients or sickle cells patients, who 
may be functionally asplenic, particularly susceptible to infection [18]. The second 
leading cause of bacterial meningitis is N. meningitidis in children and young adults 
and Gram-negative bacilli in the elderly. The polysaccharide capsule, lipooligosac-
charide, and type IV pili contribute to the virulence of N. meningitidis [19]. 
Meningococcal infection can lead to life-threatening adrenal hemorrhage and sub-
sequent hypotension due to insufficient production of cortisol, termed Waterhouse- 
Friedrichsen Syndrome [20]. Lastly, although the prevalence of H. influenzae-induced 
meningitis has decreased significantly following the implementation of the Hib vac-
cine, it remains the third most common meningitis-causing bacterial agent of chil-
dren aged 6  months to 6  years. Listeria sp. is the third most common agent in 
newborns and elderly due to reduced cell-mediated immunity. The meningitis- 
causing bacterial agents and their associated age groups are summarized in Table 1.

1.3  Pathophysiology

The brain and spinal cord are protected by three meningeal layers: the dura mater, 
the arachnoid mater, and the pia mater. The dura mater is a tough, outer layer com-
posed of fibrous connective tissue; the pia mater is the thin, innermost layer lying 
directly upon the surface of the brain; and the arachnoid mater is the middle layer 
lying between. The arachnoid and pia mater are collectively known as the leptomen-
inges, linked to one another via arachnoid trabeculae spanning the cerebrospinal 
fluid (CSF)-filled subarachnoid space [21]. The meninges act as a physical barrier 
to protect the central nervous system (CNS) and provide stability and anchorage, 
preventing side-to-side movement [21]. Furthermore, the cerebrospinal fluid within 
the subarachnoid space allows the meninges to act as a “shock absorber” in the 
event of rapid acceleration or deacceleration.

Table 1 Age-specific agents of bacterial meningitis

Age group
Newborn
0–6 months

Children
6 months to 6 years

Young adults
6–60 Years

Elderly
60+ Years

Bacterial 
agent

1. Group
B Streptococcus
2.  Escherichia 

coli
3.  Listeria 

monocytogenes

1.  Streptococcus 
pneumoniae

2.  Neisseria 
meningitidis

3.  Haemophilus 
influenzae type b

1. Streptococcus 
pneumoniae

2. Neisseria 
meningitidis

1.  Streptococcus 
pneumoniae

2.  Gram-negative 
bacilli

3.  Listeria 
monocytogenes
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The cerebrospinal fluid is normally sterile, with an absence of bacteria, viruses, 
or fungi and less than five white blood cells (WBC) per μL. Bacterial meningitis, 
however, is characterized by the entry of bacteria into the cerebrospinal fluid, result-
ing in inflammation of the leptomeninges [22]. Although some bacterial agents are 
spread from mother to infant upon delivery or via unprepared food (Group B strep-
tococcus and E. coli, respectively), meningitis-causing bacteria typically colonize 
the nose and throat and are thus spread via respiratory secretions [2]. Respiratory 
transmission can occur via coughing and sneezing, sharing drinks and utensils, kiss-
ing, and living in close quarters with other individuals.

Bacteria first colonize mucosal linings, invade the bloodstream, and multiply. 
The resulting bacteremia allows bacteria to cross the blood-brain barrier (BBB) and 
invade the leptomeninges. In addition, bacteria can alter the permeability of the 
BBB, increasing the number of cells entering the cerebrospinal fluid. For example, 
N. meningitidis increases paracellular translocation by exploiting brain endothelial 
cell signaling [23]. In turn, cerebrospinal fluid WBC counts increase to between 100 
and 10,000  cells/mm3, with 80–95% being neutrophils [24]. Infiltrating WBCs 
release proinflammatory cytokines, leading to neuronal injury. Ultimately, bacterial 
colonization of the cerebrospinal fluid and resulting inflammation of the meninges 
may increase intracranial pressure. Furthermore, the breakdown of the blood-brain 
barrier and leakage of serum fluid, proteins, and cells into the subarachnoid space 
can cause interstitial and parenchymal edema [22].

Meningitis classically presents with altered mental status, high fever, and nuchal 
rigidity [25]. Photophobia is commonly described, which is thought to be caused by 
irritation of the basal meninges surrounding the diaphragma sellae [26]. Furthermore, 
meningococcal meningitis often presents with petechiae or purpura, commonly 
known as the “meningitis rash.” This complication of Neisseria meningitidis is 
associated with a high mortality rate, beginning with dermal microvascular throm-
bosis that rapidly becomes hemorrhagic skin necrosis [27]. Signs and symptoms 
can be non-specific and potentially differ by age, including headaches, dizziness, 
confusion, delirium, irritability, and nausea/vomiting [3]. For example, an infant 
presenting with unexplained irritability and failure to thrive may require a spinal tap 
to rule out meningitis.

1.4  Complications

Although morbidity and mortality of bacterial meningitis have decreased due to the 
implementation of effective antibiotics, meningitis-induced mortality remains a sig-
nificant problem globally. The mortality for bacterial meningitis is estimated to be 
10–15% of US cases, with delayed administration of antibiotics associated with 
increased mortality [1]. This is precisely why antibiotics are administered prior to 
receiving the diagnostic CSF bacterial culture to determine the bug, as this can take 
multiple days. Delayed antibiotic treatment can increase intracranial pressure, 
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potentially resulting in decreased cerebral perfusion, loss of consciousness, and/or 
death [1].

In addition, communicating hydrocephalus, in which the rate of CSF production 
in the choroid plexus is greater than the rate of CSF absorption, can result from 
meningeal scarring and fibrosis. CSF is normally produced in the choroid plexuses 
of the ventricles, absorbed by the arachnoid granulations extending into the venous 
sinuses, and ultimately drained into the venous system. Fibrosis, scarring, and 
inflammation of the arachnoid villi secondary to bacterial meningitis can impede 
CSF reabsorption, leading to excess cerebrospinal fluid in the ventricular system 
(communicating hydrocephalus), enlarged ventricles, increased intracranial pres-
sure, and compression of the brain. A prospective nationwide cohort study from 
Dutch hospitals (2006–2009) found hydrocephalus to be the primary factor of mor-
tality; a multivariate analysis found hydrocephalus to be an independent predictor of 
death, with an odds ratio of 7.81 (95% confidence interval 2.91–20.8) [28].

Meningeal fibrosis and cochlear ossification can also result in profound hearing 
loss; meningitis is responsible for more than half of acquired cases of deafness [29]. 
A 2006 retrospective review of 171 children with bacterial meningitis found that of 
134 patients undergoing audiologic testing, 30.6% were found to have at least a 
unilateral mild sensorineural hearing loss [30]. Furthermore, the incidence of hear-
ing loss was greater for patients infected with S. pneumoniae meningitis than 
patients with N. meningitidis meningitis.

Lastly, bacterial toxins in the cerebrospinal fluid and resulting swelling and pres-
sure in the brain can disrupt function and result in seizures, brain damage, paralysis, 
or stroke. The probability of developing unprovoked seizures or epilepsy appears 
greater for patients with Streptococcus pneumoniae-induced meningitis. The result-
ing seizures tend to occur within 5 years of the infection and are often recurrent [31].

2  Treatment Options for Bacterial Meningitis

In order to reduce the likelihood of meningitis-induced complications, prompt anti-
biotic treatment is necessary. Diagnosis of meningitis requires a lumbar puncture 
(spinal tap), in which a healthcare professional inserts a needle between two lumbar 
vertebrae to retrieve a sample of cerebrospinal fluid. Spinal fluid testing reveals the 
cellular, protein, and glucose content of the CSF, in addition to the infectious agent.

Organism identification may take up to 48 hours, as a CSF culture must be per-
formed to detect the growth of the specific meningitis-causing microorganism, 
whether it be bacterial, fungal, or viral [32]. Prior to receiving this test result, how-
ever, the CSF cellular, protein, and glucose content can be analyzed to seek patterns 
reflective of bacterial meningitis. The turbid-appearing cerebrospinal fluid of a bac-
terial meningitis patient is characterized by elevated white blood cells predomi-
nantly composed of neutrophils [24], an elevated protein concentration, and a 
decreased glucose concentration. Viral meningitis, in contrast, typically depicts 
clear cerebrospinal fluid with a normal glucose concentration.
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Once the suspected diagnosis is bacterial meningitis, prompt administration of 
antibiotics is essential, as delays of just 3 to 6 hours are associated with increased 
mortality [1]. Thus, a regimen of antibiotic treatment is often initiated prior to the 
identification of the bacterial microorganism. Age and host immunocompetency are 
the primary factors that dictate the specific antibiotics administered. As children and 
young adults share similarities in the common meningitis-causing bacterial agents, 
both age groups should be treated with ceftriaxone and vancomycin [1]. Ampicillin 
should also be administered to patients who are immunocompromised or older than 
50 in the event the bacterial agent is Listeria monocytogenes. Furthermore, given 
the unique bugs characteristic of neonatal meningitis, infants should receive a 
unique regimen of ampicillin and gentamicin or cefotaxime [16]. Lastly, individuals 
presenting with bacterial meningitis following head trauma or post-neurosurgical 
procedure should receive vancomycin and ceftazidime or cefepime to cover 
methicillin- resistant Staphylococcus aureus [1]. The age-specific antibiotic regi-
mens are summarized in Table 2.

Dexamethasone has been shown to increase survival and decrease neurologic 
complications in patients with meningitis caused by S. pneumoniae [1]. Although 
there is no evidence that glucocorticoids improve outcomes for meningitis caused 
by other bacteria, it is recommended that dexamethasone be intravenously adminis-
tered prior or at antibiotic initiation when the causative organism has not yet been 
elucidated. Dexamethasone should then be continued if the CSF culture depicts 
S. pneumoniae.

In addition to initiating a regimen of antibiotics for those suspected of having 
bacterial meningitis, close contacts should be treated prophylactically with cipro-
floxacin, rifampin, or ceftriaxone [1]. Rifampin can result in orange discoloration of 
body fluids including sweat, saliva, urine, feces, and tears, which can stain contact 
lenses [33]. Furthermore, both rifampin and ciprofloxacin are contraindicated in 
pregnant women due to adverse effects in laboratory animals [34].

Table 2 Age-specific antibiotic treatment of bacterial meningitis

Age group
Newborn
0–6 months

Children
6 months to 
6 years

Young adults
6–50 years

Elderly
50+ years

Antibiotic 
regimen

Ampicillin + 
gentamicin or 
cefotaxime

Ceftriaxone + 
vancomycin

Ceftriaxone + 
vancomycin

Ceftriaxone + 
vancomycin + 
ampicillin

Duration of 
treatment and 
respective dose

14–21 days
Ampicillin – 
300 mg/kg
Gentamicin – 
5 mg/kg
Cefotaxime – 
50 mg/kg

10–14 days
Ceftriaxone – 
100 mg
Vancomycin – 
60 mg

10–14 days
Ceftriaxone – 2 g
Vancomycin – 
750–1000 mg

14–21 days
Ceftriaxone – 2 g
Vancomycin – 
15–20 mg/kg
Ampicillin – 2 g
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2.1  Antibiotic Delivery

The blood-brain barrier and blood-CSF barrier impede the penetration of antibiotics 
into the cerebrospinal fluid; specifically, intact tight junctions between vascular 
endothelial cells limit antibiotic penetration [35]. This poses a therapeutic challenge 
as the concentration of an antibiotic in the cerebrospinal fluid depends on the bal-
ance of drug entry and elimination through the blood-brain barrier [36]. However, 
the separation of endothelial tight junctions and increased vesicular transport result-
ing from meningeal inflammation increases the permeability of the BBB, allowing 
greater CSF penetration.

Whereas the penetration of lipophilic antibiotics, such as chloramphenicol, 
rifampin, and trimethoprim, may reach 30–40% of serum concentration, the degree 
of CSF penetration of other antibiotics, such as β-lactams, may only increase to 
5–10% of serum concentration [35]. As penetration remains relatively low, antibi-
otic doses are often increased for CNS infections compared to other bacterial infec-
tions. Table 3 depicts a non-exhaustive list of recommended intravenous antibiotic 
doses for infants, children, and adults with bacterial meningitis [37]. Over the 
course of antibiotic treatment, reduced meningeal inflammation, and thus restora-
tion of BBB integrity, is expected; high dose antibiotic delivery should be main-
tained to achieve sufficient CSF concentrations.

Antibiotics for the treatment of bacterial meningitis should be administered 
intravenously to achieve adequate concentrations despite difficulty in penetration. 
Intravenous-to-Oral Switch Therapy, in which patients begin intravenous antibiotics 
and later switch to oral antibiotics, is not recommended [38]. Instead, prolonged 
intravenous antibiotic use is indicated, with the duration dependent on the caus-
ative agent.

Table 3 Recommended antibiotic doses in infants, children, and adults with normal renal and 
hepatic function, non-exhaustive list [36]

Antibiotic Infants and children Adults

Ampicillin 300–400 mg/kg [6] 12 g [4]
Cefotaxime 300 mg/kg [6–8] 8–12 g [4–6]
Ceftriaxone 100 mg/kg [12–23] 4 g [12]
Gentamicina 7.5 mg/kg [8] 5 mg/kg [8]
Rifampin 20 mg/kg [23]b 600 mg [23]
Trimethoprim-sulfamethoxazolec 10–20 mg/kg [6–12] 10–20 mg/kg [6–12]
Vancomycind 60 mg/kg [6] 30–60 mg/kg [8–12]

Dosages reported as total daily dose (dosing interval in hours)
aPeak and trough serum concentration monitoring required
bMaximum dosage of 600 mg
cDose based on trimethoprim component
dSerum trough concentration must be maintained at 15–20 μg/mL in adult patients receiving inter-
mittent bolus administration
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3  Pneumococcal Meningitis

Streptococcus pneumoniae is an encapsulated, Gram-positive, lancet shaped, facul-
tative anaerobic organism that can cause meningitis, an inflammation of the mem-
branes that surround the brain and spinal cord [39]. The most common agents of 
community-acquired bacterial meningitis are Streptococcus pneumoniae and 
Neisseria Meningitidis with Streptococcus pneumoniae responsible for two-thirds 
of the cases in Europe and United States. Even with advances in medicine, mortality 
is still high ranging between 16% and 37% with neurological sequelae occurring in 
between 30% and 52% of patients who have survived [40].

Streptococcus pneumoniae is the leading cause of bacterial meningitis in chil-
dren 1–24 months and is the second most common cause in children older than 
24  months [41]. Patients at risk are at opposite sides of the age spectrum, with 
greater risk in the population less than 2 years old and greater than 50 years old. 
Furthermore, individuals with certain underlying conditions are at higher risk, such 
as those with a previous splenectomy, sickle cell, multiple myeloma, hypogamma-
globulinemia, alcoholism, chronic liver or kidney disease, malignancy, Wiskott- 
Aldrich syndrome, thalassemia major, and diabetes mellitus and in children with 
cochlear implants.

Pneumococcal conjugate vaccine includes many virulent serotypes, so invasive 
pneumococcal disease incidence has decreased due to herd immunity [42]. However, 
management of pneumococcal meningitis is more complicated than it was 20 years 
ago when penicillin was the main line of treatment, due to antibiotic resistance [43]. 
Penicillin became less effective around the 1970s when the previously recom-
mended doses were not sufficient to reliably kill the pneumococcal isolates. 
Chloramphenicol was also advised against, especially for penicillin-resistant pneu-
mococcus because the recommended dose was not achieving high enough bacteri-
cidal activity. More recently, starting in the 1980s, cefotaxime or ceftriaxone became 
the most recommended empiric treatment for children with meningitis. However, 
about a decade later, many patients started displaying signs of resistance even to 
extended spectrum cephalosporins [43], in which the new addition of vancomycin 
was found to be synergistic and helpful in eliminating pneumococcal meningi-
tis [44].

If the combination of vancomycin and ceftriaxone is not effective, shown through 
further deterioration of the patient’s condition or no decrease in bacterial colonies in 
cerebrospinal fluid (CSF), rifampin can be added. Lastly, meropenem is an approved 
antibiotic even though studies have not shown well-established activity against 
resistant pneumococcal isolates [45]. Despite expanding antibiotic resistance since 
the 1970s, the mortality of pneumococcal meningitis cases in US adults and chil-
dren has not been affected [46]. The main line of treatment used by physicians is 
ceftriaxone with vancomycin even if the strain demonstrates susceptibility to ceftri-
axone [43].

Novel adjunctive therapies targeting inflammation, coagulation, and comple-
ment are currently being studied to improve the prognosis of meningitis. In adult 
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patients, dexamethasone was introduced to reduce inflammation since outcome of 
meningitis was shown to be related to the severity of inflammation in the subarach-
noid space. Even though dexamethasone’s mechanism of action has not been fully 
elucidated, studies have shown widespread decreases in inflammatory cytokines 
from an array of leukocytes [47, 48] and increases in the production of anti- 
inflammatory cytokines such as IL-10, decreases in reactive oxygen species, and 
leukocyte adhesion [49]. Dexamethasone usage is currently controversial with 
many mixed results because the efficacy is unclear and using ceftriaxone with dexa-
methasone reduces ceftriaxone’s penetration into the central nervous system (CNS) 
decreasing ceftriaxone’s efficacy [50].

Other adjunctive treatments being studied are fluoroquinolones such as gatiflox-
acin and moxifloxacin because they have demonstrated similar efficacy against 
cephalosporin resistant pneumococcal isolates with ceftriaxone and vancomycin 
[51, 52]. Daptomycin, rifampin, and clindamycin have been introduced as potential 
targets for adjunctive therapy as they have been shown to decrease inflammation 
and cortical damage compared to ceftriaxone alone [53, 54]. Glycerol, an essential 
component of cell membranes, has traditionally been used in neurosurgery, neurol-
ogy, and ophthalmology to decrease tissue pressures. It is thought to increase plasma 
osmolality, resulting in increased cerebral blood flow and oxygenation, and some 
preliminary studies with glycerol administration have exhibited a reduction in inci-
dence of neurological sequelae [55]. However, these studies also yield inconclusive 
results due to differences in reduction of various neurological sequelae in addition 
to some harmful effects seen in some of the clinical trials [56].

3.1  Inhibition of Complement

Complement is important for the initial phases of host defenses against S. pneu-
moniae, of preventing bacterial colonization from becoming invasive. Part of the 
complement cascade is cleavage of complement components, ultimately creating 
MAC attack which is a membrane pore that causes cell lysis. However, in the transi-
tion, C3a, C4a, and C5a are also created during cleavage which are potent anaphyla-
toxins. Therefore, a C1 inhibitor, a mediator of the first step of classical pathway, 
was tested in a mouse model, resulting in decreases in cytokine levels, bacterial 
growth, and increased survival of the mice [57].

3.2  Inhibition of Proinflammatory Cytokines

Inflammatory cytokines such as TNF-α, interleukin (IL) 1, and 6 are produced by 
the body as a necessary response to bacterial infection but, at high levels, can 
 produce complications. Thalidomide, a TNF-α inhibitor used traditionally to  
treat multiple myeloma, has shown to decrease TNF-α and pleocytosis in 
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CSF. TNF-α-converting enzyme (TACE) inhibitors have also been shown to increase 
survivability of pneumococcal mouse models [58]. Blocking IL 6 and 10 produced 
similar results to thalidomide and TACE inhibitor with the addition of decreasing 
CSF protein [59].

3.3  Inhibition of Pattern Recognition Receptors

Pattern recognition receptors are important for host cells to discern specific mole-
cules on pneumococcus that are essential for their survival. Once TLR2, TLR4, 
TLR9, and nucleotide oligomerization domain 1 (nod 1) are activated on antigen- 
presenting cells (APCs), they release cytokines, inducing an inflammatory cascade. 
To prevent this subsequent step, TLR inhibitors such as tyrphostin AG126, were 
tested in mouse models. Tryphostin AG126 inhibits phosphorylation of extracellu-
lar signal-regulated kinase ½ (ERK1/2) in microglial cells, and when administered 
into pneumococcal mouse models, TNF- α, pleocytosis, and edema were 
decreased [60].

3.4  Inhibition of Caspases

NOD-like receptors (NLR) are another group of pattern recognition receptors that, 
when activated, lead to cleavage and activation of caspase-1. This leads to subse-
quent cleavage of inflammatory cytokines and programmed neuronal death within 
the hippocampal dentate gyrus [61]. Mouse models with knocked out caspase-1 
showed lower levels of IL-1B, cytokines, and sequelae. Inhibition of caspase-3 has 
shown protective effects against neuronal damage. Caspase inhibitor z-VAD-fmk 
shows reduced hippocampal apoptosis, and pan-caspase inhibitor bocaspartyl 
(OMe)-flouromethylketone exhibited less cognitive decline [62].

3.5  Antioxidant Agents

Antioxidant therapies are also being studied in animal models, such as iNOS inhibi-
tors, uric acid, and N-acetyl-L-cysteine (NAC). They have shown ambiguous results 
with many beneficial effects such as reduced inflammatory cytokines, cortical dam-
age [63], CSF pleocytosis, and incidence of hearing loss [63], while some unfavor-
able effects seen were impaired bactericidal activity, increased neuronal death, and 
diminished learning function [63].
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4  Meningococcal Meningitis

Meningococcal meningitis is caused by Neisseria meningitidis, an encapsulated 
aerobic or facultative anerobic, Gram-negative diplococci that is an important cause 
of community-acquired bacterial meningitis. It is a common cause of bacterial men-
ingitis in children, especially under 2 years old [64], and two-thirds of patients suf-
fering from meningococcal meningitis in the first year of life are under 6 months old.

They have many virulence factors, some examples being the polysaccharide cap-
sule, surface adhesion proteins, lipooligosaccharide (LOS), and iron sequestration 
mechanisms [65]. Early meningococcal vaccines were made through killed/inacti-
vated whole bacteria, and that was not successful because of very high reactogenic-
ity of LOS. Antibiotics became the mainstay treatment until antibiotic resistance 
started to develop and vaccine research picked up, focusing more instead on target-
ing the polysaccharide capsule and components of the cell wall [66]. The majority 
of meningococcal disease is caused by serotypes A, B, C, Y, and W135, of which 
each serotype is prevalent in different geographical areas. Serotypes C and Y 
account for more than two-thirds of the cases in the United States [67]. It has been 
shown in many early studies that the main component deciding whether individuals 
are infected with N. meningitidis is whether they have antibodies [68]. Patients are 
also more susceptible to invasive N. meningitidis if they are deficient in comple-
ment, especially C5, C6, C7, and C8.

Polysaccharide vaccines (PS) are not very immunogenic in infants or children 
except for the serotype A polysaccharide vaccine. However, children and infants 
respond well to vaccines that have polysaccharides conjugated to proteins; this 
stimulates T-cell-dependent reactions, resulting in production of memory B cells 
and IgG antibodies. Therefore, in the context of outbreaks, the PS-conjugate vac-
cine is recommended for children under the age of 10, whereas the PS vaccine is 
already 85–90% effective in adults [69].

Early recognition and treatment are imperative because patients can deteriorate 
rapidly with a significant possibility of death. Meningococcal meningitis can be dif-
ficult to diagnose because there are many nonspecific symptoms such as headache, 
nausea, vomiting, headache, myalgia, rash, sore throat, and upper respiratory symp-
toms, many of which overlap with the influenza virus, and both occur concurrently 
in the winter. Furthermore, the classic triad of fever, altered mental status, and 
nuchal rigidity only occur in about 44% of people. There is high mortality of 
approximately 10–14% even in patients that receive treatment and as high as 50% 
of patients that are untreated [69].

Sequelae are also common, occurring in 11–19% of patients, including but not 
limited to chronic pain; skin scarring; limb amputation; neurological impairment 
such as hearing, visual, and motor function impairments; arthritis; and post- infection 
inflammatory syndrome [70]. Management of meningococcal meningitis includes 
antibiotics, isolation and contact precautions, infectious disease consultation, and 
management of coagulopathies.
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Empirical treatment with ceftriaxone or cefotaxime should be given to patients, 
while physicians are waiting on cultures to come back since bacterial meningitis 
caused by Neisseria sp. looks similar to meningitis caused by other organisms. They 
are preferable to other antibiotics due to easy dosing and high efficacy. If the isolate 
is susceptible to penicillin, penicillin G can be administered instead and chloram-
phenicol if the patient is allergic to penicillin or beta lactams. The duration of peni-
cillin should be 5–7 days, but can go up to 21 days depending on how sensitive the 
strain of Neisseria sp. is to antibiotics [71].

The dosing for ceftriaxone is 2 g intravenously every 12 hours, and cefotaxime 
dosing is 2 g every 6 hours. Penicillin G should be given at 300,000 units/kg per day 
intravenously (IV) or intramuscularly (IM) with a maximum dose of 24 million 
units per day. Penicillin G is usually given as four million units every 4 hours IV in 
adults and patients over 1 month old. Chloramphenicol is given at 100 mg/kg per 
day IV every 6 hours with maximum dose of 4 g per day and should be monitored 
for toxicity. The recommended therapeutic levels include trough of 5–10 mcg/mL 
and peak of 10–20 mcg/mL. Dexamethasone dosing is 0.15 mg/kg with a maximum 
dose of 10 mg every 6 hours but should be discontinued if the culture confirms 
meningococcal meningitis due to absent therapeutic effect [70].

If the patient has sepsis, he/she will need supportive care such as intravenous 
fluid resuscitation and vasopressors such as norepinephrine. If the patient has dis-
seminated intravascular coagulation (DIC), aggressive hydration, blood transfu-
sions, platelets, and coagulation factor replacement should be administered to the 
patient.

Prophylaxis is very effective and should be considered when close contacts 
become infected. They will show symptoms within 10 days of infection. Close con-
tacts are generally others that are within 3 feet of the patient for more than 8 hours 
and have been exposed to his/her respiratory oral secretions. Treatments can include 
ceftriaxone, rifampin, or ciprofloxacin. Ceftriaxone can be given 250 mg intramus-
cularly as a one-time dose, whereas in patients that are less than 15 years old, then 
125 mg. Rifampin can be given in 600 mg doses orally or IV twice daily for 2 days, 
whereas in patients less than 1 month, give 5 mg/kg and 10 mg/kg in patients older 
than 1 month. For ciprofloxacin, give 500 mg orally to adult patients and 20 mg/kg 
to pediatric patients older than 1 month as a one-time dose. Lastly, azithromycin can 
be given as a 500 mg orally as a one-time dose, whereas in pediatric patients over 
1 month, give 10 mg/kg [72].

5  Treatment of Listeria monocytogenes Meningitis

Listeria monocytogenes is a Gram-positive facultative intracellular anaerobe that is 
predominantly transmitted via contaminated food such as unpasteurized dairy prod-
ucts and deli meats. Though it may cause only mild gastrointestinal symptoms in 
immunocompetent individuals, it can penetrate the blood-brain barrier and cause 
meningitis in immunocompromised populations such as infants and the elderly. In 
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fact, Listeria monocytogenes is the third most common meningitis etiology in 
elderly individuals only after Streptococcus pneumoniae and Neisseria meningitidis 
[73]. This section will explore the current antibiotic and anti-inflammatory treat-
ments available for Listeria monocytogenes meningitis and the special consider-
ations required for specific populations.

5.1  Antibiotic Treatment of Listeria 
monocytogenes Meningitis

Listeria monocytogenes meningitis can be fatal with inadequate antibiotic therapy. 
A retrospective cohort study performed in Denmark showed that the most promi-
nent risk factors for mortality in 30 days after Listeria monocytogenes meningitis 
were sepsis and hemodynamic instability, altered mental status, and insufficient 
antibiotic therapy that does not cover this species in high-risk populations [74]. 
Therefore, it is imperative to ensure proper empiric antibiotic coverage, especially 
in immunocompromised individuals. Listeria monocytogenes is notably unrespon-
sive to antibiotic therapy with cephalosporins, which are typically a popular choice 
once meningitis is suspected. Antibiotics that are considered proper definitive treat-
ment for Listeria monocytogenes include benzylpenicillins (such as penicillin G), 
aminopenicillins (such as ampicillin), meropenem, sulfamethoxazole with trime-
thoprim, and piperacillin with tazobactam. A study has shown that treatment of 
Listeria monocytogenes meningitis with benzylpenicillins or aminopenicillins may 
result in lower 30-day mortality risks in comparison to treatment with merope-
nem [74].

Though ampicillin is currently the drug of choice for Listeria monocytogenes 
meningitis, other antibiotics and adjunctive therapies also deserve some discussion. 
Amoxicillin has been shown to have increased bactericidal activity against Listeria 
monocytogenes in in vitro studies in comparison to ampicillin, which requires at 
least 9 g per day for 21 days when treating Listeria monocytogenes meningitis in an 
adult. In in vitro studies, a dose of only 8 g per day is required for effective bacteri-
cidal action of amoxicillin against Listeria monocytogenes [73]. Trimethoprim with 
sulfamethoxazole may be considered as an alternative treatment in those with severe 
penicillin anaphylactic reactions due to its excellent penetration of the brain and 
nervous system. However, it does have reduced efficacy in comparison to the ami-
nopenicillins and even fluoroquinolones in the treatment of Listeria monocytogenes 
meningitis in experimental models [73]. Fluoroquinolones, such as levofloxacin, 
can be extremely effective agents in treating Listeria monocytogenes meningitis due 
to their excellent ability to penetrate tissues and cells. The downside to empiric 
treatment of meningitis with fluoroquinolones, however, is that fluoroquinolone 
administration can cause increased teichoic acid release if Streptococcus pneu-
moniae, a far more common species in meningitis, is the causative agent. Such 
release can contribute to more brain damage in patients during their treatment 
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course [73]. Therefore, fluoroquinolones can be considered for more definitive 
treatment of Listeria monocytogenes meningitis once this causative agent is identi-
fied with little response to ampicillin. Another agent that can be used to treat Listeria 
monocytogenes meningitis is linezolid, which has excellent penetration of the cere-
brospinal fluid (CSF) and does not have the same teichoic acid release effects in 
Streptococcus pneumoniae. However, it has only shown efficacy against Listeria 
monocytogenes in a few in vitro studies and has not been corroborated by any clini-
cal trials [73].

Aminopenicillin combination with another antibiotic, specifically an aminogly-
coside like gentamicin, has been shown to reduce the likelihood of mortality in 
practice [75]. In vitro studies have also demonstrated the best killing rates of Listeria 
monocytogenes in ampicillin and gentamicin combinations despite gentamicin’s 
relative ineffectiveness as regards to killing intracellular bacteria [73]. Another 
potential effective treatment regimen for Listeria monocytogenes meningitis is 
ampicillin with trimethoprim plus sulfamethoxazole, but the small sample size of 
the study regarding this treatment regimen is unable to fully support this regimen in 
clinical practice [73]. The different antibiotic regimens for Listeria monocytogenes 
meningitis can be found in Table 4.

5.2  Anti-inflammatory Treatment of Listeria 
monocytogenes Meningitis

Though many other types of meningitis demonstrate reduced mortality with anti- 
inflammatory therapy such as dexamethasone, Listeria monocytogenes meningitis 
is associated with worse outcomes when steroid therapy is administered [75]. This 
may be due to the worsened immunity associated with steroid use, and due to the 
facultatively intracellular nature of Listeria monocytogenes, strong cell-mediated 
immunity is essential to fighting off this infection [73]. Therefore, if Listeria mono-
cytogenes is determined to be the causative agent of meningitis, it is recommended 
to terminate dexamethasone or any other steroid administration [73].

Table 4 Antibiotics used for the treatment of Listeria monocytogenes meningitis along with their 
total daily doses

Antibiotic Daily dosage Form/frequency

Penicillin G 24 million units i.v./every 4 hours
Ampicillin 9–12 g i.v./every 4 hours
Amoxicillin 8 g i.v./every 4 hours
Meropenem 6 g i.v./every 8 hours
Gentamicin 5 mg/kg i.v./every 8 hours
Trimethoprim/sulfamethoxazole 10–20 mg/kg i.v./every 8 hours
Levofloxacin 1000 mg i.v./every 24 hours
Linezolid 1200 mg i.v./every 12 hours
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5.3  Treatment of Listeria monocytogenes Meningitis 
in Special Populations

As previously stated, Listeria monocytogenes meningitis does not typically mani-
fest in healthy, immunocompetent individuals. There should, however, be an index 
of suspicion in any young patient presenting with meningitis symptoms since 
Listeria monocytogenes meningitis has also been shown to occur in immunocompe-
tent and healthy children. Even in completely immunocompetent children, Listeria 
monocytogenes meningitis can have severe sequelae, such as acute hydrocephalus 
and rapid progression to death. Therefore, treatment for Listeria monocytogenes 
meningitis should be actively considered in instances where a third-generation 
cephalosporin does not result in clinical improvement within a few days in healthy 
children with a meningitis picture. A treatment regimen consisting of ampicillin 
(200 mg/kg/day in 4 doses) and gentamicin (5 mg/kg/day) for 21 days has been 
demonstrated to reduce morbidity and mortality in healthy children [17].

In addition to children, there are other populations that deserve attention when it 
comes to Listeria monocytogenes meningitis risk as well. A multisite study con-
ducted in Korea showed that the most predictive risk factor of Listeria monocyto-
genes meningitis was immunosuppressive therapy, while the second most predictive 
risk factor was chronic liver disease [76]. Increased mortality was also associated 
with delayed antibiotic therapy beyond 6 hours of symptoms and presentation, sug-
gesting that empiric antibiotic therapy for Listeria monocytogenes meningitis 
should be initiated as rapidly as possible in these specific populations when present-
ing with a meningitis picture [76].

Some other groups may require early empiric antibiotic treatment covering 
Listeria monocytogenes as well when showing meningeal signs. The largest group 
at increased risk for Listeria monocytogenes meningitis consists of the elderly pop-
ulation above the age of 65 [77]. Old age, however, is not considered an independent 
risk factor for Listeria monocytogenes meningitis; rather, its association with 
decreased cell-mediated immunity might contribute to older populations being 
more adversely affected [78]. Listeriosis in pregnant women may result in only a 
mild febrile illness in mothers, but a greater risk of neonatal meningitis and sepsis. 
Therefore, Listeria monocytogenes should always be considered as a cause of fever 
in pregnant women, and ampicillin or amoxicillin can be initiated along with a 
bodily fluid culture to confirm infection. Ampicillin and amoxicillin are first line for 
these cases and can be administered 6–12 g per day IV and 100 mg/kg/day orally 
respectively for 14 days [79].

6  Neonatal Meningitis

6.1  Empirical Antibiotic Therapy for Neonatal Meningitis

Group B Streptococcus (GBS) is the most common cause of bacterial meningitis in 
neonates, whereas Escherichia coli is the most common cause of mortality. Listeria 
monocytogenes is also an important contributor to neonatal bacterial meningitis.
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The CDC developed guidelines for treating GBS. For GBS and E. coli, ampicil-
lin plus gentamicin are recommended as empirical antibiotic therapy [80, 81]. More 
community extended-spectrum beta-lactamase (ESBL) producers have emerged as 
causes of neonatal meningitis, which has been associated with nosocomial E. coli 
and Klebsiella pneumoniae infections [81–84]. ESBLs confer resistance to beta- 
lactam antibiotics, such as penicillins, cephalosporins, and the monobactam aztreo-
nam [80, 84, 85].

Cefotaxime can be used empirically, as well. Ceftriaxone is not recommended in 
neonates due to acute bilirubin encephalopathy [80, 86].

Ampicillin and cefotaxime may be used in combination as an alternative, but 
there is a greater risk of necrotizing enterocolitis, more resistant Gram-negative 
organisms and invasive candidiasis [80, 87]. Therefore, ampicillin and gentamicin 
remain the mainstay treatment.

6.2  Group B Streptococcus Treatment

Penicillin G can be used to treat GBS in neonates. If empiric antibiotic therapy with 
ampicillin and gentamicin is administered, then gentamicin can be discontinued 
once GBS meningitis is confirmed by culture, and ampicillin can be continued alone 
[80]. Treatment should last for 14 days for uncomplicated GBS meningitis; some 
studies recommend 21 days at least [80]. Ampicillin and gentamicin can be contin-
ued until clearance of CNS and bacteremia are documented by lumbar puncture 
[80, 88].

6.3  Escherichia coli (E. coli) Meningitis Treatment

E. coli meningitis should be treated for 21 days minimum [80, 89]. Complications, 
such as ventriculitis, subdural effusions, and brain abscesses, necessitate increased 
duration of treatment [79, 89]. Ampicillin-resistant E. coli can be treated with cefo-
taxime. Despite the increase in resistant strains to ampicillin and gentamicin, these 
are still used in combination to empirically treat neonatal sepsis. Meropenem has 
been shown to be effective in treating community-acquired ESBL??? Strains; these 
strains will have more resistance against the penicillins, cephalosporins, and amino-
glycosides [80, 82, 83, 90–93]. The beta lactam ring in penicillins and cephalospo-
rins will be degraded by the beta-lactamases.

6.4  Listeria monocytogenes Treatment

Listeria monocytogenes meningitis is rare in previously healthy, immunocompetent 
children. It can be severe and carries a high rate of mortality if not diagnosed early 
in this group. It tends to infect pregnant women, neonates, the elderly, and the 
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immunocompromised. Only 5 cases had positive blood cultures out of 21 cases of 
previously healthy, immunocompetent children [17].

In patients that do not improve with first-line antibiotics (extended-spectrum 
cephalosporins), then Listeria sp. should be on the differential. Gram-staining may 
appear negative, whereas real-time polymerase chain reaction (RT-PCR) is more 
sensitive. First-line empiric treatment may include third-generation cephalosporins 
and vancomycin [17, 94]. As soon as Listeria sp. is confirmed via CSF or RT-PCR, 
treatment for Listeria sp. meningitis should be ampicillin and an aminoglycoside 
like gentamicin or amikacin. Vancomycin will not penetrate the CSF well and has 
not been successful in in vitro studies [17, 95, 96]. In refractory CNS listeriosis, 
trimethoprim-sulfamethoxazole (TPM/SMX) has been used as an alternative [17, 
97]. TPM/SMX can cross the blood-brain barrier well and has a bactericidal effect 
on intracellular Listeria monocytogenes [97]. Carbapenems, alone or in combina-
tion with an aminoglycoside, have also been used as an alternative [17, 98–100]. 
Treatment lasted 10 days to 8 weeks [17].

6.5  Anti-inflammatory Therapy

The alpha7 nicotinic receptor (α7 nAChR) impairs the immune response against 
neonatal sepsis and meningitis (NSM). Memantine has been shown to have an effect 
on α7 nAChR and has been shown to prevent E. coli-induced NSM in a mouse 
model. Memantine also exhibited synergy with ampicillin in E. coli K1 (E44)-
infected HBMEC and neonatal mice with bacteremia and meningitis from E44. 
Based on RNA sequencing data, use of memantine compared to no treatment 
decreased inflammatory factors and increased anti-inflammatory factors in BMEC 
cells. The NF-κB pathway can be affected by these factors. Circulating BMEC 
(cBMEC) could be biomarkers for NSM, and memantine reduces cBMEC that is 
increased in E44-infected mice [101].

6.6  Other Adjunctive Therapies

For GBS meningitis, one study by Zhu et al. demonstrated that penetration of the 
blood-brain barrier (BBB) happened first in the meningeal and cortex capillaries 
and involved host cell signaling factors S1P2, EGFR, and CysLT1. GBS’ utilization 
of these factors to penetrate the BBB was demonstrated by the pharmacologic inhi-
bition, gene knockout, knockdown cells, gene knockout animals, and interrogation 
upstream and downstream of S1P2, EGFR, and CysLT1; in animals with GBS men-
ingitis, inhibiting these factors showed improved outcome when used as adjunctive 
therapy in addition to the standard antibiotic therapy. Therefore, BBB penetration 
by GBS is a promising, new potential therapeutic target to treat GBS meningi-
tis [102].
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In the MONALISA study, neurolisteriosis presented with meningoencephalitis 
in 212 (84%) of 252 patients, and mortality was increased in patients with neurolis-
teriosis on dexamethasone as adjunctive therapy [75].

6.7  Other Considerations

Serratia marcescens also has been shown to cause neonatal meningitis in the immu-
nocompromised in neonatal intensive care units. The main risk factor is hospitaliza-
tion, and infection control measures, such as rigorous hand hygiene and contact 
precautions, are most important to prevent the nosocomial infection [103].

6.8  Other Advances

In bacterial meningitis in infants, one study demonstrated the use of IL-23, alone or 
combined with IL-18 and sRAGE, is useful in identification of the infection. These 
biomarkers could be used in the diagnosis and determining the length of antibiotic 
therapy [104].

7  Haemophilus Influenzae

7.1  Encapsulated Versus Non-encapsulated Types

Haemophilus influenzae has both encapsulated and non-encapsulated types. It is a 
pleomorphic Gram-negative coccobacillus. The encapsulated type is typeable, 
whereas the unencapsulated is not. Serotypes “a” through “f” are assigned due to 
the capsular polysaccharides. Standard slide agglutination serotyping (SAST) is the 
method used for serologic capsule typing and distinguishes encapsulated from non- 
encapsulated types. This test is not a perfect tool for typing, as there may be user 
error in the protocol or interpretation of slide agglutination results. Furthermore, 
previously serotypeable strains that now exhibit a complete deletion of the capsule 
locus or strains with a partial deletion of capsule constituents such as bexA will be 
incorrectly classified [105]. The encapsulated type uses protein H and Haemophilus 
surface fibrils (Hsf). Protein H plays a major role in Hib and Hif’s ability to bind to 
factor H, the main regulator of the alternative pathway of the complement system’s 
activation [114]. The capsule helps evade the phagocytosis and recognition by the 
immune system; without anti-capsular antibodies, this allows for further survival 
and growth [108, 114]. The non-encapsulated strains directly attach to surface epi-
thelial cells and gain access to the extracellular matrix. This binding allows 
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adhesion, colonization, and host cell entry. These can also develop biofilm-like col-
onies and evade the complement and immune system via similar interactions [108].

7.2  Hib Conjugate Vaccine: Epidemiology

The Hib conjugate vaccine targets the capsular polysaccharide type “b” [108]. 
Before discovery of the Hib conjugate vaccine, H. influenzae type b was the leading 
cause of bacterial meningitis in children. It also caused pneumonia, epiglottitis, and 
septic arthritis. Now, most cases of H. influenzae-invasive disease are due to non- 
typeable H. influenzae (NTHi) across all age groups in the US non-immunized chil-
dren, and infants still completing the vaccination series are still at risk for Hib 
infection [108, 111]. On the global scale, H. influenzae is still causing significant 
illness in children. After the Hib conjugate vaccine, the amount of respiratory and 
invasive cases of non-typeable H. influenzae decreased in children and adults. 
Antibiotic resistance is variable on the area, but remains a growing concern [105].

7.3  Symptoms

Infants, children less than 5 years old, and adults 65 or older run a greater risk of 
infection by H. influenzae. American Indians and Alaska natives also are affected 
more. Patients with sickle cell disease, human immunodeficiency virus (HIV), 
asplenia, antibody and complement deficiency states, cancer and chemotherapy, 
radiotherapy, or post bone marrow transplant are also affected more due to an 
immunocompromised state [108].

Infection of the meninges commonly exhibits as fever, headache, altered con-
sciousness, photophobia, nausea, vomiting, and nuchal rigidity [108]. The symp-
toms of H. influenzae acute bacterial meningitis are nonspecific in neonates and 
infants. These include hypotonia, lethargy, general weakness, fussiness, sleepiness, 
jitteriness, anorexia, apnea, jaundice, and diarrhea. Fever or hypothermia may or not 
also be present. In 15–34% of infants, seizures may happen [106]. Infants may dem-
onstrate irritability, drowsiness, poor feeding, and vomiting [108]. There may be a 
history of upper respiratory tract infection. On the physical exam, meningismus is 
detected. According to Gorga et al., on physical exam, there may be stridor (81%), 
respiratory distress (78%), sore throat (65%), fever (57%), drooling (42%), painful 
swallowing (49%), tender neck (65%), altered voice (33%), cervical adenopathy 
(39%), and cough at times [112]. Children who did not receive the Hib conjugate 
vaccine may also exhibit epiglottitis. The tripod position is assumed to open the 
airway more, and the child will look ill [108].
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7.4  Potential Complications

Subdural effusion is a complication associated with bacterial meningitis. Hib 
S. pneumoniae and N. meningitidis do not have a significant difference in the sub-
dural effusion. 20–39% of cases of bacterial meningitis in children result in this 
complication, and it is more common in infants under 1 year of age.

Focal neurological deficits are another complication occurring in 3–14% of cases 
of bacterial meningitis. This deficit will exhibit specific signs and symptoms based 
on the location of the lesion in the central nervous system. The incidence is great in 
infants under 1 year of age. These deficits usually do not persist after acute bacterial 
meningitis in children [107].

Other potential complications of H. influenzae bacterial meningitis are empy-
ema, seizures, cerebral abscess, brain edema, syndrome of inappropriate antidi-
uretic hormone, hydrocephalus, cerebral herniation, and hearing loss. If not treated 
promptly within a few hours, hemiparesis, coma, and death may result [108].

7.5  Antibiotic Treatments

Initially, a third-generation cephalosporin is administered, while culture and sensi-
tivity results are pending. Antibiotic resistance is an emerging concern, which 
makes monitoring response to treatment very important. For suspected Hib menin-
gitis, ceftriaxone, ceftazidime, cefotaxime, ampicillin-sulbactam, fluoroquinolones, 
or azithromycin is administered parenterally for a week [108].

From a prospective cohort study in the Netherlands of bacterial meningitis by 
H. influenzae from 2006 to 2018, 24 of 81 patients (30%) received amoxicillin 
alone; 49 of 81 patients received a third-generation cephalosporin (60%), and 7 of 
81 received a combination of the two (9%). The median duration of antibiotic treat-
ment was 10  days (IQR 8–14). Sixty-eight of 80 patients (85%) also received 
adjunctive dexamethasone therapy [109].

7.6  Differentials

H. influenzae bacterial meningitis must receive appropriate workup including a spu-
tum specimen, Gram stain, and culture. It cannot be differentiated from other types 
of bacterial meningitis [108]. Therefore, on the differential for neonate would be the 
main causes of bacterial meningitis, such as Group B Streptococcus, Listeria mono-
cytogenes, and Escherichia coli. If the child is unvaccinated or does not mount an 
adequate response to vaccination, Hib-caused meningitis should be considered, too. 
NTHi causes most of the cases of H. influenzae invasive disease and should be con-
sidered at all ages. According to the Centers for Disease Control and Prevention’s 
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webpage about bacterial meningitis, in babies and young children, S. pneumoniae, 
N. meningitidis, group B Streptococcus, and M. tuberculosis should also be consid-
ered. In teens and young adults, N. meningitidis and S. pneumoniae should also be 
considered. In older adults, S. pneumoniae, N. meningitidis, group B Streptococcus, 
and L. monocytogenes should also be considered. H. influenzae maybe seen more in 
babies, young children, and older adults [113].

For diagnosing H. influenzae meningitis, Oxford Nanopore Technologies real- 
time sequencing has been shown to work in detecting H. influenzae in the CSF in 
6 hours. BLAST analysis also helped identify a sequence for a protein of a non-b 
serotype, non-typeable strain of H. influenzae of lineage 22.1–21 [110].

8  Treatment of Lyme Meningitis

Lyme disease is a sequela caused by the bacteria Borrelia burgdorferi through tick-
borne transmission. Meningitis and neurological manifestations are typically more 
severe symptoms of Lyme disease, which is more commonly associated with a 
bullseye rash, fever, general fatigue, and arthritis [115]. Lyme disease that is not 
treated early or in an immunocompromised host may lead to meningitis, which may 
warrant more aggressive treatment than non-disseminated Lyme disease [116]. This 
section will cover available antibiotic and anti-inflammatory treatments for Lyme 
meningitis and any special considerations when it comes to treatment.

8.1  Antibiotic Treatment of Lyme Meningitis

Many different antibiotic regimens are effective against Lyme meningitis, and dif-
ferent professional societies may have different recommendations. The American 
Academy of Neurology recommends intravenous penicillin, ceftriaxone, or cefo-
taxime for both children and adults with Lyme meningitis [117]. Many European 
societies, however, advocate for the use of oral doxycycline in adults with Lyme 
meningitis, saving regimens for those with no response to oral regimens or brain 
tissue penetration beyond the CSF [118]. Doxycycline, however, is not recom-
mended for use children younger than 8  years old or pregnant or breastfeeding 
women due to its teeth discoloration effects in young children.

The specific regimens employed for Lyme meningitis include intravenous peni-
cillin 20 million units daily, intravenous ceftriaxone 2–4 g daily, intravenous cefo-
taxime 2 g every 8 hours, or oral doxycycline 200 mg daily for 2 days and then 
100 mg daily for 8 days. These antibiotic courses have been shown to be successful 
after 10–14 days of use, but 28 days of use is typically recommended with central 
nervous system involvement [117].

It is generally not recommended to treat Lyme meningitis with an antibiotic 
course longer than 30 days, even in the scenario of ongoing neurological sequelae 
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Table 5 Antibiotics used for the treatment of Lyme meningitis along with their total daily doses

Antibiotic Daily dosage for adults

Penicillin G 20 million units i.v.
Ceftriaxone 2–4 g i.v.
Cefotaxime 6 g i.v.
Doxycycline 100–200 mga oral tablet or capsule

aThe doxycycline regimen involves 200 mg daily for 2 days and then 100 mg for 8 days total

and other symptoms. This phenomenon is called posttreatment Lyme disease syn-
drome (PTLDS) and includes long-term symptoms such as cognitive dysfunction, 
fatigue, chronic pain, and depression that can persist for over 6 months to a few 
years. Antibiotic therapy, however, provides no benefit to patients with this syn-
drome [117]. The different antibiotic regimens for Lyme meningitis can be found in 
Table 5.

8.2  Anti-inflammatory Treatment of Lyme Meningitis

Like Listeria monocytogenes meningitis, Lyme meningitis can worsen with cortico-
steroid use as well. Because its manifestations are relatively distinct from other 
types of meningitis, dexamethasone should not be initiated in patients with a Lyme 
meningitis clinical picture [117]. Lyme meningitis presents usually with predomi-
nant headache symptoms and a lack of meningeal signs or fever. Cranial nerve pal-
sies may also be a telltale sign of Lyme disease dissemination to the central nervous 
system as well as other signs of Lyme, such as the bullseye rash, arthralgias, and 
potential heart block [117]. These symptoms warrant aggressive antibiotic treat-
ment with no adjunctive steroid use.

Non-steroidal inflammatory (NSAID) drugs, such as aspirin, ibuprofen, 
naproxen, and indomethacin, however, have shown some benefit in the treatment 
course of Lyme meningitis [116]. Patients can greatly vary in how they respond to 
NSAIDs, however, and it is best for the treating physician to prescribe an NSAID 
that a patient has previously responded well to when treating Lyme meningitis. 
NSAIDs do not necessarily have mortality benefit in treating Lyme meningitis, but 
they can increase comfort and decrease the amount of time needed for full recovery 
in this disease process [116].

8.3  Treatment of Lyme Meningitis in Special Populations

In the pediatric population, Lyme meningitis is typically treated with one of the 
parenteral antibiotic regimens previously stated, while adults usually receive an oral 
course of doxycycline. A recent retrospective cohort study, however, has shown that 
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32 children aged 6–14 with Lyme meningitis treated exclusively with oral doxycy-
cline and amoxicillin for a median of 25 days demonstrated complete resolution of 
their symptoms. Only two of these children suffered from increased intracranial 
pressure, a potential adverse effect of doxycycline or possibly a disease manifesta-
tion of Lyme meningitis. Acetazolamide administered concurrently with doxycy-
cline was able to resolve these symptoms as well as allow for full resolution of 
Lyme meningitis in this subset of the pediatric population with only oral antibiot-
ics [119].

The pediatric population is also more susceptible to stroke and vasculitis as a 
sequelae of Lyme meningitis. In these cases, prompt antibiotic therapy is the best 
treatment. There has been little evidence that antiplatelet or corticosteroid therapy 
improves clinical course in these cases [120, 121].

9  New Advancements

In addition to the current recommended treatments for bacterial meningitis, with the 
increasing issue of antibiotic resistance, some institutions have taken initiative to 
develop non-antibiotic treatments to decrease the morbidity and mortality of bacte-
rial meningitis worldwide. Specifically at the University of Copenhagen and Lund 
University, researchers were able to use a form of immunotherapy in rats to kill 
bacterial meningitis without causing central nervous system swelling [122]. In the 
typical pathogenesis of bacterial meningitis, neutrophils form a net-like structure in 
the meninges to fight off infection; however, this mechanism of immune cell mobi-
lization leaves the host more susceptible to cerebral edema. The researchers at the 
University of Copenhagen and Lund University were able to use DNAse to dissolve 
this structure in rats, allowing other immune cells to fight off the infection without 
causing increased central nervous system pressure and swelling. At this point, they 
have plans to conduct an international clinical trial to utilize DNAse in patients with 
bacterial meningitis, hoping that this treatment can treat this fatal disease without 
increasing antibiotic resistance and preventing significant morbidity and mortality 
from the brain swelling that ensues meningeal infection [122]. Other institutions, 
however, have opted to focus on meningitis prevention rather than treatment. The 
multinational healthcare company, Sanofi, has developed a meningococcal vaccina-
tion that covers groups A, C, Y, and W, which was approved by the Food and Drug 
Administration (FDA) in 2020. Previously, vaccination had only been offered for 
group B serotype meningococcal meningitis. The vaccination formulation devel-
oped by Sanofi utilizes tetanus toxoid as a protein carrier to ensure greater immune 
response in individuals of all ages [123]. These new efforts in both the treatment and 
prevention of bacterial meningitis will hopefully alleviate the international burden 
of this disease. Though there is still much progress to be made, these new develop-
ments show much promise.
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10  Conclusion

Overall, there have been many advancements in the treatment of bacterial meningi-
tis that have turned this almost certainly fatal disease in the past into a manageable 
disease course in the present. There is, however, still much to be discovered in this 
realm with increasing antibiotic resistance and the ineffectiveness of anti- 
inflammatory therapies in resource-poor areas posing as challenges in the treatment 
of bacterial meningitis moving into the future. There are still many advancements to 
be made in the realm of vaccination and prophylactic therapy for bacterial meningi-
tis besides these already existing therapies for meningococcal and pneumococcal 
meningitis. Though the treatment of bacterial meningitis has come a long way, there 
is still much progress to be made, particularly internationally where the disease 
burden and mortality are still extremely high due to lack of resources.
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Abstract Urinary tract infections (UTIs) are one of the most common infectious 
diseases among humans and account for over one million hospitalizations and $1.6 
billion in medical costs per year in the United States. Bacterial etiologies are the 
most common cause of UTI, with uropathogenic Escherichia coli (UPEC) account-
ing for over 80% of all infections. The development of UTIs can be influenced by 
urinary tract anatomy, congenital anomalies, and bacterial pathogenic proteins.

Cystitis, urethritis, and pyelonephritis represent common UTIs that remain prev-
alent globally with symptoms including dysuria, frequency, urgency, suprapubic or 
flank pain, hematuria, and fever. Events that must occur between the host and the 
microbes for bacteria to colonize include adhesion to host cells, colonization of tis-
sues, cellular invasion, and intracellular multiplication and dissemination. Current 
antibiotic guidelines to treat these infections depend on various comorbidities or 
infection etiology.

Treatment of UTIs caused by E. coli with standard antibiotics is becoming 
increasingly difficult due to antibiotic resistance. Alternative therapies in the treat-
ment of UTIs caused by UPEC include anti-adhesion agents to disrupt biofilms, 
phage therapy, phytochemicals, nanomedicine, and natural remedies such as cran-
berry juice and probiotics. Creation of a vaccine may have the largest potential for 
protection, and there are several in development and in clinical trials around the 
world. The abundance of antigens as targets for vaccines makes the hope for an 
effective vaccine in the future seem possible.
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1  Introduction

A urinary tract infection (UTI) is defined as an infection of the urinary system, rang-
ing from the urethra to the kidney. UTIs are one of the most common infectious 
diseases among humans and are the most cause of nosocomial infections in the 
developed world [1]. UTIs account for over one million hospitalizations and $1.6 
billion in medical costs per year in the United States, alone, and an estimated 
40–50% of females and 5% of males will get at least one UTI in their lifetimes [1].

Symptoms of UTIs vary depending on the pathogen and location. Most infec-
tions are caused by ascending bacteria from the urethral orifice, and the urethra and 
bladder are the most commonly involved locations of infection. These infections are 
confined to the lower urinary tract and are referred to as urethritis and cystitis, 
respectively. Common symptoms of these infections include pain or burning with 
urination, increased frequency of urination, blood in the urine, and pressure in the 
groin [2]. More severe infections can occur in the kidney, termed pyelonephritis or 
an upper urinary tract infection. Pyelonephritis can have additional symptoms of 
fever, chills, nausea, vomiting, and low back pain [2].

Risk factors for UTI include actions that introduce bacteria into the urethral area, 
anatomic factors that allow for easier access to the bladder, or factors that reduce the 
flow of urine. Women are at higher risk of UTI than men due to their shorter urethral 
lengths as bacteria have a shorter distance to travel to cause infection. Similarly, 
young children have short urethras (as well as poor urogenital hygiene), predispos-
ing to UTIs. The shorter length of travel is also why lower UTIs are more common 
than upper UTIs. Other UTI risk factors introduce bacteria to the urethral orifice and 
include poor urogenital hygiene, which displaces bacteria from the anus, and sexual 
intercourse, which displaces bacteria from the vagina. Lastly, factors that decrease 
urinary flow, including urinary catheters, benign prostatic hyperplasia, and neuro-
genic bladder, increase UTI risk due to absent or decreased urine flow, decreasing 
bacterial flushing from the urinary tract (Fig. 1).

Diagnosis for UTI is based on symptoms, physical exam findings, and urine 
tests, and treatment generally involves a short course of oral antibiotics [2]. Common 
risk factors for UTIs include female sex (shorter length of urethra), introduction of 
bacteria to the urinary tract (e.g., sexual activity, poor genital hygiene), or stasis of 
the urinary tract [e.g., pregnancy, structural abnormalities, dehydration] [2]. 
Prevention of UTIs tries to counteract these factors via hydration, post-intercourse 
urination, and proper genital hygiene (e.g., wiping from front to back).

Common pathogens of community acquired UTIs are bacteria of the skin, gas-
trointestinal tract, or genital tract [2]. Nosocomial pathogens are frequently intro-
duced to the urinary tract via catheters and tend to be more drug resistant [3]. The 
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Fig. 1 Urinary Tract Anatomy

most common cause of UTI, particularly those that are community acquired, is 
uropathogenic Escherichia coli (UPEC) [2].

1.1  Anatomy of Urinary Tract

Before discussing pathogenicity and pharmacology of UTIs, it is appropriate to first 
discuss the relevant anatomy of the urinary tract. Urine production occurs in the 
kidneys, with the goal of removing extra fluid and metabolism waste products from 
the body [4]. Urine exits the kidneys via the renal pelvis and travels to the ureters. 
The ureters feed into the bladder, which stores urine before urination via the urethra 
with the male urethra traveling through the prostate [4]. As previously mentioned, 
UTIs most commonly occur from ascending bacterial infection. Thus, infections of 
the lower urinary tract (urethra, bladder, and prostate) occur much more frequently 
than those of the upper urinary tract (ureters and kidneys).

1.2  Uropathogenic Escherichia coli

UPEC accounts for an estimated 80% of all UTIs and has affinity for the bladder 
and kidneys, causing cystitis and acute pyelonephritis [5]. UPEC is normal flora of 
the gastrointestinal system, primarily utilizes peptides and amino acids for energy, 
and has evolved to acquire machinery that allows it to ascend through the urethra to 
its target tissue [5]. To cause infection, UPEC must overcome host defense 
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mechanisms, such as regular urine flow and shedding of urinary tract cells, as well 
as be able to survive in the urinary tract environment [6].

Being part of the Escherichia coli (E. coli) family, UPEC is described as a Gram- 
negative bacillus. Similar to other E. coli strains, UPEC has a polysaccharide cap-
sule and contains flagella for motility [5]. Multiple virulence factors of UPEC aid in 
entry and adhesion, infection, motility, and immune evasion.

UPEC is introduced into the urinary tract via the urethral orifice and targets uro-
thelial bladder cells. UPEC utilizes pili, or small arm-like appendages, for adhesion 
to urothelial cells [5]. UPEC fimbrial adhesin H (FimH) binds uroplakin IIIa on 
urothelial cells, causing intracellular signal cascades leading to cellular invasion 
and apoptosis [7]. UPEC also enters cells via its Type 1 pili, which bind urothelial 
alpha-3 and beta-1 integrins. This connection leads to urothelial microtubules desta-
bilization, kinase signaling, and GTPase activation which all support bacterial inter-
nalization [8, 9]. Once intracellular, UPEC replicates and forms biofilm-like 
aggregates termed intracellular bacterial communities [IBCs] [10]. IBC formations 
are protective to the bacteria and serve as areas for further replication. From IBCs, 
UPEC can travel to adjacent urothelial cells for continued infection [6]. Some 
UPEC populations possess hemolysin A (HlyA) toxin, which aids in forming pri-
mary infections and establishing latent infections. HlyA toxin has been shown to 
inhibit urothelial kinase signaling, causing apoptosis and exfoliation [11]. Shedding 
of the top layer of urothelial cells allows for bacterial invasion of the deeper cells 
and can lead to the formation of quiescent intracellular reservoirs [QIRs] [11]. 
Following primary infection, UPEC within QIRs can reactivate and cause subse-
quent and recurrent infections [11].

Bacterial movement within the urinary tract is primarily accomplished by fla-
gella. These flagella first play an important role in ascension through the urethra. 
Further, flagella aid with bacterial movement within and between the cells of the 
urinary tract [6].

Some populations of UPEC contain additional virulence factors allowing for 
colonization and infection of the kidney. UPEC strains causing pyelonephritis gen-
erally have been shown with more flagella and less Type 1 pili [12]. The expression 
of P fimbriae also aids in establishment of UPEC pyelonephritis. P fimbriae helps 
the bacteria adhere to renal surface epithelial cells by binding galactose-alpha-(1-4)-
galactose-beta on globoseries glycolipids [13].

Host response to UPEC UTI is similar to those of other bacterial infection, pri-
marily involving polymorphonuclear cells (PMNs). Toll-like receptors on host 
PMNs and macrophages recognize lipopolysaccharide (LPS) on the UPEC outer 
membrane, triggering a proinflammatory response and cytokine release [6]. While 
this inflammatory response leads to bacterial killing, it also causes local tissue dam-
age including apoptosis of urothelial cells, which can lead to further UPEC infec-
tion and colonization.

LPS on the UPEC outer membrane elicits a strong host immune response, and 
thus, UPEC must be able to survive this response to cause infection. Host PMNs 
primarily kill the bacteria via phagocytosis and intracellular killing. The UPEC 
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Fig. 2 Anatomy of pyelonephritis

polysaccharide capsule helps avoid this phagocytosis. Urothelial cells also play a 
part in host innate immunity by endocytosing UPEC into vesicles. Then, urothelial 
cells utilize actin fibers to trap the bacteria within the vesicles and restrict their rep-
lication [8, 14]. UPEC can counter this host response by disrupting the actin fila-
ments. Once they escape the host vesicles, UPEC are free to start forming IBCs or 
exit the host urothelial cell.

2  Pyelonephritis (Fig. 2)

2.1  Pathophysiology

Pyelonephritis is the most severe manifestation of UTI.  It occurs from bacteria 
ascending from the lower to the upper parts of the genitourinary system. UPEC is 
the bacterial pathogen most frequently responsible for pyelonephritis in roughly 
80% of women and constitutes a major cause of morbidity and mortality in humans 
[15]. The invading bacteria cause a deviation from the native-tissue physiology, 
leading to dramatic changes in the micro-environment of the genitourinary system. 
The kidney is typically considered mostly resistant to infection due to it consisting 
of approximately one million nephrons continuously filtering blood from waste 
products. This anatomy causes dramatic changes to the local microenvironments, 
presenting several challenges to invading bacteria in the urinary tract. Several inte-
grated events must occur between the host and the microbes for bacteria to colonize 
the dynamically changing microenvironment [16]. These integrated events include 
adhesion to host cells, colonization of tissues, and, in some contexts, cellular inva-
sion; then intracellular multiplication, dissemination to other tissues, or persistence 
occurs [16].
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The renal tubule epithelia cells expressing TLRs have demonstrated to play a key 
role in the inflammatory disorders and in initiating host defenses caused by UPEC. The 
primary response to UPEC infection in the kidneys is through the TLR4 signaling 
cascade. UPEC has TL4R receptors on the surface of renal epithelial cells and other 
immune cells in the interstitial compartment, including macrophages and dendritic 
cells [17, 18]. Following UPEC binding to the renal tubule, the pro- inflammatory 
pathways are activated, leading to the release of IL-8 [19]. In addition to TLR4 recep-
tors, other toll-like receptors, such as the toll-like receptor 4, play a role in the response 
to UPEC infection [20]. The kidneys also have macrophages, T cells, and dendritic 
cells that assist in the detection of UPEC infection, modulate immune response 
through the activation of neutrophils, and induce inflammation [21].

Bacteria adhesion is an essential feature for its successful colonization, with-
standing the hydrodynamic pressures of the renal tubule by adhering to the micro-
tubule epithelium. Attachment organelles for UPEC include P, type 1, F1C, S 
fimbriae, and Afa/Dr. adhesin [16]. In approximately 80% of the UPEC strains, the 
P fimbriae is the adhesion factor expressed [22]. The P fimbriae plays an important 
role in the pathogenesis of pyelonephritis, binding to the glycosphingolipids and 
mannosylated glycoproteins expressed on the surface of renal epithelia [23]. P fim-
briae have demonstrated to play an important role for early bacterial colonization 
and often act synergistically to facilitate colonization in the face of challenges, spe-
cifically from the hydrodynamic pressure of the renal filtrate.

Upon UPEC adhering to the renal tubule, early-stage tissue changes include vas-
cular coagulation, epithelial breakdown, vascular leakage, immune cell recruitment, 
and general tissue destruction [24]. Bacterial clearance usually occurs within 
22 hours of invasion and leaves behind local tissue destruction and vascular shut-
down [24]. As the invasion progresses, coagulation in local peritubular capillaries, 
subsequent vascular shut-down and increasing hypoxic conditions promote a host 
response to the local infection site. Injury, such as ischemia, can initiate molecular 
crosstalk between the kidney and distant organs [25]. Boekel et al. studied early 
(8-hr post-infection) tissue responses in pyelonephritis and found approximately 80 
upregulated genes in Gram-negative infection and inflammation [26]. This suggests 
that the local infection sites communicate in rapid succession with distant sites, 
although the mechanism governing this specific communication is unknown. 
Specific abnormalities in both the kidney’s structure and function can increase the 
host susceptibility to infection [27]. Besides genetic susceptibilities linked to pyelo-
nephritis, voiding dysfunctions and vesicoureteral reflux are identified as risk fac-
tors in children, whereas behavioral factors tend to affect adults [28].

3  Cystitis (Fig. 3)

3.1  Pathophysiology

Common cystitis, a bacterial infection of the bladder, is the most common type of 
UTI. The clinical presentation of cystitis can be dysuria, frequency, urgency, supra-
pubic pain, and hematuria and is often associated with symptoms perceived to 
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Fig. 3 Anatomy of cystitis

originate from the bladder [29]. These include the strong and sudden urge to void, 
increased frequency in urination, and nocturia [30]. Risk factors that should be con-
sidered for the development of bladder disorders such as cystitis revolve around 
chronic stress [31, 32]. The pathophysiology surrounding these stress-induced 
changes in the sympathetic division of the autonomic nervous system has been 
reported in literature. The enhanced severity and duration of pain symptoms for 
patients with cystitis may be related to the descending inhibition of the nervous sys-
tem, termed stress-induced hyperalgesia [33]. Furthermore, epithelia alterations have 
also been suggested to be associated with cystitis. Specifically, changes in the blad-
der urothelium may lead to disruption of the mucosal barrier and allow water, urea, 
and toxins to move into the underlying tissues at the relevant site. This may produce 
symptoms of frequency, pain, and urgency seen in cystitis [34]. Similarly, it has been 
shown that in the presences of UPEC, this mechanism of epithelial cell and receptor 
expression may be disrupted and subsequently may impair normal function [35].

3.2  Current Treatments for Acute Pyelonephritis

In 2010, the Infectious Diseases Society of America (IDSA) updated its guidelines 
for the treatment of acute, uncomplicated cystitis and pyelonephritis in women [36]. 
The medical guidelines inform clinicians today through recommendations for anti-
microbial regimens in patients with acute pyelonephritis. The guidelines address 
young, otherwise healthy women who are not pregnant, but the best clinical man-
agement for men, elderly induvial, and patients with comorbidities remains unclear. 
Despite publication of the guidelines, studies demonstrate a wide variation in pre-
scribing practices regarding the selection of antimicrobial agents and duration of 
therapy [37, 38]. It encourages physicians to consider the effectiveness, risk of 
adverse side effects, and resistance rates in the local community when selecting an 
antibiotic for the treatment of acute pyelonephritis. The early initiation of therapy is 
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effective at preventing pyelonephritis; however, it is especially important to under-
stand the risk of antibiotic resistance in antibiotic treatment. Regardless of the anti-
biotic selected for the initial therapy, the regimen should be revised as needed after 
urine culture susceptibility results become available to the physician. The selection 
of the most appropriate, narrowest-spectrum antibiotic is encouraged over a short 
duration to prevent further development of antimicrobial resistance.

With increasing antimicrobial resistance, efforts are made to use the shortest 
duration of antibiotics that are recommended. Oral fluoroquinolones have the short-
est recommended length of treatment and remain the preferred antimicrobial class 
as a first-line outpatient therapy [36]. If the resistance rate of fluoroquinolones does 
not exceed 10%, patients requiring outpatient therapy can be treated with a once- 
daily oral fluoroquinolone, such as ciprofloxacin [Cipro; 1000 mg, extended-release, 
for 7  days] or levofloxacin [Levaquin; 750  mg for 5  days] or oral ciprofloxacin 
[Cipro; 500 mg ×2/day for 7 days] [36]. If the prevalence of resistance among the 
community exceeds 10%, an initial intravenous dose of ceftriaxone or gentamicin 
should be given, followed by the oral fluoroquinolone regimen [36]. Trimethoprim/
sulfamethoxazole (Bactrim, Septra), a previous front-line treatment, is no longer 
recommended as an empiric treatment option for uncomplicated pyelonephritis in 
several geographical locations due to a high resistance rate to UPEC. Due to the 
high prevalence of resistance to oral beta-lactam antibiotics and trimethoprim/sulfa-
methoxazole, these drugs are typically reserved for acute cases where susceptibility 
results are known. However, in certain contexts, such as allergy history, drug avail-
ability, and drug-drug interactions, the IDSA recommends the use of oral beta- 
lactam antibiotics or trimethoprim/sulfamethoxazole if susceptibilities are unknown. 
When this occurs, the IDSA recommends the administration of a long-lasting, 
broad-spectrum drug such as ceftriaxone (Rocephin; 1 g) or gentamicin (5 mg/kg) 
concurrently to ensure that possible resistance was addressed [36].

Initial intravenous antibiotic therapy is recommended in patients with acute 
pyelonephritis who require in-patient treatment. The current IDSA guidelines rec-
ommend initiating a therapy that is appropriate based on local resistance patterns 
and patient factors. These include fluoroquinolones, extended-spectrum penicillin, 
extended-spectrum cephalosporins, carbapenems, and aminoglycosides as appro-
priate choices for empiric therapy [36]. There are no reported guidelines on when to 
transition from intravenous to oral therapy.

Following appropriate guidelines, antibiotics should produce improvements 
within 48–72 hours. Specifically, there should be an observable reduction or resolu-
tion of the local and systemic signs and symptoms that led to the diagnosis. 
Complications of acute pyelonephritis or an alternative diagnosis should be sus-
pected if these changes are not observed.

3.3  Cystitis Treatment

With respect to the current treatment landscape, many antibiotic regimens exist for 
the management of cystitis. The 2011 IDSA guidelines address cystitis management 
and provide insight into the risks of broad-spectrum antibiotics [39]. These 
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guidelines indicate that no single agent is classified as the most effective treatment 
in acute, uncomplicated cystitis. First-line treatments is suggested to include 100 mg 
of nitrofurantoin twice a day for 5  days or a 3-day course of double-strength 
trimethoprim- sulfamethoxazole. A single dose of 3 grams of Fosfomycin may be 
utilized in the case of resistance, allergy, or kidney disfunction as well [36]. Second- 
tier antibiotics include fluroquinolones as indicated by the IDSA guidelines. It is 
suggested that fluoroquinolones are effective given their propensity for collateral 
damage and may be highly considered for serious infections. This becomes more 
relevant given the high resistance rates of urinary E. coli which may exceed 20% in 
some large urban locations [40].

4  Antimicrobial Resistance

Regional clustering of resistance among UPEC within the Unites States contribute 
to a more challenging treatment regimen in acute pyelonephritis and cystitis [41, 
42]. The possible driving force for this observable trend may be due to variation in 
prescribing practices among physicians in the United States [20]. It has previously 
been established that there is a linear relationship between regions with more exten-
sive antimicrobial use may have greater prevalence of antimicrobial resistance [43]. 
The statistically significant west-to-east descending gradient of antimicrobial resis-
tance prevalence observed for ampicillin, trimethoprim, and trimethoprim/sulfa-
methoxazole, but not sulfisoxazole, and the north-south gradient observed for 
trimethoprim and trimethoprim/sulfamethoxazole but not ampicillin or sulfisoxa-
zole, suggest that the various resistance phenotypes exhibited distinctive patterns of 
geographical distribution, which suggest a geographic segregation of composite 
resistance profiles [42]. Understanding these trends is relevant to both clinical prac-
tice and in understanding the basis for the current antimicrobial resistance of UPEC 
epidemic in the context of cystitis and pyelonephritis.

Increased resistance of UPEC to multiple antibiotics has been reported world-
wide. In the United States, rates of E. coli from UTI increased from 7.8% in 2010 to 
18.3% in 2014 [44]. In a longitudinal survey focused on South American, Seifert 
and colleagues reported that ceftriaxone resistance among E. coli isolates increased 
from 9.6% in 2004 to 44.1% in 2016 [45]. In Asian countries, the rates of E. coli 
increased from 25% in 2010 to 41.7% in 2013 in Hong Kong, 18.4% in 2010 to 
28.1% in 2013  in Singapore, and 15.8% in 2010 to 34% in the Philippines [46]. 
Kwon and colleagues discuss how increased antimicrobial resistance of E. coli 
might have resulted in the increase in the total duration of antibiotic treatment and 
hospitalization days [47]. For example, the total duration of antibiotic therapy for 
the treatment of acute pyelonephritis has increased significantly (16.55 ± 9.68 vs. 
19.12 ± 9.90, p < 0.001), and more alarming, the duration of carbapenem usage has 
also increased [0.59 ± 2.87 days in 2010–2011 to 1.79 ± 4.89 days in 2017–2018, 
p < 0.001] [47]. Moreover, an increase in antimicrobial resistance rate to commonly 
prescribed antibiotic classes may have led to a more frequent mismatch between 
initial antimicrobial regimen and pathogens [47]. It is important to address this 
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phenomenon because increased consumption of antimicrobial agents causes the 
emergence of other antimicrobial-resistant pathogens [48]. Recent analysis of the 
pharmaceutical industry has revealed that development of new antimicrobial agents 
is not on the priority list of many major companies [35]. Therefore, as the levels of 
resistance are rising, there are very few new clinical discoveries to address the 
threat. Judicious use of antibiotics is an urgent need and must be enforced at all 
levels of healthcare with respect to cystitis and pyelonephritis treatment.

4.1  Antibiotic Resistance on the Rise

There is a growing rate of antibiotic resistance among E. coli strains even leading to 
multidrug resistance (MDR). Risk factors for MDR include using antibiotics too 
early, hospitalization for long periods of time, use of urinary catheters and other 
medical devices, and having underlying diseases or old age [49, 50]. Awareness of 
regional susceptibility data is necessary when choosing an empirical antibiotic to 
treat E. coli [51]. The Infectious Diseases Society of America (IDSA) recommended 
in 2011 that trimethoprim-sulfamethoxazole, fosfomycin, nitrofurantoin, or pivme-
cillinam be prescribed for treatment if local resistance rates that do not exceed 20%; 
alternatives include fluoroquinolones or cephalosporins [36].

Trimethoprim-sulfamethoxazole is a commonly recommended antibiotic with 
resistance rates on the rise. Looking at resistance rates of E. coli strains to 
trimethoprim- sulfamethoxazole in the past decade, Japan has reported a 10–15% 
resistance rate [52], China and South Korea have reported about 30% [53, 54], and 
Europe and the Mediterranean region have reported about 15% resistance [55, 56]. 
The resistance rates of E. coli strains to fluoroquinolones were reported as about 
10% for Japan and Australia [55], 12–30% in the United States [57], 16–26% in 
China [54], 20% in middle and north European countries [56], and up to 40% in 
other European and some Mediterranean regions [55, 58]. Both trimethoprim- 
sulfamethoxazole and fluroquinolone did show some evidence that escape from 
exposure to these antibiotics has the potential to increase susceptibility of antibiot-
ics when treating UTIs caused by E. coli [51].

There has also been an increase in the prevalence of extended spectrum beta 
lactamase (ESBL)-producing E. coli. Before 2010, most countries only had about a 
5–10% prevalence of ESBL-producing E. coli. After 2010, several countries have a 
greater than 10% prevalence such as Spain (8.9–23.6%), Turkey (24%), South Asia 
(33.2%), and Latin America (7.1–12.5%) [51].

4.2  New Antibiotic in Multidrug-Resistant Bacteria

Cefiderocol is a recent antibiotic proved to be effective against ESBL-producing 
Enterobacteriaceae, nonfermenting Gram-negative bacilli including MDR 
Pseudomonas aeruginosa, Acinetobacter baumannii, Stenotrophomonas maltophilia, 
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Klebsiella pneumoniae, and carbapenem-resistant Enterobacteriaceae [59]. It is the 
first siderophore antibiotic to be approved by the FDA that has a catechol- type sidero-
phore and cephalosporin core allowing it enhanced stability against extended spec-
trum β-lactamases and carbapenemases [60, 61]. Cefiderocol has been approved by 
the FDA for treatment of complicated UTIs. While the side effects are mostly mild 
including diarrhea, nausea, vomiting, constipation, and upper abdominal pain, a phase 
III clinical trial found cefiderocol to have a higher all-cause mortality [34]. Use of 
cefiderocol is thus limited to complicated UTIs caused by Gram-negative bacteria in 
patients who have no alternative treatment options [62].

4.3  Mechanisms of Resistance to Antibiotics in UPEC Strains

There are several mechanisms that contribute to resistance to antibiotics in UPEC 
strains via acquisition of resistance genes. Acquisition of these resistance genes can 
occur via plasmids, transposons, gene cassettes, or changes in the multiple antibi-
otic resistance locus on the chromosome of E. coli [63].

ESBL-producing E. coli are resistant to β-lactam antibiotics such as cephalospo-
rins, ampicillin, and amoxicillin. ESBLs are transferred by plasmids after mutations 
in enzymes such as blaTEM-1, blaTEM-2, and blaSHV-1 as well as blaCTX-M 
newly identified in the early 2000s [64–66]. ESBL-producing E. coli pose a chal-
lenge in treatment of UTIs due to their increased rates of resistance to several anti-
biotics such as β-lactams, quinolones, and aminoglycosides. The most effective 
antibiotic against ESBL-producing E. coli are carbapenems; however, there are still 
mechanisms of resistance to these antibiotics either through overexpression of 
efflux pumps, decreased permeability, or secretion of carbapenemases which are 
carbapenem-hydrolyzing enzymes [67, 68].

Resistance to quinolones and fluoroquinolones has also developed among UPEC 
strains due to mutations in DNA topoisomerases II and IV, overexpression of efflux 
pumps, decreased uptake of antibiotics, and plasmid-mediated quinolone resistance 
(PMQR) genes [69, 70]. Of the PMQR genes, the most important are Qnr genes in 
creating antibiotic resistance. Qnr are located on different integrons and inhibit 
binding of quinolones to DNA gyrase and topoisomerases [71].

Another characteristic of E. coli that makes it prone to resistance to antibiotics is 
the ability to form biofilms. Biofilms secrete substances such as exopolysaccharides 
(EPS) that are protective and enhance their ability to survive [72]. Bacteria in the 
biofilm communicate with each other and secrete autoinducer substances (AI) 
which help the cells secrete virulence factors, accrue genetic changes, and modulate 
the host immune response [73]. Penetration by antibiotics is greatly hindered by 
biofilms, and alternative therapeutic agents need to be explored to treat E. coli bio-
film formation [72].

Acquisition of resistance to different antibiotics poses a threat to treatment of all 
UTIs especially by biofilm-producing bacteria such as E. coli. Continual monitoring 
of resistance in different countries and communities is needed to find the best ther-
apy against infection.
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4.4  Alternative Therapies in the Treatment of UTIs 
Caused by UPEC

To specifically target biofilms formed by E. coli, antiadhesion agents can disrupt 
curli and pili formation which normally maintain cell–cell and cell–surface interac-
tions in the formation of a biofilm. Lo et al. showed that in vivo and in vitro type 1 
pili were disrupted and biofilm formation suppressed by N-(4-chloro-phenyl)-2-{5-
[4-(pyrrolidine-1-sulfonyl)-phenyl]-[1,3,4]oxadiazol-2-yl sulfanyl}-acetamide 
(AL1) [74]. FimH antagonists, a mannoside, are another antiadhesion therapy 
option. They are designed to fit the binding pocket of FimH mannose, a receptor 
present on the urinary bladder that type 1 pili of E. coli normally binds to trigger 
infection. FimH antagonists have been more potent than FimH inhibitors against 
E. coli. These inhibitors can reduce catheter-associated UTI caused by UPEC [75, 
76]. Mannosides also have synergistic effects when used with trimethoprim- 
sulfamethoxazole [77]. Alternatively, curlicides such as BibC6 and FN075 inhibit 
curli formation in UPEC by inhibiting the major curli subunit protein CsgA [72].

Phage therapy is another option to eradicate biofilms of E. coli or mixed bacteria 
biofilms. Using multiple types of bacteriophages at once have been shown to have 
greater efficacy than a single bacteriophage [72]. Phages that produce depolymerase 
can degrade the EPS matrix of the biofilm facilitating penetration of the phage into 
the biofilm and causing lysis of bacterial cells. T7 is an engineered phage that 
expresses recombinant dispersin B (DsbB) and lactonase to degrade EPS and AHL 
respectively and is even active against mixed biofilms of Pseudomonas aeruginosa 
and E. coli [78, 79]. Using a combination of phage therapy and antibiotics has also 
been shown to decrease antibiotic resistance in E. coli [80].

There are several phytochemicals being studied as potential therapies against 
E. coli due to their ability to kill the bacteria without developing resistance. 
Examples include 7-hydroxycoumarin (7-HC), salicylic acid, saponin, and indole- 3- 
carbinol (I3C) which can inhibit activity against a planktonic culture of E. coli and 
Staphylococcus aureus while restricting the growth of the biofilm [81]. When 
phenolic- rich maple syrup (PMRSE) was tested on E. coli, it was found that multi-
ple aspects of E. coli were suppressed such as multiple drug resistance genes, motil-
ity genes, as well as biofilm adhesion and formation [82].

Nanomedicine is another area of advancement in the treatment of UTIs. 
Nanotechnology particles can attach and penetrate bacterial cells, damage the mem-
brane, and interact with DNA [83]. There has been research showing nanotechnol-
ogy’s ability to target biofilm production to reduce infections caused by catheter 
use. Successful inhibition of biofilm activity has been shown from coating catheters 
with nitrofurazone, silver hydrogel [84], furacilinum, and furanone [85]. While 
effective in inhibiting many pathogenic microorganisms, there was recurrence of 
UTIs due to an inability to provide long-term inhibition of biofilm production. 
Lellouche et al. have coated catheters with magnesium fluoride and yttrium fluoride 
nanoparticles that both proved inhibition of biofilm formation and a decline in bac-
terial colonization over 7 days [83, 85]. Nanotechnology antimicrobial spray has 
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been found to decrease the occurrence of catheter-associated UTIs caused by UPEC 
and can be incorporated into medical devices and wound dressings due to its small 
size, high stability, and high bioavailability [72]. Wei He et al. tested the use of JUC, 
a nanotechnology antimicrobial spray, on urinary catheters and found a significant 
difference in the incidence of bacteriuria (4.52% for therapy group vs 13.04% in 
control group, p < 0.001) [86].

Nanotechnology also has the potential to change how we deliver drugs and anti-
biotics in the treatment of UTIs. Nanodrug delivery vehicles advanced in the past 
decade can enhance specificity to target cells, increase solubility and bioavailability 
of the drug, allow a controlled release of the drugs, and make it possible for two 
drugs to be delivered simultaneously [87, 88]. These advantages are very attractive 
in the context of treating UTIs and specifically targeting the bladder. Chang et al. 
used poly(ethyl-2-cyanoacrylate (PECA) nanoparticles with epirubicin targeted to 
bladder cells and had higher penetration and specificity compared to epirubicin in a 
powdered form [89].

Nanoantibiotics, nanoparticles that have antimicrobial properties or enhance 
antibiotic efficacy, may also be an important advancement in the treatment of UTIs. 
Nanoantibiotics destroy pathogens with several different mechanisms and are more 
useful for the eradication of intracellular infections which is a large advantage over 
traditional antibiotics. Nanoantibiotics may help clear infection including quiescent 
intracellular reservoirs thus hindering recurrence of UTIs as well [90].

Cranberry juice has long been a natural remedy to protect against UTIs and may 
be increasingly important in the age of antibiotic resistance. Cranberries contain 
anthocyanidin/proanthocyanidin antiadhesive biocompounds that work by inhibit-
ing type I and P-fimbria-preventing attachment of uroepithelial cells by UPEC [91]. 
While their antiadhesive properties are one factor in how cranberries mitigate UTIs, 
there are many other compounds, such as flavonoids and phenolic acids, in cranber-
ries that may also play a role with several hypotheses that are not fully understood 
[92]. There have also been mixed results in the efficacy of using cranberry juice in 
UTI prophylaxis. Recent studies have suggested that there may be a large interindi-
vidual variability in the effectiveness of cranberries; a subpopulation analysis sug-
gested that cranberries can prevent UTI recurrence but is less effective in populations 
at an increased risk for UTIs [93].

Finally, probiotics are another alternative strategy in preventing recurrent UTIs. 
Maintaining the normal ecology of the vagina, urethra, and bladder is important in 
diminishing the risk of UTIs. Lactobacilli are the predominate bacteria in the uro-
genital flora of healthy reproductive-aged women, but this flora can be disturbed in 
many scenarios such as temporarily after menstruation, after antibiotic administra-
tion especially long-term, and post-menopausal women [91]. The supplementation 
of different strains of lactobacilli can maintain or return the normal urogenital flora 
to protect against UTIs. Lactobacillus rhamnosus GR-1 and Lactobacillus fermen-
tum RC-14 are two strains that have been shown to be the most effective in lowering 
the risk of urogenital infections [94]. Looking specifically at effectiveness against 
UPEC, several strains of lactic acid bacteria (L. salivarius, L. paracasei, two 
L. plantarum strains, two Pediococcus pentosaceus strains, and L. crispatus) 
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exhibited clear zones of inhibition when plated with UPEC [95]. Probiotics are a 
safe and natural way to lower rates of UTIs, but like cranberry juice, there still needs 
to be more studies to prove the effectiveness and standardize dosage and concentra-
tion of various compounds before recommendations can be made.

There is potential of combining multiple alternative therapies in the prevention 
of UTIs. One study looked at the potential benefit of cranberries, probiotics, and 
vitamin C supplementation in women with a history of recurrent UTIs [96]. There 
is not conclusive evidence on these supplements, but they are safe alternatives with 
the potential to decrease the occurrence of UTIs.

4.5  Vaccines Against Urinary Tract Infections

Due to how common UTIs are and the increasing rate of antibiotic resistance, the 
development of a vaccine could provide immense benefit for prevention of UTIs. So 
far vaccines developed can be classified in two groups: (1) cell-based vaccines and 
(2) antigen-based vaccines [63]. The following table describes three main cell-based 
vaccines that have been developed and are going through clinical trials (Table 1).

In a systematic review on the effectiveness of Uromune, two retrospective com-
parative studies were found that significantly decreased the incidence of UTIs in 
women. The therapy group treated with Uromune for 3 months reported UTI-free 
rates of 35–90%, while the control group treated with antibiotic prophylaxis for 
6 months had a 0% UTI-free rate after 15 months (p < 0.001). Three prospective, 
uncontrolled studies were also assessed, and UTI-free rates in the therapy groups 
ranged from 33% to 78% for a period of 9–24 months [97].

Table 1 Description of cell-based vaccines and their availability

Name Description
Route of 
administration Availability

Uro- 
Vaxom

Composed of membrane 
proteins of 18 strains of 
UPEC

Oral capsule Developed and manufactured in 
Switzerland and used in 40 
countries

Uromune Composed of killed bacteria 
in equal amounts of E. coli, 
Proteus vulgaris, Klebsiella 
pneumoniae, and 
Enterococcus faecalis

Sublingual Developed and manufactured in 
Spain and available in special 
access programs in the UK, 
Netherlands, Sweden, Norway, 
Spain, Australia, and New 
Zealand, and a clinical trial in 
Canada

Urovac Composed of killed bacteria 
(6 strains of UPEC, 1 strain 
of Proteus mirabilis, 
Morganella morganii, 
Klebsiella pneumoniae, and 
Enterococcus faecalis)

Intramuscular, 
oral capsule, or 
sublingual

Manufactured in Switzerland
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Another systematic review of 10 randomized control trials looked at Uro-Vaxom 
and Urovac. UTI recurrence was found to be reduced compared to placebo for both 
Uro-Vaxom and Urovac. Uro-Vaxom showed the greatest effect at 3 months with a 
risk ratio of 0.67 (95% confidence interval (CI) 0.57–0.78) compared to 6 months 
with a risk ratio of 0.78 (95% CI 0.69–0.88). The overall Urovac risk ratio was 
found to be 0.75 [95% CI 0.63–0.89] [98]. There is evidence that these vaccines are 
efficacious in preventing UTIs; however, the trials evaluated were determined to be 
low quality of evidence [98].

Antigen-based vaccines come with other challenges, and several types are 
described in the following table. These vaccines utilize proteins and peptides, small 
molecules, or a combination to elicit an immune response. Many of these vaccines 
are in the early stage of research to determine the immunogenicity of these targets 
(Table 2).

A phase II double-blind study of ExPEC4V found that a robust immune response 
against all serotypes was observed, and there were no vaccine safety findings [101]. 
However, a systemic review found that ExPEC4V did not significantly reduce UTI 
recurrence compared to placebo [Risk Ratio 0.82, 95% CI 0.62–1.10] [98].

A phase I clinical study of the FimH vaccine showed that individuals immunized 
with the vaccine produced FimH-binding antibodies in women with a history of 
recurrent UTIs and women with no history of recurrent UTIs [102]. There are sev-
eral other variations using the FimH antigen that elicited an immune response in 
mouse models such as a FimH.FliC mixed with Cholera toxin [63] and fusion of 
FimH and MrpH adhesins of UPEC and Proteus mirabilis with monophosphoryl 
lipid A adjuvant [100]. Other adhesin molecules being investigated are auto- 
transporters such as UpaG that provided immune protection in a mouse model after 
both active and passive immunization [103, 104].

Table 2 Description of antigen-based vaccines

Type Notes on antigen Vaccine description

LPS-based 
vaccine

Difficult to cover all UPEC serotypes; 
low immunogenicity [63]

ExPEC4V consists of four 
bioconjugates containing 
O-antigens of three E. coli 
serotypes [O1A, O2, O6A, and 
O25B] [98]

FimH adhesin 
vaccine

High immunogenicity, antigenic 
structure is conserved across different 
strains of UPEC, high expression at site 
of infection, important role in 
pathogenesis [63]

FimH vaccine uses an antigen 
FimH with a TLR-4 agonist 
adjuvant

Iron scavenger 
receptor-based 
vaccines

Expressed on the surface of bacteria, 
high prevalence in different UPEC 
strains, and is expressed during an 
infection [99, 100]

Iron absorption receptors such as 
IutA, Iha, IroN, ChuA, FyuA, and 
IreA have been under 
investigation as potential vaccine 
targets [63]

Siderophore- 
based vaccines

Small iron-chelating molecules that are 
an important virulence factor for UPEC 
[101]

Siderophores (Ybt and Aer) 
conjugated to an immunogenic 
protein [101]
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While the iron scavenger receptor-based vaccines have the potential to produce a 
robust immune response, the evidence is still in preliminary stages. Intranasal 
immunization of mice targeting these iron receptors has been shown to elicit a sys-
temic, mucosal, and cellular immune response with lutA, Hma, and Ire providing 
significant protection in the mouse model [105]. Multi-epitope subunit vaccines 
have shown promise in protection in UPEC colonization in mice [106].

Iron acquisition is essential for bacterial growth, and UPEC strains code several 
siderophore genes to secure iron and evade host immune system. Ybt and Aer were 
found to be more prevalent among strains of E. coli causing UTIs compared to com-
mensal bacteria [107]. Mike et al. conjugated Ybt and Aer to an immunogenic pro-
tein, cantonized BSA (cBSA), and immunized mice intranasally. These conjugates 
protected against UTIs by showing a significant decrease in bacterial burden in the 
urine and kidneys [101].

Overall, there is a lot of potential for a vaccine to protect against UTIs. Cell- 
based vaccines have shown a lot of promise and are available in many countries or 
are currently going through clinical trials. However, there is still no FDA-approved 
vaccine in the United States or Canada. There is an abundance of antigens as poten-
tial targets for vaccines that are still under investigation with the hope of an effective 
vaccine available in the future.

5  Future Perspectives

Acute cystitis and pyelonephritis, in particular, has a high rate of reoccurrence, with 
women having up to a 10% risk and men having up to a 6% risk of reoccurrence in 
the year following a first acute episode [108, 109]. Due to the increased use of fluo-
roquinolones for infections, the growing rates of resistance to fluoroquinolones 
among the most common uropathogens have challenged the widespread use of this 
drug class and have led researchers to search for alternatives.

Ceftriaxone is a widely used third-generation cephalosporin antibiotic that has a 
broad spectrum of bactericidal activity against aerobic Gram-positive and Gram- 
negative bacteria [110, 111]. It has previously been demonstrated that similar clini-
cal outcomes are achieved between ceftriaxone and fluoroquinolone-treatment 
groups in acute pyelonephritis [57, 112]. Ceftriaxone has also been shown to achieve 
similar clinical outcomes in acute pyelonephritis when compared to ertapenem, a 
carbapenem [113]. Drawing upon this available data, ceftriaxone seems to be an 
effective therapy for some patients and offers a promising alternative to 
fluoroquinolones.

Another therapy, piperacillin-tazobactam, has been explored as an alternative for 
the management of acute pyelonephritis and cystitis in light the emergence of 
carbapenem- resistant organisms. Sharara et  al. performed a multicenter observa-
tional study comparing clinical outcomes of hospitalizations with acute pyelone-
phritis who received piperacillin-tazobactam versus carbapenems [114]. These 
researchers found no difference between the two groups in the proportion of patients 
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(20% vs 25%) with recurrent cystitis or pyelonephritis with the same bacteria pro-
ducing organisms within 30 days (OR, 0.75; 95% CI, 0.31–1.81; p = 0.52) [114]. 
This study demonstrates that piperacillin-tazobactam offers a reasonable alternative 
to the treatment of pyelonephritis and may mitigate the risks that carbapenems pose.

Amdinocillin, also known as mecillinam, has also been used successfully as the 
first choice for cystitis in Scandinavia, with guidelines recommending oral mecilli-
nam for acute uncomplicated pyelonephritis [115]. Across 12 clinical studies, clini-
cal success was seen in 38/51 (75%) patients treated with mecillinam as monotherapy 
and in 152/164 (93%) patients treated with mecillinam and one other beta-lactam 
[115]. Furthermore, a Danish retrospective study found a favorable 30-day mortal-
ity outcome of mecillinam (23%) compared to other antibiotics (43%) for Klebsiella 
pneumoniae bacteremia (OR, 0.4; 95% CI, 0.2–0.9; p = not reported) [116]. While 
mecillinam is an older antimicrobial drug, its unique properties still make it a rele-
vant and important drug today. Synergism with mecillinam and other beta-lactams 
occurs because mecillinam has more selective affinity to penicillin-binding protein 
2, and it is an amidinopenicillin [117]. Although most studies are outdated, mecil-
linam could be considered an alternative to acute pyelonephritis, especially in 
patients with a high predicted probability of resistance to fluoroquinolone and other 
first-line agents.

Ceftolozane-tazobactam, a novel antibacterial with Gram-negative activity, was 
developed to address the rising rates of antimicrobial resistance [118]. In the 
Assessment of the Safety Profile and Efficacy of Ceftolozane-Tazobactam in 
Complicated Urinary Tract Infections (ASPECT-cUTI) clinical program, the safety 
profiles and efficacy of ceftolozane-tazobactam were compared with those of levo-
floxacin [119]. ASPECT-cUTI reported a clinical cure in 90 (90.0%) of 100 patients 
in the ceftolozane-tazobactam group versus 86 (76.8%) of 112 in the levofloxacin 
group with levofloxacin-resistant uropathogens (95% CI: 3.1–22·9) and in 55 
(90.2%) of 61 versus 42 (73.7%) of 57 for patients with ESBL-producing uropatho-
gens (95% CI 2.6–30.2) [119]. Ceftolozane-tazobactam demonstrated its efficacy 
for the treatment of acute pyelonephritis and in infections caused by difficult-to-
treat uropathogens. This drug might add a therapeutic option for patients with 
potentially life-threatening infections in the fact of increasing prevalence of bacteria 
resistant to fluoroquinolones.

Preventative therapies are being explored, although it is important to note that 
additional studies are needed before routinely recommending these methods. Low 
estrogen levels are hypothesized to be an important contributor to high incidence of 
UTIs in postmenopausal women. Perrotta et al. found that vaginal estrogen signifi-
cantly decreased the number of UTIs in postmenopausal women [120]. Other pre-
ventative therapies include probiotics by helping restore the normal vaginal 
microbiome; cranberries which contain proanthocyanidins that inhibit E. coli from 
adhering to the bladder walls; hyaluronic acid and chondroitin sulfate which play a 
role in preventing the adherence of bacteria to the urothelium; and D-Mannose 
which intervenes with protein binding along the urothelium [121]. The integrated 
pathophysiology of pyelonephritis and cystitis constitutes several integrated events 
where the host and the microbes mutually influence each other. Full understanding 
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of these events is required to identify new potential angles for disease intervention 
amid increasing antibiotic resistance. In the future, there will be both non- 
antimicrobial and antimicrobial regimens, allowing for a new focus placed on moni-
toring and mimicking host-pathogen interaction in the dynamic micro-ecology 
significant in the live host.
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Abstract The Escherichia coli are one of the most common facultative anaerobe in 
the intestinal tract of humans and many other endothermic species. Mostly, strains 
remained non-pathogenic which co-exist in harmony with the host. The relation 
may be symbiotic. Some of the strains are pathogenic which are capable of causing 
wide variety of illnesses. E. coli, a gram-negative bacterium, mainly targets gastro-
intestinal tract, meninges, and kidneys leading to conditions like sepsis, diarrhea, 
dysentery, renal failure, pyelonephritis, hemolytic-uremic syndrome, and death. 
Treatment/management is determined by both the strain and the disease type. 
Symptomatic care is the first step in treating a patient with E. coli-related intestinal 
illness. The pace at which new diseases, newer pathways of already known diseases, 
and increasing understanding of the drug-resistant mechanisms are being uncovered 
is accelerating. This pace is not met by the discovery of new and effective medi-
cines. To meet this gap, increasing attention to develop effective delivery strategies 
would improve risk benefit profiles and switch routes of administration. Multiple 
novel formulation concepts have been put forth in scientific arena for improving 
existing molecules for the treatment.

The covid19 pandemic has emphasized to the world once again importance of 
vaccine, which may be true for E. coli as well.
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1  Introduction

Theodore Escherich (1857–1911) identified 19 bacterial species in neonatal and 
infant fecal flora and designated it as Bacterium coli commune (the common colon 
bacterium) [1]. One of these species, Escherichia coli (E.coli), is the most prevalent 
facultative anaerobe in the intestinal tract of humans and numerous other endother-
mic animals [2]. Within hours of birth, E. coli colonizes neonates, and it was found 
to be serologically identical with the E. coli detected in the mother. It was thought 
to get transferred at the time of birth and permanently colonized in the human 
body [3].

Mostly, strains remained non-pathogenic which co-exist in harmony with the 
host. The relation may be symbiotic. The bacteria get benefitted from the host, 
whereas it synthesizes cofactors and contribute to resistance against pathogens in 
host [4]. It was also observed that some of the strains are pathogenic which can 
cause wide variety of illnesses. E. coli, a gram-negative bacterium, mainly targets 
gastrointestinal tract, meninges, and kidneys leading to conditions like sepsis, diar-
rhea, dysentery, renal failure, pyelonephritis, hemolytic-uremic syndrome, and 
death [5].

The pathogenicity of various E. coli species is attributed to their specific genes or 
gene combinations with virulence factor and capacity for genetic exchange. Only 
20% of average genome size is retained in these species. Genes are continually 
acquired and exchanged through various mechanisms like plasmid transfer and bac-
teriophages and also by some unknown mechanism [6].

Our understanding of the variety of bacteria has been improved as a result of 
techniques like multi-locus sequence typing (MLST) [7] and multi-locus sequence 
analysis (MLSA) [8]. These revealed considerably large genetic variation in the 
genus Escherichia. Besides that, it is revealed to be five “cryptic clades” of 
Escherichia exist, which are phenotypically indistinguishable from E. coli. Majorly, 
the species E. coli can be classified in two broad classes, those causing intestinal 
infection (causing diarrheal disease) and those causing extraintestinal infection [8, 
9] (Table 1).

A typical E. coli genome consists of about 4700 genes, among which only 2000 
genes are common to all E. coli strains. It exhibit considerable genetic substructure 

Table 1 Broad classification of E. coli depending on location of infection [9]

Causing intestinal infection Causing extraintestinal infection
Non-infectious/or 
symbiotic

Enteropathogenic E. coli 
(EPEC),
Enterotoxigenic E. coli (ETEC),
Shiga-toxin producing E. coli 
(STEC),
Enteroaggregative E. coli 
(EAEC),
Shigella

Extraintestinal pathogenic E. coli 
(ExPEC)

E. coli strain MG-1655
E. coli strain EcN (Nissle 
1917)
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denoted as phylo-group A, B1, B2, C, D, E, and F. Among these, phylo-groups A 
and B1 appear predominantly in humans from developing countries, while in devel-
oped countries, strains other than B1 appear frequently [10].

E. coli is found in plants as well as animals. It is isolated from ectothermic as 
well as homeothermic animals. The body size of host significantly affects the likeli-
hood of isolation of E. coli. The probability of presence of E. coli increases with 
increase in weight (may be because of existence of relationship between body size 
and gut transit time). Pregnancy coupled with excessive weight gain or starvation in 
children may influence E. coli cell densities. Gut morphology and gut dynamics 
along with diet also play important role. Various antibiotics also depicted significant 
increase in E. coli cell densities. Along with this, background levels of contamina-
tion and climate or environmental conditions can also affect the presence of E. coli 
in host [11].

2  Pathovars of E. coli

2.1  Uropathogenic E. coli (UPEC)

UPEC, a prototype of extraintestinal pathogenic E. coli (ExPEC), is harmless in the 
gastrointestinal tract, but becomes pathogenic in the urinary tract. It accounts for 
substantial medical costs and morbidity worldwide by producing community- 
acquired UTIs as well as nosocomial UTIs. It leads to recurrent or relapsing UTIs 
[12, 13].

UPEC is an opportunistic intracellular pathogen colonizing the urinary tract and 
able to get transmitted sexually. It causes cystitis by colonizing in the bladder, leads 
to pyelonephritis by ascending through ureters in to the kidneys, and triggers host 
inflammatory responses in urinary tract. It colonizes the urinary tract and persists 
there by evading the innate immune responses like cytokine production, neutrophil 
influx, and generation of reactive nitrogen and oxygen species [12–14].

2.2  Shiga-Toxin Producing E. coli/Enterohemorrhagic E. coli 
(STEC/EHEC)

STEC releases shiga-toxin which is responsible for morbidity and mortality associ-
ated with STEC infection. It causes severe foodborne diseases which lead to abdom-
inal cramps and diarrhea which progress to hemorrhagic colitis. Importantly, it is 
associated with life-threatening disease like hemolytic uremic syndrome (HUS) in 
young children leading to neurological complications (like seizure, stroke, coma, 
etc.) and chronic renal sequelae [15, 16].

Drug Delivery to Diseases Caused by E. coli Infection
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The shiga-toxin composed of two subunits, subunit A and subunit B. The A sub-
unit inhibits host protein synthesis and induces apoptosis. Subunit B is released by 
STEC/EHEC in large intestine where it gets bind to globotriaosylceramide-3 (Gb3)
of endothelial cells, get absorbed, and disseminate to other organs. In the kidney, 
shiga-toxin binds with renal endothelial Gb3 and leads to acute renal failure, throm-
bocytopenia, and microangiopathic hemolytic anemia (symptoms of HUS) [15, 16].

2.3  Enteropathogenic E. coli (EPEC)

EPEC is a diarrheagenic E. coli pathotype leading to infection in infants and chil-
dren worldwide. It is the prominent cause of persistent diarrhea which produces 
attaching and effacing (A/E) lesions. In this lesion, the bacteria disrupt the cell 
surface by attaching tightly to the cell membrane, leading to effacement (erasing or 
elimination) of the microvilli, F-actin rearrangement, and outgrowth of cuplike ped-
estals beneath the adherence site [17].

The essential virulence determinants of this tight attachment are T3SS, Intimin, 
and Tir. The insertion of Tir into the plasma membrane is governed by T3SS. Tir 
then serves as a receptor for bacterial binding through Tir-Intimin interaction. This 
interaction triggers signaling cascades, which binds cytoskeletal proteins beneath 
the adhering bacteria and phosphorylate the host phospholipase. Map (mitochondrial- 
associated protein) also involved in the process. Along with the host cell mitochon-
dria, it also disrupts the function of the epithelial barrier, which has been linked to 
diarrheal illness. Microvilli effacement requires Map, EspF, Tir, and Intimin which 
retains the detached microvillar material [18].

2.4  Enterotoxigenic E. coli (ETEC)

ETEC is a diverse group of E. coli that ferments lactose and produces heat-labile 
(LET) and heat-stable (SET) enterotoxins. There is much similarity in LET and 
cholera toxin along with same mode of action. There are two subunits of LET toxin, 
active A subunit (LET-A) surrounded by binding B subunit (LET-B). Once ETEC 
colonize the small intestine, LET-B binds reversibly to GM1 ganglioside, while 
subunit A activates adenylate cyclase. This stimulates production of cyclic AMP; 
thereby, the crypt cells’ ability to secrete chloride increases, which in turn prevents 
neutral sodium chloride from building up at the terminals of villus fibers. When this 
action surpasses the bowel’s capacity for absorption, watery diarrhea develops 
[19, 20].

SET is a non-antigenic peptide with two variants, i.e., SETp (discovered in pigs) 
and SETh (discovered in humans), which shows similar mechanism of action. It 
increases levels of cGMP in small intestine by reversibly binding to guanylate 
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cyclase, leading to diarrhea by increasing the chloride secretion through crypt cells 
and inhibition of neutral sodium chloride absorption [19, 20].

2.5  Enteroaggregative E. coli (EAEC)

EAEC is a diarrheagenic E. coli pathotype characterized by aggregative adherence 
like “stacked bricks” when cultured with HEp-2 cells. It causes persistent diarrhea 
in children and HIV define-infected patients leading to malnutrition. It also causes 
traveler’s diarrhea and acute diarrheal illness in children and adults [21, 22].

The EAEC virulence is prominently regulated by AggR, by controlling the 
expression of adherence factors, a dispersin protein, and other cluster of genes. The 
pathogenesis involved three steps: (1) aggregative adherence fimbriae (AAF) and 
adherence factors adhere to the intestinal mucosa, (2) EAEC encrusts on the surface 
of enterocytes by increased production of mucus, and (3) releases the toxins and 
elicits the inflammatory response, mucosal toxicity, and intestinal secretion [21, 22].

2.6  Diffusely Adherent E. coli (DAEC)

DAEC is a heterogeneous pathotype of E. coli causing diarrhea in children, UTI, 
and pregnancy complications in adults. It is also found in the intestine of adults and 
children as commensal bacterium. Adults are asymptomatic carriers, while younger 
children aged 1.5–5  years. exhibits persistent watery diarrhea. In adults, DAEC 
infection though not developing diarrhea can contribute to IBD, Crohn’s disease, 
and coeliac [14, 23].

DAEC colonizes in the small bowel through afimbrial adhesion (Afa)/mannose- 
resistant adhesin (Dr adhesion) family. F1845 (a member of Afa/Dr. adhesin family) 
and Dr. adhesins bind to apical surface of urinary and intestinal epithelial cells 
through decay-accelerating factor (DAF). This interaction induces cytoskeleton 
rearrangement and destroys microvilli. Across the epithelial cells, increased levels 
of DAF expression contribute to inflammation in patients of Crohn’s disease. MICA, 
the expression of which is also induced by DAEC strains, mediates IBD [14, 23].

Afa/Dr. adhesins can bind to carcinoembryonic antigen-related cell adhesion 
molecule (CEACAM) on epithelial cell surface, activates CDC42, aggregates 
CEACAM at bacterial adhesion site and effacement of brush border microvilli, and 
mediates internalization of the bacterial pathogen leading to infection of intestinal 
epithelial cells [14].

Drug Delivery to Diseases Caused by E. coli Infection
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2.7  Adherent Invasive E. coli (AIEC)

AIEC is as such commensal bacterium which can be one of the causative organisms 
for IBD and CD. Its pathogenesis involves three steps, i.e., adhesion, invasion, and 
multiplication in the host epithelial cells. AIEC using CAECAM6 gets to adhere the 
epithelial cells in the ileum. CAECAM6 levels increased in CD patient due to stim-
ulation of TNF-α, leading to intestinal inflammation through AIEC colonization. 
IAEC strain invades, infects, and replicates in the macrophage through several viru-
lence factors, such as outer membrane vesicles, outer membrane proteins, and long 
polar fimbriae [14, 24, 25].

3  Treatment and Management of E. coli Infection

The gram-negative bacillus E. coli is a member of the normal intestinal flora but can 
potentially cause intestinal and extraintestinal disease in people. Hundreds of E. coli 
strains have been found, causing symptoms ranging from mild, self-limited gastro-
enteritis to renal failure and septic shock. E. coli is a causative organism of many 
diarrheal illnesses, including traveler’s diarrhea and dysentery. E. coli is the most 
common pathogen leading to uncomplicated cystitis and also results in other 
extraintestinal illnesses, including pneumonia, bacteremia, and abdominal infec-
tions such as spontaneous bacterial peritonitis. E. coli‘s virulence allows it to bypass 
host defenses and acquire resistance to commonly used antibiotics [26].

Treatment/management is determined by both the strain and the disease. 
Symptomatic care is the first step in treating a patient with E. coli-related intestinal 
illness [26, 27]. Diarrhea may be a very upsetting experience for individuals. Fluid 
replacement and antidiarrheals are the pillars of management for mild illness, 
according to experts. When tolerated, oral rehydration is suggested as the first-line 
therapy for all patients with diarrheal disease, and it is equally effective as intrave-
nous hydration (IV). When patients are unable to accept oral hydration, IV hydra-
tion is indicated. Antimotility drugs like bismuth-subsalicylate and loperamide are 
used to relieve distressing symptoms.

Because of the negative side effects and link to antibiotic resistance, antibiotics 
are not indicated as a first-line therapy for E. coli-related diarrhea in the majority of 
patients. Antibiotics may be appropriate for patients who have severe illness (more 
than six stools per day, fever, dehydration requiring hospitalization, diarrhea lasting 
more than 7 days, or bloody diarrhea). The Infectious Diseases Society of America 
(IDSA) and the International Society of Travel Medicine (ISTM) presently pre-
scribe rifaximin, azithromycin, and ciprofloxacin for the treatment of E. coli diar-
rhea. Antibiotics are not indicated for individuals suspected of having EHEC/STEC 
because they raise the risk of hemolytic uremic syndrome, especially in children 
and the elderly [27].

G. G. Kalyankar et al.
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Rehydration

Antimotility agents
Patients wih dysentery should avoid these
products since they might prolong their sickness.

Antibiotics

Adult:

Children:
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Oral fluids, if tolerated

Iv fluids if oral fluids not tolerated

Not recommended for patients with
presumed EHEC/STEC

Ciprofloxacin: 750 mg once; or 500 mg
BID for three days

Levofloxaqcin: 500 mg once; or 500 mg
daily for three days

Azithromycin: 1,000 mg
once; 500 mg daily for

three days

Rifaximin: 400 mg BID or
200 mg TID for three days

Azithromycin: 10 mg/kg on day 1, 5
mg/kg on days 2 and 3

Fig. 1 Treatment algorithm for watery diarrhea

3.1  Intestinal Infections

The following treatment algorithms were recommended for E. coli intestinal infec-
tions (Figs. 1 and 2) [28].

3.2  Extraintestinal Illness

Local antibiograms exhibiting sensitivity and resistance patterns should be used to 
guide E. coli antimicrobial treatment (Tables 2 and 3).

4  Drug Delivery Technologies

Drug delivery systems are used to transport therapeutic drugs in the body as needed 
to safely achieve the desired therapeutic effect. Such systems are usually designed 
as follows:

 1. Improve aqueous solubility and chemical stability of active agents.
 2. Increase pharmacological activity.
 3. Reduce side effects [30].
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Rehydration

Oral fluids, if tolerated

IV fluids if oral fluids not tolerated

Bismuth salicylate Adult: Bismuth salicylate: 524 mg every 30 min for up to 8
doses

Children 12-18 years: 524 mg every 30 min up to 8 doses

<12 years: limited data availble

Loperamide:4 mg, then 2 mg following each unformd stool.

Max dose 16 mg per day (precription), 8 mg (OTC).

Duration: no more than two days

Children: Not recommended for infections diarrhea

Antimotility agents

Adults

Children
Azithromycin:10

mg/kg on day 1,5
mg/kg on days 2 and 

3

FluoroquinolonesCiprofloxacin: 750 mg once;
or 500 mg BID for three days

Levofloxacin: 500 mg once; or 500 mg daily for
three days

Azithromycin: 1,000 mg once; or 500 mg daily for three
days

Rifaximin: 400 mg BID or 200 mg TID for
three days

Antibiotics (Prescribed when>2
unformed stools per day)

W
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er
 D
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rr

h
ea

Fig. 2 Treatment algorithm for bloody diarrhea

Table 2 List of antibiotics prescribed in extra intestinal infections caused by E. coli

Antibiotics suitable for E. coli infections
ESBL-producing 
E. coli

Carbapenemase- 
producing E. coli

Beta-lactam antibiotics (Cephalosporins, 
Carbapenems, Monobactams)
Nitrofurantoin
Trimethoprim-sulfamethoxazole
Fluoroquinolones (Ciprofloxacin, Levofloxacin)

Cefepime
Ceftazidime
Imipenem
Ertapenem
Meropenem

Ceftazidime-avibactam
Colistin
Polymyxin B

Biomedical research has advanced our understanding of diseases – their causes 
and remedies. Specifically, the remedies include approaches to prevent, manage, or 
treat a particular disease using a drug (e.g., chemical and biological molecules) or a 
drug-like (e.g., supplements) compound. The pace at which new diseases, newer 
pathways of already known diseases, and increasing understanding of the drug- 
resistant mechanisms are being uncovered is accelerating. This pace is not met by 
the discovery of new and effective medicines. To meet this gap, increasing attention 
to develop effective delivery strategies would improve risk-benefit profiles and 
switch routes of administration. Each mode of delivery such as oral, nasal, injection, 
sublingual, rectal, vaginal, ocular, optic, or nasal has its respective advantages and 
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Table 3 Antibiotic therapy for urinary tract infections in adults [29]

Indications Antibiotic Dosage regimen

Lower tract infections Trimethoprim- 
sulfamethoxazole

1 DS tablet; Twice a day; 
3 days

Uncomplicated
Ciprofloxacin 250 mg; Twice a day; 3 days
Levofloxacin 250 mg; Once a day; 3 days
Amoxicillin 500 mg; Twice a day; 

5–7 days
Amoxicillin-clavulanate 500 mg; Every 8 hours; 

5–7 days
Trimethoprim 100 mg; Twice a day; 

3–5 days
Nitrofurantoin macrocrystal 100 mg; Every 6 hours; 

7 days
Nitrofurantoin monohydrate 100 mg; Twice a day;5 days

Complicated Trimethoprim- 
sulfamethoxazole

1 DS tablet; Twice a day; 
7–10 days

Ciprofloxacin 250–500 mg; Twice a day; 
7–10 days

Levofloxacin 250 mg; Once a day; 10 days
750 mg; Once a day; 5 days

Amoxicillin-clavulanate 500 mg; Every 8 hours; 
7–10 days

Recurrent infections Nitrofurantoin 50 mg; Once a day; 6 months
Trimethoprim- 
sulfamethoxazole

1/2 SS tablet; Once a day; 
6 months

Acute urethral syndrome Trimethoprim- 
sulfamethoxazole

1 DS tablet; Twice a day; 
3 days

Failure of 
trimethoprim-sulfamethoxazole

Azithromycin 1 g; Single dose

Doxycycline 100 mg; Twice a day; 7 days
Acute pyelonephritis Trimethoprim- 

sulfamethoxazole
1 DS tablet; Twice a day; 
14 days

Ciprofloxacin 500 mg; Twice a day; 14 days
Levofloxacin 250 mg; Once a day; 10 days

750 mg; Once a day; 5 days
Amoxicillin-clavulanate 500 mg; Every 8 hours; 

14 days

disadvantages. Nevertheless, oral drug delivery (pills, powders, suspensions, and 
solutions) is the singular, superior method of administration due to its convenience 
and safety as compared to other methods. The advantages of oral drug administra-
tion over other methods include ease of use, being painless, lesser cost of care, 
lesser patient supervision, and high patient compliance.
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However, the oral route of drug administration has some disadvantages when it 
comes to the drug molecules exhibiting low solubility, lesser permeability, and deg-
radation rates. Moreover, the uptake of certain biomolecules/drugs in oral route is 
largely affected by physiological barriers such as pH change in gastrointestinal tract 
(GIT): acidic pH in the stomach followed by basic pH in the intestine and enzymatic 
degradation. Almost 60% of drugs degrade in the harsh gastric environments of the 
stomach. Many have theorized making salts out of the drugs, thereby increasing its 
solubility and bioavailability [31].

Modified release (MR) drug delivery systems are developed to modulate the 
apparent absorption and/or alter the site of release of drugs to achieve specific clini-
cal objectives that cannot be attained with the conventional immediate release (IR) 
dosage forms. Possible therapeutic benefits of a properly designed MR dosage form 
include improved efficacy and reduced adverse events, increased convenience and 
patient compliance, optimized clinical performance, a greater selectivity of activity, 
or new indications [32].

4.1  Challenges and Opportunities for Treatment 
of E. coli Infections

Due to E. coli’s thick cell walls, which exhibit poor drug absorption, conventional 
antibiotic therapy used to treat E. coli infection has significant obstacles. 
Antimicrobial resistance emerged as a result of ineffective therapy. Low bioavail-
ability, GI tract drug degradation, and short GI retention times are problems with 
treatment-related medications.

Modified drug release and cutting-edge drug delivery methods can aid in the 
fight against E. coli infection.

Nanoparticles can increase the cell wall’s permeability. Chitosan-based nanopar-
ticles have antimicrobial activity by attaching to DNA and preventing DNA replica-
tion after adhering to the negatively charged bacterial cell wall and altering 
permeability and destabilizing the cell envelope. Additionally, the medicine can be 
exposed to microorganisms for a longer period of time, thanks to its positive ionic 
interactions with the negative charges of cell surface membranes. By increasing the 
concentration of the antibiotic in the microorganism without increasing the dose of 
antibiotic administered, nanoparticulate drug delivery methods may enhance thera-
peutic efficacy [33].

Antibiotic resistance is caused by a variety of processes used by microbes, 
including drug target modification, enzyme inactivation, efflux transport inhibition, 
and the development of alternative metabolic pathways for growth. Ineffective drug 
delivery and a lack of effective dose availability are other factors contributing to 
treatment resistance [34].
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Newer technologies like nanoparticles, liposomes, hydrogels, modified release, 
floating, and bio-adhesive can be employed to enhance medicine delivery at the 
infection site.

Ciprofloxacin, along with other fluroquinolones, is a commonly used medicine 
as an antibiotic therapy for E. coli infection. It has gastrointestinal side effects, such 
as nausea and diarrhea, and a 70% bioavailability rate. The most frequent reason for 
stopping ciprofloxacin therapy remains adverse effects, which are increased with 
frequent dose [35, 36].

Fluroquinolone dosage forms that are antimicrobial in nature have enhanced 
residence durations in the stomach due to floating, bio-adhesive, swelling, and low- 
density devices. This improved contact time with the stomach mucosa and improved 
drug absorption and bioavailability [37].

Drugs with modified release mechanisms, such as sustained release or prolonged 
release, require fewer doses and retain effective concentration for longer periods of 
time, eradicating bacterial flora and reducing the likelihood of drug resistance. 
Modified release dosage forms also reduce adverse events like GI distress and nau-
sea [38].

To treat GI tract infections, antimicrobial nanoparticles can be used orally. In 
order to prolong medication release and boost half-life and bioavailability, the nano-
carriers shield antibiotics from GI fluid breakdown. The nano-sized nature is advan-
tageous for efficient accumulation in infectious nidus by extravasating through the 
endothelium in the inflammatory site [39]. The use of nanotechnology in medicine 
to enhance antibiotic delivery for the killing of germs suggests a decrease in adverse 
effects and drug resistance [40].

4.2  Modified Release Dosage Forms

A major challenge with the majority of the conventional immediate release prepara-
tions is that they require administration multiple times per day to achieve and main-
tain the drug levels within the therapeutic range. In turn, this causes a somewhat 
undesirable “seesaw” effect of drug level fluctuations in the body critically; the 
advent of modified release drug delivery systems provides a host of benefits com-
pared with conventional immediate release preparations, including the following:

• Reduced frequency of dosing: Plasma concentration can be maintained over an 
extended period of time, extremely valuable for improving medication adher-
ence for patients with chronic conditions.

• Reduction or avoidance of side effects due to high plasma drug concentrations or 
“dose dumping.”

• Improved control of therapeutic drug concentration, particularly important for 
patients that suffer from breakthrough symptoms.

• More cost-effective manufacturing due to a reduced number of dosage forms 
required per patient compared with its immediate release counterpart.
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To date, modified release dosage forms refer to three main types of oral drug 
product release pathway:

 1. Extended-release: In general, these oral dosage forms should exhibit at least a 
twofold reduction in dosage frequency as compared to the conventional 
immediate- release drug product. Examples of extended-release dosage forms 
include sustained-release, controlled-release, and long-acting drug products

 2. Delayed-release: A dosage form that releases a discrete portion or portions of 
drug at a specific time following administration. Enteric-coated dosage forms 
are common delayed-release products (e.g., enteric-coated aspirin and other ste-
roidal products).

 3. Targeted-release: A dosage form that releases drug at or near the intended physi-
ologic site of action or drug absorption. Targeted-release dosage forms may have 
either immediate- or extended-release characteristics. Examples include gastro- 
retentive devices and colonic drug delivery systems [37].

New approaches for extending the retention time of drugs in the stomach com-
prise of various techniques, such as utilizing bioadhesive devices, swellable drug 
delivery systems (including low density devices, floating, high density systems, 
magnetic systems, unfoldable and expandable systems, and magnetic systems), and 
superporous, biodegradable hydrogel. For medications with small absorption win-
dows, stability issues in the intestinal or colonic environments, locally acting in the 
stomach, and poor solubility in the intestine, extended-release dosage forms with 
prolonged residence durations in the stomach are very desirable [38].

Ciprofloxacin has 70% bioavailability and is absorbed mostly from the upper 
gastrointestinal tract, up to the jejunum. By increasing the gastric residence period 
of the dose form, the medicine can be given to the stomach, the so-called absorption 
window. GI side effects, including as nausea and diarrhea, continue to be the most 
common reason for ciprofloxacin medication cessation [36].

Polymers such as polyacrylic acid, polymethacrylic acid, sodium carboxymethyl 
cellulose, and hydroxypropyl methylcellulose were used to make bioadhesive 
extended-release tablets by Varshosaz et al. Because these polymers are sufficiently 
hydrated, they are able to cling to mucosal membranes. These polymers create gel- 
forming matrices and, when in contact with stomach fluid, have enough structure to 
form a gel layer with a specific gravity lower than gastric fluid. To create carbon 
dioxide and increase the buoyancy of the tablets, citric acid and sodium bicarbonate 
were utilized as an effervescent base.

An attempt reported with above preamble that the tablets with the shortest lag 
time of buoyancy were made with 10% effervescent base, although modifying the 
polymer type of the mixture ratio had no effect on the duration of buoyancy. Tablets 
containing 20% HPMC and 80% CMC or 80% PAA and 20% PMA were the best 
in terms of bioadhesion and prolonged drug release rate [41].
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4.3  Nanoparticle-Based Drug Delivery

Antibiotics are used to treat infectious diseases by killing or disrupting microorgan-
isms’ development cycles in the traditional antimicrobial strategy. Antibiotics work 
on bacteria by inhibiting cell wall synthesis (−lactams, vancomycin, and bacitra-
cin), protein synthesis (chloramphenicol, tetracyclines, aminoglycosides, macrol-
ids), nucleic acid synthesis (fluoroquinolones, rifampicin), and membrane integrity 
(polymixinB) [42].

The narrow spectrum of efficacy, safety, and acceptability of these antibiotics are 
all problems. When taken orally or topically, traditional drug delivery systems (tab-
lets, capsules, etc.) have a major drawback: poor drug delivery. Drugs are distrib-
uted in a non-specific manner in traditional dose forms, resulting in systemic adverse 
effects, inadequate absorption, and drug degradation. Another major difficulty with 
antimicrobial therapy is the development of bacterial resistance as a result of inef-
fective treatment and delivery.

In the realm of nanotechnology and its application in drug delivery, there are 
numerous success stories. Nanotechnology has provided new tools for fighting a 
variety of ailments [43].

Ultrafine particles featuring a size distribution in the nanometer range are 
described as nanoparticles (NPs). This nanosize gives a large surface area, which 
increases drug molecule reactivity [44].

These NPs have numerous advantages as drug delivery carriers over conven-
tional approaches. Nanosize carriers reduce drug-induced adverse effects by over-
coming solubility and stability difficulties. Nanotechnology allows two to three 
medicinal molecules to be delivered on the same substrate. Drug molecules deliv-
ered via NPs have a higher efficiency at the location, better circulation, and a better 
therapeutic index, which leads to a reduction in bacterial resistance. Improved bio-
availability is the result of greater control over medication release and degradation 
profiles. Drug molecules and drug carriers with altered surface characteristics 
deliver drugs to specific locations and increase the number of administrative paths 
available [34].

4.3.1  Types of Nanoparticles

Nanoparticles are grouped into organic and inorganic nanoparticles.
Inorganic nanoparticles like as titanium oxide, zinc oxide, silver oxides, and 

magnesium oxides enjoy popularity in the field of nanoparticles because of their 
ability to withstand processing condition and optical and physical stability.

Organic nanoparticles obtained from organic materials like carbon nanotubes, 
lipids, and polymers have the advantage of electronic, metallic, and structural prop-
erties [45].
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4.3.2  Methods of Preparation of Nanoparticles

• Inorganic nanoparticles prepared by two approaches

 A. Top-down Approach – Mechanical milling, laser ablation, and sputtering
 B. Bottom-up Approach – Solid-state method, liquid state, gas phase, and from 

biological tools [46]

• Organic nanoparticles prepared by two approaches

 A. Two step procedure based on emulsification

 (a) Methods of emulsification  – Low energy and high energy 
emulsification

 (b) Generation of nanoparticles from emulsion – Solvent evaporation, sol-
vent diffusion, salting out, gelation, polymerization

 B. One-step procedure  – nanoprecipitation, dialysis, desolvation, gelation, 
spray drying [47, 48]

4.4 Organic Nanoparticles

Natural and synthetic polymers can be used to make polymeric nanoparticles. 
Because of their stability and ease of surface modification, they are commonly used. 
Biopolymeric nanoparticles have additional benefits such as biodegradability, bio-
compatibility, and nontoxicity, as well as availability from marine (chitin and chito-
san) or agricultural (cellulose, starch, and pectin) resources. Biodegradable polymers 
like chitosan are primarily investigated as delivery systems for active ingredients, as 
well as the stabilization of biological molecules such as proteins, peptides, and 
genetic material [49].

Chitosan also has a high antibacterial activity, as well as other desirable charac-
teristics including non-toxicity, biodegradability, low cost, high biocompatibility, 
and non-antigenicity. The theorized mechanism for its antimicrobial effect is that it 
binds to the negatively charged bacterial cell wall, causing instability of the cell 
envelope and altered permeability, and then attaches to DNA, preventing it from 
replicating. Furthermore, the medication can be exposed to microorganisms for lon-
ger periods of time due to its positive ionic interactions with the negative charges of 
cell surface membranes. Furthermore, chitosan and its derivatives have been dem-
onstrated to have antibacterial properties against both gram-negative and gram- 
positive bacteria.

Because of its unique properties, chitosan nanoparticles have a stronger antibac-
terial activity than chitosan. The polycation’s target site is the negatively charged 
surface of the bacterial cell. As a result, the polycationic chitosan nanoparticles with 
higher surface charge density interact with bacteria more than chitosan alone. Due 
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to the larger surface area of the chitosan nanoparticles, which could be tightly 
adsorbed onto the surface of the bacteria cells to disrupt the membrane, which 
would lead to the leakage of intracellular components, thus killing the bacteria cells, 
chitosan nanoparticles have a higher affinity with bacteria cells for a quantum-size 
effect [50, 51].

Chitosan nanoparticles have been used as medication delivery vehicles due to 
their numerous advantages. To begin with, because chitosan is biocompatible and 
biodegradable, it is a safe material. Second, because water-soluble polymers are 
ideal for drug delivery carriers, they can be made with simple and straightforward 
techniques. Chitosan nanoparticles can thus be utilized to manufacture a wide range 
of medicines, including macromolecules and labile chemicals. Third, chitosan is 
available in a wide range of molecular weights and can be chemically altered by 
coupling with ligands, providing for more formulation flexibility. Finally, chitosan 
promotes absorption by extending the time between the substrate and the cell 
membrane.

Furthermore, their nanosize makes medication uptake via the cell membrane 
easier. The ability to boost drug bioavailability was demonstrated when the absorp-
tion enhancing action and nanosized particles were combined. Fifth, chitosan 
nanoparticles have a variety of delivery routes, including non-invasive routes such 
as the oral, nasal, and ocular mucosa, which are preferred. Furthermore, chitosan 
nanoparticles have been shown to be an effective vaccination adjuvant [52].

Ionic gelation was used to make chitosan nanoparticles by Sobhani and col-
leagues. Dropwise addition of tripolyphosphate aqueous solution to chitosan aque-
ous solution (in 1% v/v acetic acid) under stirring at room temperature until faint 
turbidity was achieved. Ciprofloxacin-loaded nanoparticles were also created in the 
same way. The antibacterial activity of ciprofloxacin-loaded nanoparticles formula-
tion was tested against E. coli, a gram-negative strain, and S. aureus, a gram- positive 
strain, and it was discovered that the potency of ciprofloxacin HCl improved by 
50%. Because of the reduced particle size and improved penetration through the cell 
wall, the medication has a higher efficacy in this formulation [33].

Ibrahim and colleagues employed the ionic gelation process to create chitosan 
nanoparticles that were used as polydrug delivery systems for antibiotics such as 
ciprofloxacin HCl, chlortetracycline hydrochloride, and gentamycin sulphate. 
Antimicrobial activity studies demonstrated that these antibiotics showed enhanced 
potency against gram-positive and gram-negative bacteria compared with free med-
icines [53].

Kumar and his colleagues used the ionic gelation process to make ciprofloxacin- 
loaded genipin cross-linked chitosan/heparin nanoparticles (CIPRO-GP-CS/Hep 
NPs). The produced particles have a spherical form, a z-average of 250 nm, and a 
positive surface charge, indicating that they have high antibacterial activity. In simu-
lated gastrointestinal (GI) pH circumstances, genipin cross-linking enhanced the 
stability of the nanoparticles, according to the drug delivery studies. As a result, this 
combination can be effectively used for medication administration [54].

Another approach for antimicrobial nanoparticles is administration by oral route 
to treat GI tract infection. The nanocarriers protect the antibiotics from degradation 
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in GI fluids. Some nanoparticles have the bioadhesive feature to prolong the reten-
tion in GI tract for enhanced oral bioavailability. Oral mesoporous silica nanoparti-
cles (MSN) are ideal candidates to protect the drugs from enzymolysis in GI. Zhao 
et al. prepared antimicrobial peptide defensin-loaded MSNs for targeting the intes-
tine. Defensin is easily degraded in the stomach. In order to achieve the intention of 
intestinal targeting, succinylated casein, which can be degraded by intestinal prote-
ase, was coated onto the surface of MSNs. Casein decoration decreased defensin 
release in acidic environment, whereas a controlled release fashion was found in the 
presence of trypsin. Multidrug-resistant E. coli was administered by oral gavage to 
evoke intestinal infection. The nanoparticles were orally administered every day for 
5 days. The casein-coated nanomedicine significantly lowered bacteria colonization 
compared with free ciprofloxacin as the positive control. The proinflammatory 
mediator TNF-α in intestine was decreased by 1.5- and 2.2-fold after casein-coated 
nanoparticle application, compared to non-coated MSNs and free peptide, respec-
tively [40, 55].

4.5 Inorganic Nanoparticles

Silver Nanoparticles (Ag NPs)
Silver nanoparticles (Ag NPs) have sparked a lot of attention [56]. They have a 
substantially stronger biocidal activity than their bulk counterparts, as well [57]. In 
recent years, the growth of multidrug-resistant bacteria has heightened interest in 
Ag NPs as an alternative to conventional antibiotics. More importantly, silver 
nanoparticles have demonstrated broad spectrum antibacterial action, killing a wide 
range of microorganisms found in everyday life, including antibiotic-resistant 
bacteria.

It has also been established that the bactericidal impact of Ag NPs is size depen-
dent and increases as the dimensions decrease [58]. However, Ag NPs with a small 
size (less than 30 nm) tend to agglomerate, reducing their antibacterial effective-
ness. Ag NPs can be included into appropriate organic or inorganic matrices to 
reduce the aggregation problem. This will maintain Ag NP’s high surface-to-mass 
ratio, which is essential for effective antibacterial action.

Nanocomposites containing Ag NPs and one magnetic component, on the other 
hand, have recently been widely investigated for the ease of separation and recy-
cling purposes [59]. A composite made up of Ag NPs and a magnetic component 
can provide two distinct advantages. First, it could be easily manipulated with a 
magnetic field, and second, Ag NPs could be delivered to a specific target, which is 
an important factor in drug delivery system design. In this situation, Ag NP avail-
ability in specific positions will be raised, but their concentration in the bulk solu-
tion will be reduced.

With its unique and intriguing features, graphene oxide (GO) could be a potential 
support for Ag NPs. Supporting Ag NPs on GO pre-coated with a magnetic 
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substance, on the other hand, will result in a magnetic antibacterial composite, 
which will widen the frontiers of using GO and Ag NPs in water treatment as well 
as in medicine for drug delivery [60, 61].

The antibacterial activity of graphene oxide, cobalt ferrite, and silver nanoparti-
cles (GO@CoFe2O4@Ag) was significantly increased when combined with the 
antibiotic ciprofloxacin, resulting in a substantial synergistic impact in the system. 
The combination of ciprofloxacin with the GO@CoFe2O4@Ag composite led to an 
increase in its antibacterial activity, attributed to the antibiotic’s interaction with 
bacterial genetic material. Whether free in solution or on the composite’s surface, 
ciprofloxacin can interact with cell walls through its functional groups, enhancing 
the composite’s penetration containing Ag NPs into the bacteria. The impregnated 
composite with ciprofloxacin can then interact with the cells’ DNA, stopping super-
coiling, and ultimately causing significant harm to the bacteria, leading to the 
observed synergistic effect [62].

Copper Sulfide (CuS) Nanoparticles
The co-precipitation approach was used to make chitosan-g-poly(acrylamide)/cop-
per sulfide (CPA/CuS) nanocomposite in a microwave reactor. After preparation, 
the product (CPA/CuS) was ground into powder.

For 24  hours, 750  mg of CPA/CS nanocomposite sample in pellet form was 
immersed in ofloxacin solution. The ofloxacin loading efficiency in nanocomposite 
samples was measured spectrophotometrically. The drug release of ofloxacin 
in vitro was investigated utilizing a CPA/CS nanocomposite at various pH levels. In 
an acidic media, the highest drug release was recorded. Initially, there was a higher 
and faster drug release, but this decreased over time.

It has been discovered that the CPA/CS nanocomposite suppresses E. coli bacte-
rium growth by attaching to the outer membrane of the bacteria. At high concentra-
tions, the antimicrobial action was more prominent. The suppression of 
dehydrogenase enzyme, periplasmic enzyme activity, and active transport may also 
contribute to the antibacterial impact of nanocomposite against E. coli bacteria [63].

4.6  Nanofibers

Electrospun nanofibers have a high surface area-to-volume ratio, which is beneficial 
for drug administration since it increases total drug release over time, which 
improves drug efficacy. However, the use of such sustained release technology for 
oral medication administration has been limited due to gastrointestinal transit time, 
which limits the real period for effective drug release.

Gastroretentive/mucoadhesive drug delivery systems are advantageous because 
they extend the gastric residence time of oral dosages and increase the contact time 
between medications and the gastric mucosa, hence improving drug bioavailability 
and absorption in the upper GIT.

Ofloxacin has certain drawbacks, such as a short half-life and rapid breakdown 
in the stomach media, necessitating repeated administration.
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Priya Vashisth and colleagues put ofloxacin into electrospungellan/polyvinyl 
alcohol (PVA) nanofibers. Gellan is a microbial mucoadhesive polymer that can 
extend drug residence time by providing a simple and practical method of achieving 
stomach retention. Due to its hydrophilicity, gellan is a biocompatible thermostable 
polymer with restricted applications. PVA, on the other hand, is a thermostable 
hydrophilic polymer that is unstable in aqueous conditions. In comparison to non- 
crosslinked nanofibers, heat-treated gellan/PVA nanofibers had good mechanical 
strength, swelling properties, and biocompatibility, so heat crosslinking at 150 °C 
for 15 minutes was used to stabilize gellan/PVA and ofloxacin-loaded gellan/PVA 
nanofibers in aqueous media and body fluids.

In contrast to pure drug, the gellan/PVA nanofibers demonstrated an initial burst 
release followed by sustained release of ofloxacin for up to 24 hours. Furthermore, 
the nanofibers displayed improved antibacterial activity in vitro against test patho-
gens, as well as mucoadhesion and gastro-retention capabilities [64].

4.7  Metal Organic Framework (MOFs)

Metal organic frameworks are porous compounds containing metal ions and organic 
ligands that are employed as drug carriers. MOFs are made with organic ligands 
such as 2-methylimidazole (2-melm) and terephthalic acid and metal structures 
such as Zr2+, Zn2+, Fe2+, and Cu2+. These MOFs are effective in drug delivery because 
they have qualities including high porosity, flexible sizes, and high loading capacity. 
Drug release is accomplished via a variety of mechanisms, including temperature, 
pressure, and pH, and is dependent on the structure of MOFs. MOFs are made up of 
paramagnetic metal ions like iron, which allow for easier magnetic imaging and 
targeted magnetic transfer, improving the therapeutic index

MOF was made by reacting FeCl3.6H2O and polyacrylic acid in ethylene glycol 
and then allowing Zn(NO3)2.6H2O and 2-Melm to react with the produced complex 
from the first stage to produce ZIF-8 functionalized Fe3O4@Polyacrylic acid (PAA) 
in the second phase. By dissolving both MOF and ciprofloxacin in deionized water, 
ciprofloxacin was loaded into the framework. MOF containing iron oxide, poly-
acrylic acid, and zeolithicimidazole to carry ciprofloxacin (Fe3O4@PAA@ZIF-8@
Ciprofloxacin) was tested for antimicrobial activity against two reference strains, 
E. coli and S. aureus. The MOF structure degrades over time, and the bacteria’s cell 
wall is killed when ciprofloxacin is released. For E. coli and S bacteria, Fe3O4@
PAA@ZIF-8@Ciprofloxacin provided outstanding results. The findings reveal that 
the framework boosts the drug’s antibacterial efficacy significantly. It can be inferred 
that using Fe3O4@PAA@ZIF-8 as a carrier can increase the antibacterial character-
istics of the medicine in addition to slow release in physiological settings [65].

In another instance, Nasrabadi et al. synthesized UiO-66 (Universitetet i Oslo) 
typical MOF built of [Zr6O4(OH)4] octahedron clusters and 1,4-benzene dicarbox-
ylic acid (BDC) ligands. UiO-66 MOF shows thermal, chemical, and mechanical 
stability. Non-toxicity and ease of forming nanoparticles make it suitable for drug 
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delivery. The UiO-66 framework is pH sensitive, indicating that it is stable under 
physiological pH, but it is degraded under acidic conditions. Based on this feature, 
UiO-66 framework is used as a drug carrier to release the ciprofloxacin from the 
framework by changing the pH.

The ciprofloxacin drug has a particle size of about 500 μm. On the other hand, 
CIP-UiO-66 has a smaller particle size, which is about 80 nm. The role of particle 
size in determining antibacterial activity is very important. Thus, smaller nanopar-
ticles have more antibacterial activity than larger particles because they pass through 
the cell membranes and cell walls easily. As a result, ciprofloxacin -UiO-66 antibac-
terial activity against both bacteria is considered a special surprise, by the gradual 
degradation of the UiO-66 structure, and the release of metal ions (Zr4+) and drug 
(ciprofloxacin), leading to the physical destruction of the bacterial cell wall 
and death.

The ciprofloxacin release of UiO-66 is controlled at pH 7.4, which is consider-
ably slower than acidic pH (pH 5.0). Surprisingly, a significant antibacterial activity 
was observed in the ciprofloxacin UiO-66 synthesized material, based on the inhibi-
tion zone of 24 mm against E. coli and 22 mm related to Staphylococcus aureus. 
Such results are obtained when the ciprofloxacin of an inhibitory behavior is shown 
against E. coli with an inhibition zone of 14 mm [66].

4.8  Nanoshells

Nanoshells are obtained by removing the cores of these particles or by over coating 
the inert core with a thin coat. Core shell nanoparticles consist of concentric parti-
cles, in which particles of one material are coated with a thin layer of another mate-
rial using specialized procedures.

Nanoshells made of oxides such as silica and titania find application in the field 
of drug delivery. The outer surface of these shells can be used for attaching antibod-
ies so that the silica shell-antibody complex can be used for targeted drug delivery 
in biological systems.

Silica-gold core nanoshell in drug delivery system may offer plenty of advan-
tages over conventional dosage forms, which improves efficacy, reduced toxicity, 
enhanced biodistribution, and reduces patient’s compliance. The particles have the 
ability to conjugate the molecules without affecting the core and also can be used to 
encapsulate the drugs [67].

Rosemary and co-workers synthesized silica gold nanoshells containing cipro-
floxacin by combining gold solution with propanolic ciprofloxacin. Antibiotic 
action is determined by two factors: first, the drug’s capacity to traverse the cell 
envelope and, second, its effective binding at the target site, in this case DNA gyrase. 
For fluoroquinolone penetration through the cell envelope in gram-negative organ-
isms, three different routes have been proposed:

 (i) The hydrophilic pathway through porin channels
 (ii) The hydrophobic pathway through the membrane bilayer matrix
 (iii) The uptake pathway that is self-promoted
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The pharmacological features, such as hydrophobicity, size, and structure, would 
influence the first two entrance paths. Self-promoted uptake is based on the dis-
placement of divalent cations from outer membrane lipopolysaccharides. It is likely 
that the medicine will permeate through a different pathway than a free fluoroqui-
nolone because it is contained in a silica shell. In terms of absolute intensities, 
E. coli uptake is higher. The amount of medicines accumulated by an organism is 
influenced by the pH of the outer media as well as the surface charge on the cell 
membrane. Fluoroquinolones with a net charge are shown to not pass through the 
cell membrane. Passive diffusion is more likely to be mediated by uncharged spe-
cies. Because the silica surface is hydrated and has no net charge, silica encapsula-
tion has the potential to increase medication entry rates into the periplasmic region. 
It is inferred that improved accumulation is achievable in E. coli because ciprofloxa-
cin encapsulated silica nanoshells (cip@SiO2) can pass through both hydrophilic 
and hydrophobic channels, as indicated by the partition experiments. In partition 
experiment, the value obtained for cip@SiO2 is 0.913 and for free ciprofloxacin was 
0.505 indicating that cip@SiO2 is distributed almost equally in the hydrophobic and 
hydrophilic phases. Thus, the difference between a free drug and cip@SiO2 is that, 
after encapsulation, the hydrophobicity of the material changes, which affects the 
penetration and results in a decrease of the MIC for E. coli. Due to higher drug 
penetration within bacterial cells, a silica-shell-based drug delivery method can 
improve the antibacterial effect of loaded fluoroquinolone medicines [68].

4.9  Hydrogels

Hydrogels are cross-linked polymeric networks that absorb and hold enormous vol-
umes of water and physiological fluids while being insoluble in aqueous solutions. 
At equilibrium, these hydrogels contain 60–90% fluid and only 10–30% polymer. 
Hydrogels have been used in a variety of biological, medical, pharmacological, and 
environmental applications due to their unique qualities such as the capacity to 
swell in water, high water content, and elastic nature akin to genuine tissue, biocom-
patibility, and lack of toxicity.

Hydrogels are polymers with a high hydrophilicity and water insolubility. In 
water, hydrogels swell to an equilibrium volume while maintaining their shape. The 
presence of water solubilizing groups such as –OH, –COOH, and –CONH accounts 
for the hydrophilicity. The existence of 3D network structures in the hydrogel is 
essential for the shape’s insolubility and stability. Hydrogels are comprised of 
hydrophilic polymer molecules that are joined together by chemical bonds or other 
cohesive factors like ionic connection, hydrogen bonding, or hydrophobic interaction.

Hydrogels are widely employed as drug delivery systems in medicine and phar-
macy, with one of the most prominent uses being controlled release systems and 
medication targeting to specific parts of the body. When the hydrogels make contact 
with the target site, the rate and duration of drug release is determined by their 
swelling behavior [69].
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Chitosan and its derivative hydrogels have been shown to be a viable carrier for 
a variety of medicinal molecules of various sizes and types. However, one of the 
fundamental constraints of employing chitosan in hydrogels is its insolubility at 
pH  >  6.5, which limits its biomedical applications, especially in circumstances 
when drug administration inside the body is required, particularly at physio-
logical pH.

Chemically modified chitosan was employed in drug delivery devices to address 
this issue. In comparison to chitosan, N-trimethyl chitosan (TMC), a partly quater-
nized derivative of chitosan, has strong water solubility across a wide pH range. It 
has a high capacity for transporting hydrophilic macromolecules across mucosal 
epithelia, even at neutral and basic pH values, and has thus been employed in a 
variety of biotechnological and medicinal applications.

Ciprofloxacin-loaded hydrogel was created by Hanna and Saad. Ciprofloxacin 
was successfully integrated and released from the produced gel without causing any 
structural or functional changes. The produced hydrogel’s entrapment efficiency 
was observed to rise as the drug concentration was raised, reaching 93.82.1% with 
250 g/mL of ciprofloxacin, and it was shown that the drug entrapped within the gel 
without substantial interaction, as validated by FTIR spectra and DSC analyses. 
When compared to reference antibiotics, the release of ciprofloxacin from the 
ciprofloxacin- loaded hydrogel was found to be structurally intact as well as effec-
tive in inhibiting gram-positive and gram-negative bacterial strains with a larger 
width of inhibition zone (Gentamicin and Ampicilin) [70].

Another way to improve targeted antimicrobial drug delivery is a bioadhesive 
nanoparticle-hydrogel hybrid (NP-gel) system was created, especially under high 
shear force conditions. Antibiotics were put into polymeric nanoparticles, which 
were then embedded in a tissue-adhesive hydrogel in the design. On biological sur-
faces such as a bacterial film, a mammalian cell monolayer, and mouse skin tissue, 
the hybrid system demonstrated improved adhesion and antibiotic retention under 
high shear stress. The NP-gel efficiently reduced the production of E. coli bacterial 
film in a flow environment in vitro [71].

4.10  Prodrug Method to Deliver Drug

A prodrug is a drug substance that is inactive in its intended pharmacological activi-
ties and must be turned into a pharmacologically active agent through metabolic or 
physicochemical change. Prodrugs can be found in nature, such as various phyto-
chemicals/botanical compounds and endogenous substances, or they can be created 
through synthetic or semisynthetic methods, either purposefully or inadvertently 
during drug development [72].

Because ciprofloxacin has a half-life of 4–5 hours, dosing takes a large amount 
of medication to sustain therapeutic levels. Due to the high clearance value, this 
could result in toxicity, side effects, or low bioavailability. Thus, a biopolymer 
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matrix including chitosan and ciprofloxacin was produced and tested for antibacte-
rial efficacy in order to optimize the pharmacokinetic profile.

The film was created using the solution casting approach, and chitosan/cipro-
floxacin prodrug conjugates were successfully manufactured using isopropyl alco-
hol/water and glacial acetic acid mixture. Chitosan increases the flexibility of the 
films and allows the film wall to widen its surface for swelling to compensate for 
osmotic variations between the interior and exterior of the films.

Ciprofloxacin appears to be released through both diffusion and film erosion. 
The films disintegrated in a pH-dependent manner. Without releasing significant 
amounts of the loaded drug, these biocompatible film devices can bypass the acidity 
of gastric fluid. The antimicrobial activity of ciprofloxacin and chitosan alone is 
effective against gram-positive and gram-negative bacteria, and the complexation of 
ciprofloxacin with chitosan increased the antimicrobial activity [73].

4.11  Liquid Crystals

Liquid crystals are a new type of drug delivery system composed of polar lipids that 
can spontaneously reorganize into three-dimensional structures (liquid crystalline 
phases) when exposed to water. They feature a flexible structure that can be modi-
fied to allow for both ease of administration and long-term drug release, as defined 
by local physicochemical parameters.

Optical and electrical anisotropy, as well as flow characteristics and molecule 
mobility, are all features of liquid crystals. While liquid crystals do not directly 
transition from a liquid to a solid state in practice, they do display molecularly orga-
nized intermediary phases (mesophases) with liquid- and solid-state properties 
under particular conditions. Lyotropic liquid crystals are based on lipids that spon-
taneously self-assemble in an aqueous environment and form mesophases in suit-
able solvents. They have nanostructured hydrophilic and hydrophobic domains 
separated by lipid bilayers, and they form in a polar (aqueous) environment.

Furthermore, the disclosed liquid crystal platform has a slow-release character-
istic, enabling for longer treatments without the need for multiple dosage regimens. 
The platform is also non-invasive and can be used locally, eliminating the require-
ment for oral or intravenous delivery. While the liquid crystal was in the lamellar 
phase, an emulsion was created. Ciprofloxacin encapsulation increased bacterial 
cell death considerably, in addition to reducing toxicity. The lamellar phase liquid 
crystal treatment was five times more effective than free-ciprofloxacin at killing 
E. coli, suggesting the formulation’s considerable potential for improving antibiotic 
efficacy and sustained administration [74] (Tables 4 and 5).
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Table 4 List of drug delivery system and drugs encapsulated for treatment of E. coli infections

Sr. 
No.

Drug delivery 
system Drugs encapsulated

1 Hydrogel Ciprofloxacin [71], Ofloxacin [75], Amoxicillin [76], 
Cotrimoxazole [77]

2 Dendrimers Ciprofloxacin [78], Amoxicillin [79]
3 Sustained Release 

Tablets
Ofloxacin [80], Levofloxacin [81], Amoxicillin [82]

4 Extended-Release Nitrofurantoin [83], Ciprofloxacin [84]
5 Floating and Bio 

adhesive
Ciprofloxacin [41], Ofloxacin [85], Amoxicillin [86], Levofloxacin 
[87]

6 Metal Organic 
Frame work

Ciprofloxacin [65]

7 Nanoparticles Ciprofloxacin [54], Ofloxacin [88], Amoxicillin [89], Levofloxacin 
[90], Cotrimoxazole [91], Azithromycin [92], Nitrofurantoin [93]

8 Nano shells Ciprofloxacin [68], Amoxicillin [94]
9 Prodrug Ciprofloxacin [73], Levofloxacin [95]
10 Thermosensitive Gel Levofloxacin [96]
11 Liposomes Ciprofloxacin [97], Amoxicillin [98]
12 Microspheres Amoxicillin [99]

Table 5 List of observational and interventional clinical trials related to E. coli [100]

Sr. 
No. Title Type of trial

1 Multi-Drug Resistant Organism (MDRO): Study of Highly Resistant 
Escherichia Coli

Observational

2 Clinical and Microbiologic Characteristics of Cephalosporin-Resistant 
E. Coli-PITT Protocol

Observational

3 Evaluation of a Candidate Vaccine Against Uropathogenic Escherichia 
Coli in Women With a Clinical History of Recurrent Urinary Tract 
Infection

Interventional

4 Prospective Epidemiological Study to Estimate the O-serotype 
Distribution of Extraintestinal Pathogenic Escherichia Coli (ExPEC) 
Isolated From Hospitalized Patients Aged 60 Years or Older With Invasive 
ExPEC Disease (IED) and to Evaluate the Clinical Case Definition and 
Risk Factors.

Observational

5 Effects of Nutritional Fat on the Growth of Intestinal E. Coli Interventional
6 Dose Escalating Study of Two Enterotoxigenic Escherichia Coli Prototype 

Adhesin-based Vaccines With or Without Modified Heat-labile Enterotoxin 
by Intradermal or Transcutaneous Immunization

Interventional

7 Randomized Double-Blinded Pilot Study Confirming A Human Challenge 
Model Using LSN03-016011/A Expressing LT And CS17 And 
Investigating The Safety Of VLA1701 (An Investigational Oral Cholera 
And ETEC (Enterotoxigenic E Coli) (Vaccine)

Interventional

8 A Multi-Center Randomized, Double-Blind Study to Assess the Safety, 
Tolerability, Pharmacokinetics and Pharmacodynamics of LBP-EC01 in 
Patients With Lower Urinary Tract Colonization Caused by E. Coli

Interventional

(continued)
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Sr. 
No. Title Type of trial

9 Effect of Gastric Acid and H. Pylori Infection on Infection With 
Enteropathogenic E. Coli

Interventional

10 Hyperhydration to Improve Kidney Outcomes in Children With Shiga 
Toxin-Producing E. Coli Infection: A Multinational Embedded Cluster 
Crossover Randomized Trial

Interventional

11 Role of the NLRP3 Inflammasome in Escherichia Coli and 
Staphylococcus Aureus Bacteria

Observational

12 A Randomized Controlled Trial of Sitafloxacin and Ertapenem Treatment 
for Acute Pyelonephritis Caused by Extended-Spectrum ß-lactamase- 
producing Escherichia Coli

Interventional

13 Randomized, Controlled Multicentric, Open-label Clinical Trial to Prove 
Non-Inferiority of Fosfomycin vs Meropenem or Ceftriaxone in the 
Treatment of Bacteriemic Urinary Infection Due to Multidrug Resistance 
in E.Coli

Interventional

14 Preventing Urinary Tract Infections in Infants and Young Children With 
Probiotic E. Coli Nissle

Interventional

15 Granzyme A in Patients With E. Coli Bacteremic Urinary Tract Infections Observational
16 A Study to Assess the Immunogenicity Consistency of Three Consecutive 

Batches of Commercial-scale of Recombinant Human Papillomavirus 
Bivalent (Types 16, 18) Vaccine (Escherichia Coli) in Healthy Female 
Subjects Aged 9–14 Years After Two-Dose Regimens Immunization 
Procedure

Interventional

Table 5 (continued)

5  Conclusion

Escherichia coli’s propensity to colonize the guts of humans and animals, allowing 
for fecal-oral transfer, as well as its ability to transmit and uptake antibiotic resis-
tance genes via plasmids to and from other bacteria, has made it a crucial target in the 
fight against antimicrobial resistance. Antibiotic resistance has been found to be mul-
tifaceted, yet all factors point to one primary issue: antibiotic overuse in both human 
and veterinary medicine. Existing drug molecules problems could be resolved by 
using novel drug delivery approaches to increase the lifecycle of it. Till date, various 
organic and inorganic nanoparticles have been studied for effective delivery of exist-
ing molecules or completely novel approach for delivering drugs. Additionally, 
emphasis on novel vaccine development can serve the purpose in the future.
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