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Abstract

Background: Streptococcus pneumoniae (S. pneumoniae, also known as Pneumococci)
remains primarily a challenge to children's health worldwide. Pneumococcal diseases like
pneumonia, meningitis, and sepsis are leading causes of child mortality internationally.
High rates of antibiotic resistance aggravate the danger of pneumococcal infections in
pediatric populations globally. Moreover, the shifting of vaccine serovars with non-
vaccine serotype that has highly sophisticated pathogenic activity and antibiotic
resistance worsen the burden of pneumococci. This investigation intended to determine
the carriage rate of pneumococci among Yemeni kids, identify the most common
distributing pneumococcal serotypes in Yemeni children after twelve years of application
of pneumococcal conjugate vaccine, assess the patterns of penicillin alternative
antibiotics by measuring their breakpoint concentrations and along with that create a
warning alarm for the public health service and health care regarding multi drug-resistant
strains of pneumococci to enhance the national surveillance and public awareness

program.

Material & Methods: A sample of 385 nasopharyngeal swabs were gathered from kids
aged 2-17 years in Aden City, Yemen, including 185 pneumonic children from pediatric
clinics and 200 asymptomatic children from health care centers and primary schools.
Swabs were inoculated on Gentamicin Blood Agar, the isolates were confirmed as
S. pneumoniae depending on morphology characteristics, optochin susceptibility, and
solubility of isolates in bile salt. Antimicrobial susceptibility was screened by Kirby-
Bauer technique followed by E-test to determine MIC for resistant isolates as per Clinical
Laboratory Standard Institute guidelines 2021. Serotyping was studied by utilizing
Pneumotest latex agglutination kit. The Real-time PCR directing at the IytA gene
provided molecular detection of S. pneumoniae. The sample size was calculated using

Thompson's equation to provide representative data.

Data analysis was made by Statistical Package for the Social Sciences version 22 and EZ

SPSS Tutorials. The analysis involved determining carriage rates and resistance

Xi
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percentages for age groups and serotypes. Chi-square and odds ratios were applied to
evaluate the associations between pneumococcal carriage, associated risk factors, and
antibiotic resistance. Ethical clearance had been gained from the Research and Ethics
Committee of the University of Aden, Yemen under the Research Regulation REC-98-

2021, and parents provided informed consent prior to enrollment.

Results. The pneumococcal carriage was 44.4% and 57.1% respectively by culture and
RT-PCR. In fact, the RT-PCR detected S. pneumoniae in 220 of 385 nasopharyngeal
swabs, including 170 culture-positive samples. In contrast, culture only identified 171
positive cases. RT-PCR showed greater sensitivity (99.5%) and infinite specificity versus
culture. The positive and negative predictive values of RT-PCR were 100%, and 99.4%
respectively, and giving a high accuracy (99.7%) for pneumococcal detection. There was
a considerable statistical association between carriage rate and having apartment of a
single room (OR = 7.9; p = 0.00001), sharing a bedroom (OR = 15.1; p = 0.00001), and
low monthly incomes (OR = 2.02; p = 0.007).

The total vaccination rate was found to be 76.1%. The pneumonic group had 73.5%
vaccination rate, whereas it was 78.5% in healthy children. The observed coverage rate of
PCV 13 was 76%. The common isolated PCV 13 serotypes were 19, 1, 4, 5, 23, 3, 6, 22,
7,9, 14, and 18 in the two cohorts. While 2, 8, and 15 were the common non-PCV 13

isolates in the two study groups.

The study found a considerably higher antimicrobial resistance rate among children of
Aden city, particularly for Penicillin at the CLSI meningitis breakpoint, the resistance
rate was high in isolates of both the healthy and pneumonic groups, with rates of 95.3%
and 97.6%, respectively. Furthermore, it was demonstrated that among the resistant
strains, 75.6% in healthy children and 87.1% in pneumonic children had resistance rates
greater than two times the meningitis CLSI breakpoint for resistance. In contrast, the non-

meningitis Penicillin resistance was 13.3% in the total cohort.

Xii
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The resistance rate to Cefepime (meningitis breakpoint) was found in 15.8% of isolates
from the total cohort, there was no resistance for the non-meningitis breakpoint.
Ceftriaxone resistance (meningitis breakpoint) was observed in 16.4% of isolates from
the total cohort. However, there was no resistance at the non-meningitis breakpoint
among healthy children and only 1.2% among pneumonic children. Additionally, among
the percentage of resistant strains, 9.3% in healthy children and 1.2% in pneumonic
children had resistance greater than two times the resistance cut-off. In addition, the

amoxicillin/clavulanate gave 100% sensitivity against S. pneumoniae.

In connection with Erythromycin resistance, 44.2% of isolates from healthy children and
51.8% from pneumonic children showed resistance. Among these resistant strains, 40.7%
in healthy children and 36.5% in pneumonic children had resistance rates greater than
two times the CLSI cut-off.

In favor of Azithromycin resistance, 26.7% of strains from healthy children and 35.3%
from pneumonic children exhibited resistance. Among these resistant strains, 2.3% in
healthy children and 3.5% in pneumonic children had resistance greater than two times

the specified threshold.

Doxycycline resistance was observed in 50% of strains from healthy children and 56.5%
from pneumonic children. The current survey confirmed that 22.1% of resistant isolates
in healthy children and 34.1% in pneumonic children had resistance rates greater than
two times CLSI cutoff. There was no difference in terms of antimicrobial resistance
between the two study cohorts. Nevertheless, a notable discrepancy in Penicillin
resistance between the two groups was established when applied the CLSI non-

meningitis breakpoints (x> = 3.9; p = 0.04).

The most common Penicillin resistant serotypes based on the CLSI meningitis cut-off
were 19,1, 2,5, 4, 22, 23, and 3 among strains from healthy children. Additionally, 19, 2,
5, and 23 were the prominent pneumococcal serotypes resistance to Ceftriaxone, while

serotypes 19, 3, and 5 were the most resistant to Cefepime. Multiple resistance to

Xiii
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Penicillin, Ceftriaxone, and Cefepime, as tested according to the CLSI meningitis
breakpoint, was found in serotypes 19, 1, 5, 4, 3, 6, 7, and 8 among isolates from healthy
children. While the common serotypes which isolated from children with pneumonia
displaying high Penicillin resistance according to the CLSI meningitis cut-off were 4, 1,
2,3,5,6, 19, 22, and 23. The serotypes with multiple resistance for the tree  lactam

antibiotics among children with pneumonia were 4,1, 2, 3. 5and 19.

The prevalent pneumococcal serotypes resistant to Erythromycin in the healthy group
were 1, 2, 4, 5, 19, 15, and 23. Similarly, for Azithromycin, the resistant serotypes were
1,19, 5, 2, 4, and 23. Additionally, resistance to Doxycycline was observed in serotypes
1,2,4,5, 15,19, and 23. Notably, serotypes 1, 2, 4, 5, 6, 7, 8, 15, 18, 19, and 23 were the
most prevalent resistant serotypes for Erythromycin, Azithromycin, and Doxycycline in

this group.

In the pneumonic population, resistance to Erythromycin was observed in various
serotypes of S. pneumoniae, including 1, 3, 4, 5, 6, and 19. Similarly, the most resistant
serotypes to Azithromycin were 1, 4, and 19. Resistance to Doxycycline was also
commonly found in serotypes 1, 3, 5, 6, 12, 19, and 23. Notably, serotypes 1, 2, 3, 4, 5, 6,
7,8,9, 10, 14, 15, 19, 22, and 23 were the most commonly observed serotypes exhibiting

resistance to Erythromycin, Azithromycin, and Doxycycline in this cohort.

The most common serotypes with resistance to six antibiotics out of seven were 1, 2, 4, 5,
19, 7, and 22. Multiple drug resistance was observed in 85.7% of cases, with serotypes 1,

2, 4, and 19 being prominent in this phenomenon.

Conclusion. Our investigation established a high pneumococcal carriage rate in kids of
Aden city. During the investigation process, The RT-PCR achieved a high level of
accuracy in detection of S. pneumoniae from the nasopharyngeal swabs. In contrast,
culture identified fewer cases. RT-PCR exhibited high sensitivity and perfect specificity.
Its positive predictive value indicated a positive test reflecting the target condition, while

the negative predictive value correctly ruled out the condition. This efficacy underscoring

Xiv
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its impact on S. pneumoniae detection outcomes. Moreover, the pneumococcal carriage
was notably elevated in children who slept in a single room with family members, lived
in households with only one bedroom, or had a low monthly income. These findings may

reflect the consequences of humanitarian crisis for this community class.

In the current investigation, three-quarters of isolated serotypes among a total cohort
were included in the PCV13. The most dominant pneumococcal serotypes that were
isolated from healthy children and pneumonic cohort were 19, 1, 4, 5, 23, 3, 6, 22, 7, 9,
14, and 18. While the non-PCV-13 pneumococcal serotypes that were commonly isolated
from the study sample were 2, 8, and 15. The coverage rate of the PCV13 was found to

be (76%) consistent with that found in neighboring countries.

Furthermore, our findings revealed a considerably higher antimicrobial resistance rate
among children of Aden city. The serotypes 19, 1, 5, 4, 3, 6, 7, and 8 that isolated from
healthy children had shown resistance to Penicillin, Ceftriaxone, and Cefepime, as
determined by testing against the meningitis breakpoint established by CLSI, while the
serotypes with multiple resistance for the three p-lactam antibiotics among children with
pneumonia were 4,1, 2, 3, 5 and 19. As well the serotypes 1, 2, 4,5, 6, 7, 8, 15, 18, 19,
and 23 were the most multiple resistant strains for Erythromycin, Azithromycin, and
Doxycycline among healthy group and also 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 14, 15, 19, 22 and
23 were the common resistant serotypes for Erythromycin, Azithromycin, and
Doxycycline among the pneumonic children. Similarly, the pneumococcal serotypes 1, 2,
4, and 19 were the most common multiple resistant serotypes for the six out of seven

antimicrobial agents studied in this community.

The evidence of the current investigation serves as a source of motivation and

encouragement to:

1. Review and update the empirically prescribing guideline of antimicrobial agents,

especially for invasive pneumococcal infections.

XV
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Establish stringent protocols for distributing antimicrobial agents to reduce the
heightened prevalence of antibiotic resistance.

Promote research institutions, scholars, and funding agencies to give more
attention to and address the research gap in this field.

Expanded access to preventives and therapeutics facilities can help tackle the
national burden of pneumococci.

. An urgent need for conducting a national surveillance study in Yemen, to evaluate
the impact of vaccine introduction on pharyngeal carriage of pneumococci, along

with the patterns of susceptibility to antimicrobials.
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Introduction

Streptococcus pneumoniae (S. pneumoniae, also called Pneumococci) is a gram-positive
coccus that usually appears as diplococci, and sometime as short chains especially in
enrichment media. This microorganism is linked to a higher morbidity and mortality rates
in humanity compared to any other illness. In individuals with a normally functioning
immune system, approximately 30-70% of healthy people harbor pneumococci in their
upper respiratory tract without experiencing any clinical symptoms. The prevalence rate of
colonization increases dramatically from 9% during the second month of life to 43% by
the second year of childhood. (Syrjanen et al., 2001).

S. pneumoniae is linked with many clinical diseases such as sinus inflammations, ear
infections, bronchial inflammation, bacteremia, and meningitis. These infections are more
commonly observed in kids, the old people, as well as individuals with specific
predisposing factors that increase their susceptibility to pneumococcal diseases (Tille,
2014).

Pneumonia is one of the impactful diseases that linked with death of children worldwide.
In 2019, pneumonia caused mortality of 740,180 children below 5, representing 14% of all
fatalities in this age cohort. Although pneumonia may be attributable to several infectious
agents, but S. pneumoniae is still as one of the predominant etiological agent causing
bacterial pneumonia in children (WHO, 2021). In addition, pneumococci are associated
with bacteremia, particularly in children. it has been reported that this occurs in about
quarter of individuals with pneumococcal pneumonia and in over three quarters of those
with meningitis (Murray et al., 2021). Furthermore, the alarming reports that pointed out
the multiple drug resistance in S. pneumoniae make the situation more worsen in resource-
limited countries (Weiser et al., 2018).

The Pneumococcal Conjugate Vaccine (PCV) play critical role in saving the lives of
offspring by decrease the impact of infections (Tvedskov et al., 2022). The drawback of
PCV is the pneumococcal serotypes replacement for vaccine serotypes with non-vaccine
serotypes. This replacement has been identified as more commonly associated with

Invasive and noninvasive pneumococcal infections in children. As well, these serotypes
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are among the most frequently identified serogroups that are resistant to Penicillin and

Macrolides (Méroc et al., 2023).

Even though the Yemeni authorities initiated the vaccination program early with the
assistance of the World Health Organization, many reports that deal with the health
situation of Yemeni children indicate that conditions have worsened because of the
ongoing conflict. This includes high rates of children malnutrition and low immunization
rates, as well as outbreaks of communicable diseases in Junior age.

UNICEF released a statement in January 2015 highlighting the severity of the situation in
Yemen (at the beginning of the civil war), two-thirds of the population of Yemen, 16
million people, require humanitarian aid, 13.5 million do not get potable water; 12 million
lack adequate clean-up, 8.4 million missed medical care, 400,000 kids demand emotional
and social assistance, as well as 75,000 kids are anticipated to fall victim to diseases that
can be prevented by vaccination. Under such conditions, it is improbable that the prolonged
malnutrition epidemic will diminish. It is estimated that 850,000 children are suffering
from severe malnutrition, while another 2 million are suffering from ongoing malnutrition
(Burki, 2015).

Moreover, in 2017, a significant number of meningitis cases were documented throughout
Yemen, primarily affecting young children (WHO, 2017). Furthermore, we should keep in
mind that Yemen is one of the Middle Eastern countries that has antimicrobial abuse
(Halboup et al., 2020).

Accurate and timely data are becoming increasingly important in informing humanitarian
and development responses amidst the escalation of long-lasting conflicts. There has been
a growing call to enhance data collection and strengthen public health information systems
in recent years. While these initiatives are crucial, improving data collection must be
complemented by more rigorous analysis techniques to foster greater accountability within
organizations and among communities (Garber et al., 2020).

The ongoing conflict in Yemen exacerbates the vulnerability of one of the world's poorest
countries. Therefore, identifying areas that call for assistance and ensuring accountability

for those in need, especially children, is of utmost importance.
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Few studies have analyzed the impact of S. pneumoniae infections among Y emeni children,
and there are no recent data available since the inclusion of PCV in Yemen's vaccination
plan. Therefore, this study investigated the prevalence of the nasopharyngeal carriage of
S. pneumoniae, its antimicrobial susceptibility, the pneumococcal serotypes, and the
relative risk factors linked with the carriage rate in children of Aden City, given the
limitations of available resources. The findings will elucidate the common circulating
resistant serotypes, assisting in understanding the infection among children and informing
updates to the local empirical prescribing guidelines. This thesis is formed in five chapters
including introduction, review of literature, materials, and methods, result and discussion,

and conclusion, future scope, and recommendation.



Chapter one Introduction

Objectives of the study

The current Study has the following objectives:
1. To determine the rate of Nasopharyngeal Carriage of S. pneumoniae in Yemeni
Children.

2. To create a warning alarm for the Public Health Service and Health Care about Multi
Drug-resistant strains of pneumococci to improve the national surveillance and public
awareness program.

3. To Identify the most common circulating pneumococcal serotypes in the Yemeni
children after introduced the Pneumococcal Conjugate Vaccine.

4. To Praise the patterns of Penicillin alternative Antibiotics by measuring their

breakpoint concentration of those antimicrobial agents.



Chapter Two

Review of Literature
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2. Review of Literature

2.1 Historical overview

S. pneumoniae was formerly known as Diplococcus pneumoniae, was discovered by
George M. Sternberg in 1880, and its isolation for the first time was confirmed by Louis
Pasteur in 1881(Kauffmann et al., 1960; Gierke et al., 2021; Murray et al., 2021).
Subsequently, Carl Friedlander delineated the function of capsulated pneumococci in the
etiology of lobar pneumonia among individuals who had succumbed to pulmonary
infections (Nature, 1947). Since its isolation in 1881, pneumococci have been extensively
studied microorganisms. Over the years, research on these bacteria has significantly
supported our acquaintance with molecular genetics, antibiotic resistance, as well as the
development of vaccines for prophylaxis. In the early twentieth century, the German
bacteriologist Fred Neufeld was the first to classify S. pneumoniae into serogroups using
serological techniques (Eichmann & Krause, 2013).

In 1928, Griffith discovered that when mice were implanted with dead capsulated
S. pneumoniae beside non-capsulated pneumococcal species, the naked strain could be
transformed into the capsulated form similar to that of the dead capsulated strain (Watson
et al., 1993). Subsequently, from 1915 to 1940, over 80 serotypes of pneumococcus were
described (Gierke et al., 2021).

In 1953, James Watson and Francis Crick presented the double-helix configuration of
DNA, resulting in their joint receipt of the Nobel Prize in Physiology and Medicine in
1962, alongside Maurice Wilkins. This groundbreaking discovery confirmed Griffith's
observation regarding genetic transformation between strains of closely related organisms
(Kumar et al., 2019).

Although the correlation between pneumococcus and lobar pneumonia had been
established in1883 by Friedlander and Talamon (Gierke et al., 2021), the pneumococcal
disease remains a significant contributor to morbidity and mortality (Murray et al., 2021).
At the Seventh International Microbiology Congress in 1958, the Bacteriological
Nomenclature Committee recommended the inclusion of pneumococci within the

Streptococcal genus (Kauffmann et al., 1960).
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Early vaccine development for pneumococcus began in the gold mines of South Africa,
where immunization with dead diplococci showed remarkable effectiveness. Remarkably,
this occurred before the identification of the antigenic distinctions between different
pneumococci (Musher et al., 2022). In the historical context, the year 1977 proved to be
significant with the approval of the pneumococcal vaccine initially in USA. This initial
vaccine was formulated from 14 serotypes. Subsequently, in 1983, a vaccine containing 23
different types of polysaccharides was officially approved. However, it failed to be
effective in providing protection to children. The children’s suffering continued until the
beginning of second millennium when the first 7-valent Pneumococcal Conjugate vaccine
(PCV) was authorized specifically for children. Building upon this progress, in 2010, the
PCV 13 was introduced ( Gierke et al., 2021).

Unfortunately, the first reports of non-Penicillin susceptible Pneumococcal strains were
documented during 1965 in the USA, followed by Australia in 1967, and Papua New
Guinea in 1977. Since these initial reports, strains of S. pneumoniae from various regions
worldwide have shown an escalating trend of Penicillin resistance (Appelbaum, 1992).
2.2 Streptococcus pneumoniae Characteristics

Pneumococci are gram-positive, oval cocci that are often placed end to end in pairs, giving
the cells a bullet-like form (Ryan et al., 2018). The phenomenon of brief clusters is
observed, particularly when cultivation has taken place in an enriching broth culture.
S. pneumoniae exhibits immobility, and many pneumococci are marked by the presence of
a capsule. When examining Gram-stained specimens under a microscope, it is often
possible to observe the capsule as a transparent area surrounding the paired cocci
(Cheesbrough, 2006).

2.2.1 Serotyping of Streptococcus pneumoniae

Despite the pneumococcal serotyping is typically not required for a clinical response, it
remains a valuable technique for searching pneumococcal epidemiology and generating
valuable data for studies focused on the efficacy and impact of vaccinations (Habib et al.,
2014).
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The conventional approach to serotyping pneumococci involves employing polyclonal
antibodies obtained from sera of rabbits immunized with S. pneumoniae. Pneumococcal
serotypes are classified using two systems. The American system ranks serotypes based on
the chronological sequence in which they were identified, while the Danish system, which
is more widely used, categorizes cross-reactive serovars into serogroups. In the Danish
classification, 46 serotypes/groups are assigned numbers (1 to 48) according to their
structural characteristics and immunogenicity. Notably, the numbers 26 and 30 are
excluded from the system (Leung, 2012).The numbers are used to label the serotypes, and
those that share a structural characteristic are categorized together in one group and given
a letter such as 1, 2, 14, 11A, 12F, 19 F and so on (Kumar, 2016).

2.2.1.1 Quellung Reaction

The pneumococcal quellung reaction was initially outlined by the scientist Fred Neufeld in
1902. It was specifically implemented for S. pneumoniae, involving the investigation of
capsule swelling under the microscope and agglutination, confirmed by visible clumping
with the naked eye (Neufeld, 1902). It became the gold standard approach for
pneumococcal capsular serotyping, in which a pneumococcal cell suspension is tested with
a pool of antisera directed against the capsular polysaccharide antigens (Habib et al., 2014).
This serological test is utilized to gain insights into the epidemiological aspects of
pneumococci, evaluate vaccines, and monitor antimicrobial activity. The test procedure
can be carried out in three distinct stages. Firstly, a loopful of a lightly suspended organism
in saline is prepared on a glass slide. Afterwards, it is combined with a drop of antiserum
and a loopful of methylene blue. The resulting drop is covered with a coverslip then
incubated for 10 minutes at room temperature. Finally, the reaction is observed under a
high-power field to identify the presence of bulging around bacteria, indicating a positive
result (Procop, 2017).

2.2.1.2 Latex Serotyping Test

The quellung response is often performed in specialized reference or research laboratories,
partly due to its time-consuming nature and the need for competence. Nevertheless, in some

situations when performing the quellung test is impractical, the Pneumotest-Latex
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approach has emerged as a viable substitute with high sensitivity for serotyping or
classifying the majority of pneumococcal isolates (Kuch et al., 2014).

A straightforward latex agglutination test for serotyping pneumococci was formulated at
Statens Serum Institute. The Pneumotest-Latex technique includes 14 distinct pooled
pneumococcus antisera, covering pools A—I and P—T, which are fixed on latex particles. In
a randomized study involving 352 pneumococcal strains comprising 90 serotypes, the
Pneumotest-Latex accurately categorized or grouped 95.5% of the 336 isolates.
Furthermore, two out of 30 strains initially considered non-typeable, or rough strains were
successfully identified by using the Pneumotest-Latex. These rough strains were
subsequently verified by conducting the capsule agglutination assay using type-specific
antisera (Slotved et al., 2004).

Antibody-coated latex reagents can be utilized to detect the capsular antigen in colonies of
presumptive pneumococci that thrive on blood agar. Additionally, these reagents can detect
the soluble capsular antigen that is found in the patient's body fluids. The intensity of the
reaction can provide insights into the severity or concentration of the antigen, allowing for
assessment of the condition (Sanz et al., 2010).

The Latex test method for pneumococcal serotyping involves several steps. Firstly, the
pneumococcal isolates are cultured on a sheep blood agar medium and incubated at an
optimal temperature [“35-37°C”], with a 5% concentration of carbon dioxide, for a
duration of 18-24 hours to promote their growth. Following this, a cell suspension of light
to moderate density, equivalent to a 0.5 McFarland standard, is prepared in 0.5 ml of 0.85%
normal saline using a sterile loop. Subsequently, 10 ul of the bacterial suspension and 10
ul of latex reagent are combined on a glass slide or reaction card, and the two suspensions
are thoroughly mixed. The agglutination reaction is then examined within 10 to 30 seconds

utilizing an adequate angle of oblique illumination (Swarthout et al., 2020).
2.2.1.3 Determination of S. pneumoniae Serotypes Using Polymerase Chain Reaction

The development of PCR-based serotyping systems has arisen as a solution to the
challenges posed by the high costs of antisera, subjective interpretation, and the specialized

technical requirements inherent in traditional serologic methods. In the early years of the
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new millennium, primers were designed for a multiplex PCR serotyping technique,
incorporating the genetic sequences of several clinically significant capsular types. This
innovative approach has provided a promising alternative, offering a more cost-effective
and objective means of serotyping while preserving the clinical utility of the traditional
methods (Brito et al., 2003).

Depending on the circulating serovars observed during their ongoing surveillance of
Invasive Pneumococcal Diseases strains, Velusamy and colleagues have developed an
expanded sequential multiplex technique specifically intended for implementation in the
United States. They recommend utilizing this method in any geographical region equipped
with a real-time PCR (RT-PCR) procedure for S. pneumoniae serotyping of culture or
clinical samples. By considering the local serotype landscape, this technique can provide
valuable insights and enhance serotyping efforts at any geographical region of planet
(Velusamy et al., 2020).

2.3 Nasopharyngeal Colonization and Carriage State of Pneumococci

The incidence of asymptomatic nasopharyngeal colonization of pneumococci is
characterized by a dynamic process involving multiple episodes of acquisition,
colonization, and clearance of the bacteria. Individuals may experience periods of
acquiring the pneumococci, carrying it in the nasopharynx without exhibiting symptoms,
and subsequently eliminating it from the respiratory tract. This dynamic nature underscores
the complex interplay between the host and the bacterium, as well as the intricate
mechanisms involved in the colonization and clearance processes (Syrjanen et al., 2001).
S. pneumoniae efficiently adheres to respiratory epithelial surfaces using pilus 1, with
attachment enhanced by the naturally acquired secretory IgA (sIgA) recognizing the pilus
shaft protein, RrgB. The binding of sIgA to the RrgB protein on pilus-1 producing bacteria
causes cohesive association, resulting in bacterial aggregation or clumping. Although
agglutination occurs, the bacteria have not fully adhered to the mucus. Successful
attachment and infection require agglutinated bacteria to be trapped within respiratory
mucus particles. The successful infection caused by S. pneumoniae depends on the

entrapment of agglutinated bacteria within mucus particles (Binsker et al., 2020). This
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process is affected by a multitude of variables, involving age, overcrowding in sleeping
areas, co-sleeping with parents in the same room, and geographical location. These
elements participate in the dynamics of asymptomatic nasopharyngeal colonization by
S. pneumoniae (Ueno et al., 2013). Furthermore, asymptomatic carriages are considered a
potential source of transmission within the community, particularly in settings such as day-
care institutions. The interaction between these factors and the transmission dynamics of
pneumococci highlights the importance of understanding and addressing the risk factors
associated with carriage, as well as implementing appropriate preventive measures to
mitigate the spread of the bacteria in community settings (Abaye et al., 2019; Chang et al.,
2020). While contaminated hands have a relatively minor role, it still contributes to both
direct and indirect transmission of pneumococci through contact with contaminated things.
This underscores the role of practicing handwashing to inhibit the dissemination of
pneumococci. Proper handwashing approach such as employing Sanitary practices [ soap
and water or alcohol-based hand sanitizers”], can help reduce the risk of transmission and
reinforce the overall efforts in infection control and prevention (Smith-Vaughan et al.,
2008). In addition, Pneumococci transmission within and between hosts is influenced by
many factors like viral infections, activating Toll-Like Receptors (TLRs) and affecting
innate immune responses. The interaction of those factors may weaken the respiratory
epithelium, heightening susceptibility to secondary bacterial infections, including
pneumococci. TLR-triggered responses shape immune environments, impacting
pneumococcal growth and spread. During transmission, pneumococci navigating
bottlenecks may interact with the host's immune system via TLR-dependent reactions,
influencing infection initiation. The absence of genetic adaptation during bottleneck
passages suggests potential alternative bacterial strategies. This complex interplay
underscores the multifaceted nature of pneumococcal disease dynamics (Kono et al.,
2016).

Approximately 30-70% of healthy individuals harbor S. pneumoniae in their upper
respiratory tract without exhibiting any clinical symptoms under normal immune system

conditions. The prevalence rate of colonization is higher in childhood compared to
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adulthood, with children display 2 to 6-fold the of rate mature individuals (Mosser et al.,
2014). Furthermore, the acquisition proportion of pneumococci is particularly high in kids
aged five and under ( Syrjanen et al., 2001; Ibrahim et al., 2017).

In countries with poor and low-middle incomes, colonization rates among children are
significantly higher. Before the applied of PCVs, the prevalence of colonization was
estimated to reach as high as 64.8% in low-income nations and approximately 47.8% in

low-middle-income countries (Adegbola et al., 2014).

The adhesion of pneumococcal surface antigen-A or choline binding proteins to
nasopharyngeal cells is influenced by several variables. The key interaction is the bridging
effect of choline-binding proteins on cell wall cholines and carbohydrates that are either
covered or present on the host surface of mucosal cells. This attachment process can
potentially be facilitated by neuraminidase action, viral infection, or cytokine generation
in response to pneumolysin activity. Examples of epithelial binding sites include
glycoconjugates containing the disaccharide GlIcHAc1-4 Gal or the glycolipid assialo-
GM1 (Gupte, 2010; Ryan et al., 2018).

Successful colonization and thriving of S. pneumoniae on mucosal surfaces require access
to various bacterial components. Two notable examples of these components within
pneumococci are peptidoglycan-N-acetylglucosamine deacetylase, as well as
enzymes related to resistance against antimicrobial agents. These enzymes alter
peptidoglycan, conferring resistance against lysozyme's effects, which is plentiful in the

outer layer of the upper part of airway system (Davis ef al., 2008).
2.4 Pneumococcal Virulence factors

The association between pneumococci and its obligatory human carrier is very
complicated. Pneumococci have a remarkable ability to coexist harmoniously as
specialized symbionts, primarily residing on the epithelial lining of the upper part of airway
system in carriers, thereby facilitating their transmission. Conversely, under certain

conditions involving both bacterial and host factors, these pneumococci can induce severe
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illnesses by infiltrating sterile anatomic loci, such as lungs, bloodstream, and meninges

(Weiser et al., 2018).

S. pneumoniae possesses a broad array of pathogenic determinants that facilitate its
attachment, invasion of internal organs, and evasion of the host immune system (Brooks &
Mias, 2018). Although over one hundred serotypes of pneumococci are determined thus
far. Only 23 of them are known to be pathogenic to humans, exhibiting varying degrees of
virulence. Specific Serovars [“3, 4, 6B, 9V, 14, 18C, 19F, and 23F”] of pneumococci are

primarily in charge of the majority of invasive illnesses (Parija, 2012; Ganaie ef al., 2020).

The study of pneumococcal microbial physiology has yielded significant discoveries in
various areas, involve genetic material, the composition and synthesis of Gram-positive
peptidoglycan, quorum sensing, autolysis, transformation mechanisms, as well as the
pioneering sequencing of a Gram-positive genome. These advancements have resulted in
improved immunization strategies as well as an enhanced comprehension of antibacterial
resistance. Importantly, research on S. pneumoniae has elucidated the fundamental
relationship between innate invasion and innate immunity, providing valuable insights into

major pediatric illnesses (Henriques-Normark & Tuomanen, 2013).

The significant role of the pneumococcal capsule in virulence has long been acknowledged.
Yet, beyond the capsule, diverse proteins whether situated in the cytosol, extracellular
space, or on the outer layer of bacteria also contribute to the pathogenicity of pneumococci.
Importantly, it should be noted that host immune responses, along with the biological,
chemical, and physical attributes of capsular polysaccharides, are interlinked within a
serotype-dependent network. These factors, combined with epidemiological trends,

collectively contribute to the emergence of pneumococcal diseases (Wyllie, 2016).
2.4.1 Capsule

The polysaccharide capsule of pneumococcus performs a crucial task for the pathogenicity
of pneumococci, contributing to the severity of pneumococcal infections that result in

millions of deaths annually (Ganaie et al., 2020). The pneumococcal capsule is composed
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of a complex oligosaccharide repeating unit with a high molecular mass. This unit is
chemically linked to the murein layer (Sgrensen et al., 1990).

The capsule is usually found in freshly isolated pneumococci, encasing the bacterial pairs.
It can be observed in Indian ink preparations as a distinct halo or directly stained using
specialized techniques. Alternatively, the capsule can be identified using serotyping-
specific antiserum through the Quellung reaction (Kumar, 2016).

Research has shown that the choice of carbohydrate utilized as a carbon source has an
impact on production of the exopolysaccharide envelope in different pneumococcal
serotypes. Upon the consumption of fructose, there was notable decrease in production of
capsule, with serotype 7F displaying a thinner capsule layer. This phenomenon can be
attributed to the fact that fructose consumption led to the generation of intracellular
fructose-1-phosphate, which was not processed into the essential precursors for making up
capsule polysaccharides (Troxler et al., 2019). Furthermore, A recent investigation has
shown that clinical pneumococcal strains exhibit carbon source-specific gene expression
patterns, indicating that S. pneumoniae may adapt its lifestyle and capsule production in
response to the varying monosaccharides present in different host environments (Werren

etal., 2023).

The heavily encapsulated serotypes of pneumococci exhibited greater resistance to
neutrophil-mediated Killing. The level of encapsulation directly correlates with the
susceptibility of pneumococci to be eliminated by phagocytes (Weinberger et al., 2009).
At the same time, a negative charge of the pneumococcal capsule plays an essential role in
creating electrostatic repulsion that prevents phagocytes from adhering to pneumococci,
thus promoting colonization. Moreover, S. pneumoniae with highly negatively charged
envelope are less probably to stick to mucus of upper respiratory tract, leading to impaired
mucus clearance (Nelson et al., 2007). In an animal model research, Sanders and his team
consistently associated the capsule of pneumococci as the most critical virulence
component in pneumococcal endophthalmitis (Sanders et al., 2011). Additionally, Oliver
and colleagues conducted a study on S. pneumoniae serotype 11D capsular polysaccharide,

revealing that minimal genetic changes in the capsular polysaccharide synthesis locus(cps)
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can enable pneumococci to encode specific enzymes for assembling polysaccharides with
different repeating units (Oliver et al., 2013).

Despite sharing 60-80% orthologous genes between S. pneumoniae and S. mitis, they
exhibit significant differences in their pathogenicity towards the human host. Notably,
antibiotic-resistant genes in pneumococci are believed to have originated from S. mitis.
Additionally, S. mitis is thought to contribute to the pneumococcus ability to evade
vaccines by undergoing changes in its capsule polysaccharide. Interspecies gene exchange,
facilitated by competence-associated killing mechanisms like fratricide, is considered a key
factor, as both species naturally possess the ability to become competent (Salvadori et al.,
2019).

Several studies have demonstrated that streptococcal microbiota, including S. mitis, share
a similar capsular polysaccharide synthesis pathway known as Wzy/Wzx pathway with
pneumococci. This similarity suggests that genetic variations observed in pneumococcal
strains may result from the transfer of cps locus gene fragments from commensal
streptococcus species like S. mitis. These commensal streptococci exhibit a diverse range
of cps loci, and their genetic material can potentially contribute to the emergence of novel
pneumococcal serotypes. This can occur through interspecies recombination, which is
facilitated by the widespread usage of PCV (Skov Sgrensen et al., 2016). The appearance
of novel pneumococcal capsule serotypes raises concerns as it has capability to diminish
the efficacy of vaccines and complicate serotype transitions. One such novel strain,
designated as 10D, has been identified, displaying unique chemical and serological
characteristics. Genetic investigations have revealed that the emergence of the 10D capsule
type in S. pneumoniae can be attributed to the acquisition of a substantial genetic fragment
from an oral streptococcus. This finding underscores the capacity of interspecies genetic
exchanges to enhance the diversity of pneumococcal capsules (Ganaie et al., 2020).

2.4.2 Pneumolysin

Pneumolysin, a cholesterol-dependent cytolysin, is an important virulence factor that
significantly contributes to the pathogenicity of S. pneumoniae in humans (Mitchell &

Dalziel, 2014). It has detrimental effects on the human respiratory system, disrupting the
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ciliated epithelium and impairing mucociliary clearance. Furthermore, pneumolysin
provokes the generation of signaling molecules of immunity as well as induces
inflammation, leading to fluid accumulation in the alveoli. The inflammatory response may
manifest as rust-colored sputum, as coughing from the lungs may result in the expulsion of

blood (Ryan et al., 2018).

Pneumolysin performs a critical duty in every stage of S. pneumoniae pathogenesis and its
impact on the infection outcome is contingent on the specific context. Depending on the
specific circumstances of the infection, pneumolysin can either favor the pathogen or the
host, influencing the delicate balance between the two (Pereira et al., 2022). This factor
exhibits a range of biological roles in pneumococcal infection. Its ability to transition from
a monomer to a large oligomeric complex upon interaction with host cell membranes
contributes to these effects. While it lacks traditional pores, this factor can function as a
mucosal adjuvant. The toxin interacts with membrane cholesterol, actin, and Toll-like
receptors, thereby altering cellular signaling and behavior. Pneumolysin also serves as a
protective antigen that influences the immune system and affects the host's response to
other bacterial products. Modulation of cell signaling or access of pneumolysin pores to
intracellular receptors may contribute to these effects (Mitchell & Dalziel, 2014; Vigele et
al.,2019; Pereira et al., 2022). It serves a vital function in enabling S. pneumoniae to evade
the phagocytic killing process. One of its mechanisms is the suppression of the oxidative
burst, which is an important antimicrobial defense mechanism mediated by phagocytes. By
inhibiting the oxidative burst, pneumolysin helps the bacterium to evade the bactericidal
activity of phagocytes, contributing to its ability to survive and persist in the host (Tille ,

2014).

In a study conducted by Subramanian and colleagues, it was discovered that pneumococci
utilize the interaction between pneumolysin and mannose receptor C type 1 to not only
reduce inflammation but also promote microbial viability at respiratory tract (Subramanian
et al., 2019). In addition, it was found that pneumococcal pneumolysin plays critical
function in inducing the macrophages to make special products [“an inducible nitric oxide

synthase (iNOS) and nitric oxide (NO)”’], even in absence the exogenous gamma interferon
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signaling. This induction of iNOS and NO production by pneumolysin promotes
macrophages to generate inflammatory cytokines such as tumor necrosis factor-alpha,
interleukin-6, as well as the expression of cyclooxygenase-2 (COX-2). COX-2 catalyzes
the formation of prostaglandins, further contributing to the inflammatory response (Braun

et al., 1999).

Ina survey performed by Letsiou and his team, they have shown that pneumolysin activates
neutrophils and platelets, resulting in the release of extracellular vehicles (EVs). This data
underscore the significant role of neutrophil derived EVs in modulating platelet functions
during pneumococcal infections, which is associated with platelet activation (Letsiou et
al., 2021).

2.4.3 Autolysin

Pneumococcal autolysin, also referred to as /yt4, is a protein synthesized by Pneumococci.
It serves as the primary autolysin within the bacterial cell. Autolysins are endogenous lytic
enzymes responsible for breaking down the peptidoglycan components of bacterial cells.
Thire enzymatic activity facilitates the separation of daughter cells after cell division. lyt4
plays an important role in autolysis, as well as in fratricidal and Penicillin induced lysis
processes. These functions highlight the significance of /yt4 in the life cycle and
physiology of pneumococci (Mellroth et al., 2012; Zahlten et al., 2015).

The activity of the pneumococcal autolysin toxin has been initiated in the presence of
specific surface agents and bile. The enzyme is involved in disease-causing ability of
pneumococci due to its ability to release cell wall fragments. The disintegration of cell wall
components mediated by autolysin is pivotal in shaping and advancing of immune
response, underscoring its significance in the overall pathogenicity of pneumococci (Sastry
& Bhat, 2019). One of the released fragments due to the action of autolysin, is the
pneumococcal triosephosphate isomerase (TpiA). TpiA engages in binding with host
plasminogen, utilizing its influence by promoting the conversion of plasminogen into its
active state, plasmin. This mechanism implies that TpiA significantly contributes to the
process of entering host tissues, as it facilitates the activation of plasmin, which in turn

enables the degradation of the extracellular matrix. Ultimately, TpiA's ability to bind to

16



Chapter Two Review of Literature

plasminogen and enhance plasmin activation serves as a pivotal factor in promoting tissue

invasion by facilitating extracellular matrix degradation (Hirayama et al., 2022).

Studies showed that encapsulated pneumococci quickly survive antimicrobial peptide
exposure by shedding their capsule, facilitated by IytA autolysin. Unlike typical autolysis,
IytA promotes survival, distributing circumferentially during capsule shedding. Both
autolysis and shedding rely upon the activity of lytA in lysis of wall component. Capsule
elimination is essential for epithelial cell invasion and reduces surface-linked capsule in
initial phase of alveolar invasion in mice. The presence of IytA in clinical isolates under
antibiotic pressure may be attributed to its involvement in removing the capsule and
defending against antimicrobial peptides. This phenomenon providing insights into

pneumococcal survival and adaptation to antimicrobial defenses (Kietzman et al., 2016).

On the other hand, the IytA protein exhibits high immunogenicity, making it a strong
candidate for immunization against pneumococci. Due to its immunogenic properties, lytA
has the potential to elicit a robust immune response in vaccinated individuals. Targeting
IytA as an antigen in vaccines holds promise for enhancing protective immune responses
against pneumococcal pathogens. This approach can bolster the immune system's ability
to recognize and neutralize pneumococcal infections, contributing to the development of
effective preventive strategies against pneumococcal diseases (Afshar et al., 2020).

2.4.4 1gAl proteases

IgALl proteases, also referred to as metalloproteases, have a molecular weight of 200
Kilodaltons and are encoded by the iga gene. Their primary function is to cleave the hinge
region of IgAL by selectively targeting the bond between Pro-227 and Thr-228 (Wani et
al., 1996). S. pneumoniae produces IgAl protease as a vital component of its pathogenicity,
allowing it to counteract the protective effects of IgA1, the predominant secretory antibody
found in mucous membranes, constituting over 90% of mucosal antibodies. By targeting
and cleaving IgAl, the IgAl protease produced by S. pneumoniae helps the bacterium
escape the immune surveillance as well as establish colonization on the mucosal layer
(Riedel et al., 2019).
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Experimental evidence has demonstrated that the N-terminal site of pneumococci IgA1
protease serves as a principal attachment site for IgAl. However, it has also been
established that the C-terminal of pneumococci IgAl protease is crucial for the splitting of
antibody subclass A 1. In other words, while the N-terminal region facilitates the initial
interaction between S. pneumoniae IgA1P and IgAl, the C-terminal region that carries out
the enzymatic cleavage of the IgA1 molecule (Chi et al., 2017).

2.4.5 Pneumococcal surface adhesion

Pneumococcal surface adhesion refers to the capacity of S. pneumoniae to attach to and
bind with host cells and tissues. This ability allows the bacterium to establish colonization
and initiate infection in many anatomical regions, including the respiratory system.
Pneumococcal surface adhesion is facilitated by specific proteins or adhesins expressed on
the surface of the bacterium, which interact with host cell receptors, extracellular matrix
components, or other molecules to promote adherence. This initial attachment is an
important step in the disease development of S. pneumoniae as well as assist in its ability

to invade and enhance illness in the host (Rajam et al., 2008).

Furthermore, Pneumococcal surface adhesion aids immune evasion by inhibiting the
bactericidal activity of lactoferrin and preventing the deposition of complement proteins
on invading pneumococci. These mechanisms contribute to pneumococcal ability to
establish colonization, evade immune responses, and enhance their survival within the host

(Shaper et al., 2004).

Pneumococcal surface adhesin A (PsaA) is a lipoprotein with a molecular weight of 37
kilodaltons that is often seen on the outer layer of all detected strains of pneumococci. The
role of PsaA in stimulating an immune response in the host has been demonstrated, which
is very promising for the development of a vaccine against pneumococci. PsaA
demonstrates remarkable conservation across various serotypes, highlighting its crucial

role as a conserved virulence factor of pathogenicity of pneumococci (Rajam et al., 2008).

Recent evidence indicates that human Annexin A2, a protein commonly found on airway

epithelial cells, serves as the primary receptor facilitating pneumococcal colonization.
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Annexin A2 interacts with a highly conserved PsaA. This interaction between Annexin A2
and PsaA plays key function in the initial attachment as well as subsequent colonization of
S. pneumoniae within the airway epithelium. By engaging with Annexin A2, PsaA
enhances the adhesion and colonization capabilities of S. preumoniae, promoting its

persistence and pathogenicity in the host respiratory tract (Hu et al., 2021).

Other proteins of interest are the choline-binding proteins (CBPs). The CBPs constitute a
family of polypeptides that are present in pneumococci as well as similar bacteria. They
are also found in certain associated bacteriophages. The presence of CBPs in
bacteriophages associated with these bacteria suggests their importance in the viral life
cycle and their potential involvement in horizontal gene transfer between bacteriophages
and bacteria. These proteins have vital functions in numerous biological processes,
including cell adhesion, colonization, and pathogenicity, highlighting their significance.
The CBPs derive their name from their ability to specifically bind to choline moieties

existing in the teichoic acids of bacterial cell walls (Maestro & Sanz, 2016).

The CBPs have the ability to inhibit the complement system and promote adhesion.
Pneumococcal surface protein C (PspC) is an example of CBPs that bind to essential host
proteins, notably Vitronectin and Factor H. The binding of PspC to Vitronectin,
promotes the attachment of pneumococci to host cells. Additionally, the interplay of PspC
with Factor H helps to inhibit the complement system, which is a critical immune defense
mechanism. These activities of PspC aid in the escaping from immune surveillance and
aid in the successful colonization of pneumococci (Voss et al., 2013). Indeed, there are six
PspC variants, also known as clades or families, designated as PspCl, PspC2, PspC3,
PspC4, PspC5, and PspC6. Each variant has a unique amino acid sequence and structural
characteristics. The variation in PspC contributes to the heterogeneity observed among
different strains of S. pneumoniae, influencing their virulence, colonization capabilities,

and interactions with the host immune system (Du et al., 2021).

CBPs have a distinctive two-unit structure; a functional module (FM) and a choline-

binding module (CBM). The FM carries out specific protein functions like adhesion,
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colonization, or immune evasion, while the CBM anchors the protein to the bacterial cell
wall by non-covalently interacting with choline residues. This dual-module organization
allows CBPs to perform specific functions while remaining attached to the bacterial cell

wall (Maestro & Sanz, 2016).
2.4.6 Pneumococcal Glycosidases

Pneumococcal glycosidases are key virulence factors for S. pneumoniae, aiding in nutrient
acquisition, promoting adherence, and impairing the immune response. These enzymes
modify various glycan moieties in the respiratory tract, including N-linked glycans, O-
linked glycans, and glycosaminoglycans, to obtain essential nutrients. By breaking down
complex carbohydrates into simpler forms, they support bacterial growth and survival.
Additionally, pneumococcal glycosidases enhance pathogenesis by facilitating adherence
to host cells through the modification or cleavage of host glycan structures on epithelial
cell surfaces (Mathew et al., 2023). The adhesive property of the bacterium is essential for
establishing infection and evading clearance mechanisms, enabling it to escape immune
surveillance, extend its persistence within the host, and contribute to its virulence (King,

2010).

It has been demonstrated that glycoconjugates containing the disaccharide unit GIcNAcf1
play a crucial role as the primary receptor for pneumococcal binding to epithelial cells in
the oropharyngeal region during colonization. The presence of these glycoconjugates on
host cell surfaces facilitates pneumococcal attachment and adherence, leading to successful
colonization. The specific interaction between pneumococcal surface components, such as
adhesins or proteins, and GlcNAcB1-containing glycoconjugates on host epithelial cells is
essential for establishing a stable association between the bacterium and host tissue. This
interaction allows pneumococci to evade clearance mechanisms and establish a niche for

colonization within the oropharyngeal region (Andersson et al., 1983).
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2.4.7 Phosphorylcholine

Phosphorylcholine, found on the surface of various respiratory microbes, including
S. pneumoniae, plays a critical role in their colonization and invasion of the respiratory
tract (luchi et al., 2019). The phosphorylcholine interacts with thrombocyte activating
factor (TAF) promoting respiratory tract infiltration and triggering inflammation and
immune responses. The recruitment of immune cells and release of inflammatory
mediators can be regulated by C-reactive protein (CRP) and surfactant. CRP binds to
phosphorylcholine, inhibiting its interaction with TAF and limiting inflammation.
Surfactant directly interacts with phosphorylcholine, reducing microbial infiltration and
inflammation in the respiratory tract. These interactions are crucial in regulating immune
responses as well as inflammation during respiratory microbial infections (Henriques-

Normark & Tuomanen, 2013).

Phosphorylcholine enables pneumococci to adhere to receptors associated with TAF in
various anatomical locations, including endothelial cells, white blood cells, platelets, lung
cells, and meningeal cells. This molecule plays an important role in initiating colonization
following invasive S. pneumoniae infection. By binding to TAF receptors, pneumococci
gain the ability to adhere to and establish themselves in different tissues and cell types
throughout the body. This adhesion is an important stage in the colonization process
following invasive pneumococcal infection (Tille , 2014). Additionally, pneumococcal
choline-binding proteins were shown to function as vitronectin-binding proteins.
Specifically, when these proteins attach to certain carboxy terminus of vitronectin [“the C-
terminal heparin-binding domain of vitronectin”], they can inhibit the complement system.
This interaction is important in pneumococcal pathogenesis, as it assists in evading the
host's immune response by preventing complement cascade activation. The complement
system is an essential component of the innate immune system responsible for eliminating
invading pathogens. However, by inhibiting complement activation, choline-binding
proteins enable pneumococci to evade immune detection and clearance, thereby promoting

their survival and the establishment of infection (Voss et al., 2013).
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2.4.8 Neuraminidases

Neuraminidase, also known as sialidase, is an important enzyme found in pneumococci.
This class of glycoside hydrolase enzymes plays a significant role in pneumococcal
pathogenesis by cleaving the glycosidic linkages of neuraminic acids. S. pneumoniae
isolates have been found to express up to three different neuraminidases which are
designated as NanA, NanB, and NanC (Pettigrew et al., 2006).

The pneumococcal neuraminidase acts on neuraminic acids, which are a type of sugar
molecule commonly found on the surface of host cells and in secreted glycoproteins. By
cleaving these glycosidic bonds, neuraminidase allows pneumococci to modify the host
cell surfaces and manipulate host-pathogen interactions (Gut et al., 2008).

The participation of neuraminidase in the infectiousness of S. pneumoniae has been
demonstrated through animal infection models. The studies have provided evidence that
neuraminidase plays a critical role in the colonization of host tissues by pneumococci
(Parker et al., 2009). The most important function of pneumococcal neuraminidase is its
involvement in the colonization and invasion of host tissues. By removing neuraminic acids
from the surface of host cells, the enzyme facilitates the adhesion and penetration of
pneumococci into the respiratory tract and other anatomical sites. Moreover, pneumococcal
neuraminidase plays a role in immune evasion. By removing neuraminic acids from the
surface of host glycoproteins, the enzyme can interfere with the recognition and response
of the host immune system, making it more challenging for the immune system to detect
and eliminate the bacteria (Syed et al., 2019).

2.4.9 Lipoteichoic Acid and Teichoic Acid

Lipoteichoic acid (LTA) is an adhesion molecule characterized by dual-affinity properties,
with some parts attracted to water and others repelling water. It is present in the cell wall
of Gram-positive bacteria. It functions as a regulator for autolytic wall enzymes,
particularly muramidases. Upon bacterial lysis caused by lysozyme, leukocytic cationic
peptides, or beta-lactam antibiotics, LTA is one of the primarily released from bacterial

cells. It can interact with target cells through non-specific binding, attaching to membrane
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phospholipids, or through selective adhering, attaching to CD14 and Toll-like receptors
(Ginsburg, 2002).

LTA is pivotal in the pathogenesis of systemic pneumococcal infections. Studies show that
pneumococcal mutants lacking the enzyme lipoteichoic acid ligase (TacL) exhibit reduced
pathogenicity among pneumonic and invasive animal trials. This decrease in virulence is
attributed to the absence of lipoteichoic acid, which is affected by the absence of TacL
(HeR et al., 2017).

Invivo, LTA induces a profound and robust inflammatory response in the lungs, activating
the coagulation pathway. This inflammatory cascade is mediated through a TLR2-
dependent route, indicating the involvement of Toll-like receptor 2 in recognizing and
responding to Pneumococcal LTA. Additionally, the presence of endogenous ligands for
TLRA4 likely potentiates the inflammatory effects of LTA, contributing to the amplification
of the immune response (Dessing et al., 2008).

2.4.10 Hydrogen peroxide

Hydrogen Peroxide (H203) is a potent peroxide compound and oxidizing agent known for
its antiviral and antibacterial properties. It has been documented that pneumococci
generates significant amounts of H.O> as a byproduct of its metabolism under aerobic
conditions, which contributes to its virulence (Rai et al., 2015). The presence of the
pyruvate oxidase enzyme encoded by the SpxB gene enables the production of H20;,
leading to oxidative stress within cells. This oxidative stress can result in potential DNA
damage and subsequent cell death, particularly in lung cells (Yesilkaya et al., 2013). As
well, pneumococci utilize this strategy to impede the growth of potential competitors
(Pericone et al., 2000). Furthermore, studies have shown that the SpxB gene does more
than just generate H>Op; it also significantly improves the cell's ability to withstand its own
production, enhancing the bacterium's survival strategy (Pericone et al., 2003). Similarly,
H202 produce by pneumococci stimulate a naive immune reaction by promoting the
elaboration of cytokines inducing inflammation, while also it effects the stress adaptations
of cells (Loose et al., 2015).
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2.4.11 Pili

Pili are hair-like protrusions that many bacteria have on their surfaces. Among the various
kinds of fimbriae presented on the surface of pneumococci, Pilus-1 and Pilus-2 are the two
most common. Pilus-1 is present in approximately 30% of pneumococcal strains, while
Pilus-2 is encountered in only about 16% of symptomatic infections (Bagnoli et al., 2008;
De Angelis et al., 2011; lovino et al., 2020).

The studies have provided evidence regarding the role of pili in colonization where it was
demonstrated that they facilitate initial microbial adherence and subsequently increase the
capacity to induce invasive illness and antibiotic resistance (Dzaraly et al., 2020). The
pneumococcal rirA islet, existing in a bit of clinical isolates, is responsible for encoding
these adhesive pili appendages. During pneumococcal infection, piliated pneumococci
have been demonstrated to elicit stronger tumor necrosis factor responses than non-piliated
(Barocchi et al., 2006). Additionally, pili assist the bacteria in evading phagocytosis by
the host's immune cells (van der Poll & Opal, 2009).

A recent study in Japan found that serotype 35B contained 80.2% pilus genes. Among
serotype 35B isolates, 77.9% belonged to clonal complexes 558, which exhibited a high
positivity rate (98.5%) for rrgC and gPRSP genes. Furthermore, 19.8% of CC2755 isolates
were rrgC-negative and resistant to gPISP. The combination of CC558, possessing pili as
adhesins and Penicillin resistance, may have contributed to the increased prevalence of
serotype 35B post-vaccination era in many reigns (Miyazaki et al., 2020).

2.4.12 DNase

The pneumococcal DNase, also known as pneumococcal endonuclease, is an enzymatic
protein synthesized by microorganisms. This specific endonuclease exhibits specificity
towards DNA molecules. Beiter and colleagues demonstrated how pneumococci can break
down the neutrophil extracellular traps DNA scaffold and escape with the help of an
endonuclease. The spread of pneumococci during pneumonia, from the upper airway to the
lung and from the lungs into the bloodstream, is promoted by escaping the neutrophil
extracellular traps DNA scaffold (Beiter et al., 2006).

24



Chapter Two Review of Literature

Jhelum and colleagues discovered a novel DNase named TatD, exhibiting conserved
DNase activity in the pneumococcal secretum. TatD, belonging to the TatD_DNase family
associated with the extracellular vesicle compartment, is sensitive to proteinase K and heat.
Their study demonstrated that TatD's DNase activity contributes to S. pneumoniae evasion
from human neutrophil extracellular traps. Deleting TatD in a murine sepsis model resulted
in reduced bacterial burden, lung tissue pathology, and increased survival compared to
wild-type S. pneumoniae, highlighting TatD's role as a virulence factor. TatD holds
potential as a drug target against pneumococcal infections, but a more thorough
understanding of its precise role in human infection is needed (Jhelum et al., 2018).
2.4.13 Trigger Factor protein

The Trigger factor protein (TF) serves as a molecular chaperone in bacterial organisms,
facilitating proper protein folding and assembly. Cohen and his team demonstrated that
pneumococci lacking the amino acid sequence of TF exhibited significantly reduced
virulence in a mouse model. Additionally, they found that the recombinant Trigger Factor
protein (rTF) provided immunological protection. Both rTF and anti-rTF antisera were
observed to inhibit pneumococcal adhesion to human lung epithelial cells. Based on that
conclusion, they proposed considering rTF for inclusion in future pneumococcal vaccine
formulations. Notably, this protein lacks human homology, stimulates a potent immune
response, and is present among various pneumococcal strains (Cohen et al., 2019).

2.4.14 Biofilms

Biofilms are colonies of microorganisms that adhere to surfaces and consist of aggregated
cells embedded in a polysaccharide extracellular matrix. This structure is produced when
bacteria live under extreme conditions and helps them survive (Donlan, 2002; Chao et al.,
2015). The close proximity of bacterial cells within biofilms increases the likelihood of
gene exchange, contributing to their survival and adaptability under various conditions (De
la Fuente-Nufiez et al., 2013).

Many studies demonstrated that antimicrobial therapies are ineffective at eradicating

S. pneumoniae biofilms as a result of increasing antimicrobial resistance (Wu et al., 2015).

25



Chapter Two Review of Literature

Moreover, S. pneumoniae biofilms are capable of evading host immune responses such as
mucociliary clearance (Fliegauf et al., 2013).

When the host experiences an attack, such as a viral infection, it can lead to changes within
the colonizing environment of S. pneumoniae. These changes can trigger a response known
as biofilm dispersion. In the context of S. pneumoniae, biofilm dispersion refers to a
process where some bacteria within the biofilm undergo physiological changes that enable
them to detach from the biofilm structure. Once detached, these bacteria can disseminate
to other sites within the respiratory tract or even reach distant locations, such as the middle
ear or bloodstream, leading to subsequent infections in that areas (Chao et al., 2019).

2.5 Clinical manifestations

The respiratory system is one of the anatomical sites associated with the accessibility of
many microbes to the human body. Acute respiratory illnesses are primarily linked to
viruses as well as bacteria. It is very tough to predict the causative agent of pneumonia due
to the overlapping clinical presentations and controversies about the reliability of
laboratory tests and radiographic findings (Schrag et al., 2001). Pneumococci are
considered the main bacterial agents associated with these clinical manifestations, and this
microbe deserves special consideration due to its increasing antimicrobial resistance
(Ortqvist et al., 2005, Cowan & Smith, 2018).

Pneumococci have indeed developed intricate mechanisms to engage with their host and
induce illness. Their capacity to effectively inhabit the human nasopharynx depends on the
interplay between surface-exposed adhesins and pili of the bacteria with specific receptors
or proteins on host cells. This engagement facilitates the attachment of S. pneumoniae to
mucosal epithelial cells. Moreover, binding to human host cells can initiate the activation
of further virulence factors linked to infiltration, adaptability, and evasion of the host's
immune surveillance by pneumococci (Hilleringmann et al., 2015).

Pneumococcal infections can affect individuals of all ages, but they are most common in
toddlers and infants aged two and below and elder people over 60 (Ryan et al., 2018).
The existence of S. pneumoniae in the upper airway, where the microbe may be eliminated

by immunity or spread to other host, is the first and most important stage in the
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development of pneumococcal illness. Sometimes, it causes localized mucosal
pneumococcal infections, such as middle ear infection or lung infection. Alternatively, it
may enter the mucosa, leading to serious conditions known as invasive pneumococcal
illnesses (Navne, 2014).

Invasive pneumococcal disease (IPD) is defined as the detection of S. pneumoniae in
specimens from internal anatomic sites, including interstitial fluids. It typically occurs due
to penetration of epithelial layer of the upper airway by the pneumococci (Dockrell et al.,
2012).

The ability of pneumococci to evade phagocytosis enables them to thrive, proliferate, and
disseminate into several systems. The capsular resistance to phagocytosis is enhanced with
Pneumolysin, which inhibits the oxidative burst of phagocytic cells, a process essential for
intracellular bacterial elimination (Parija, 2012).

In developing countries, the mortality rates for IPD may reach up to 20% for sepsis and
50% for meningitis (WHO, 2018). There are significant differences observed between
pneumococcal serotypes isolated from adults and those found in children. The most
commonly isolated strains associated with pediatric infections are serotypes 6, 14, 19, and
23 (Riedel et al., 2019).

There are several conditions that can reduce the cough reflex, increase secretion aspiration,
lower resistance, and predispose individuals to pneumococcal infection. These conditions
may include respiratory tract abnormalities such as viral infections, mucus pooling,
bronchial obstruction, respiratory tract injury caused by irritants, and abnormal circulatory
conditions (Warren, 2016).

2.5.1 Otitis Media

Otitis media is defined by the accumulation of serous fluid in the middle ear, if this
infection accompanies by the absence of indications of acute inflammation, then it should
be considered a noncontagious disease; if it occurs with signs and symptoms of acute
inflammation, it should be referred to as acute Otitis media (AOM). In case of the infection

remains ongoing for a duration exceeding three months, the label should be changed to
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chronic Otitis media. The recurrent infection of Otitis media may occur three or more times
in a period of half-year span, or four or more episodes annually (Domachowske, 2019).
AOM involves an infection of the space behind the eardrum. It is usually affecting children
and characterized by symptoms like ear pain, fever, and sometimes difficulty hearing. It
was demonstrated that about 80% of children had at least one time of AOM by their third
year, and 40% had at least seven episodes by the age of seven (Pommerville, 2018).
Approximately 50% to 90% of AOM cases are bacterial in origin, with the remainder
caused by viruses. Among bacterial Otitis Media cases, 30-40% are attributed to
pneumococci, primarily serotypes 6, 14, 19F, and 23F. Non-typeable
Haemophilus influenzae and Moraxella catarrhalis are the second and third most common
bacterial agents associated with middle ear infections (Van Dyke et al.,, 2017;
Domachowske, 2019).

2.5.2 Sinusitis

Bacterial sinusitis is an inflammation of one or more of the four pairs of sinuses, which are
air-filled spaces around the nose and nasal passages (Pommerville, 2018). This condition
can be caused by allergic problems and, less commonly, by infectious agents. The primary
symptom of sinusitis is the production of excess fluid, which provides an environment for
microbial growth. Pneumococci are among the important pathogens associated with sinus
infections following viral infections or allergic episodes. During a bacterial infection, the
mucoid fluid can change to a green or yellow color. Patients typically experience nasal
congestion and pain around the nose and forehead. Some individuals may also have
headaches, toothaches, or facial swelling (Cowan & Smith, 2018).

It is a common condition among children, often affecting the maxillary and frontal sinuses.
While medical intervention is preferred in most cases, surgery may be necessary in a small
number of cases, notably in kids with asthma (Alshehri et al., 2021).

2.5.3 Pneumonia

Pneumonia is a pathological condition featured by inflamed pulmonary tissue, which is

linked to significant morbidity as well as mortality on a global scale. The etiology of this
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condition can be attributed to various microorganisms such as bacteria, viruses, fungi, or
other pathogens (Kim et al., 2017).

S. pneumoniae is a fundamental cause of pneumonia among toddlers, especially those
under 5 years old. The main serotypes responsible for the majority of pediatric pneumonia
cases are 6, 14, 18, 19, and 23. In contrast, among adults, there are other serotypes [“1, 3,
4,7, 8, and 12”] associated with pneumonia, resulting in a fatality rate exceeding 5-10%
(Parija, 2012). More children die from pneumonia than from any other illness, including
AIDS, malaria, and measles combined. Each year, a significant number of children die
from pneumonia, contributing to nearly 1 in 5 deaths among youngsters below five years
old on a global scale. Surprisingly, the impact of pneumonia on children's lives is rarely
highlighted in headlines (UNICEF & WHO, 2006). Pneumococci are one of main agents
of pneumonia of community origin, which is a major contributor to mortality in younger
kids (Amann et al., 2014).

Since its discovery in 1881, pneumococcus has remained a significant human pathogen. In
the past, S. pneumoniae played a major role in deaths, particularly during the Spanish
influenza pandemic of 1918-1919, where it caused secondary bacterial infections and was
associated with the deaths of many infected cases (Morens et al., 2008). In the late 19th
and early 20th centuries, pneumonia was the primary infectious culprit of death. It was
ranked as the third leading factor of mortality overall (Chow, 2021). During a brief period
in the 1930s and early 1940s, public health advocates brought pneumonia to the forefront
of public health concerns (Podolsky, 2005). In 2019, lower respiratory infections were the
most problematic infectious syndrome, contributing to over 1.5 million deaths of children,
with S. pneumoniae being the third pathogen associated with that mortality rate due to
antibacterial resistance (Murray et al., 2022).

In cases when a child exhibits persistent or recurring fever over 38.58 degrees Celsius,
chest recession, and an increased respiratory rate, it is advisable to investigate the
possibility of bacterial pneumonia (Harris et al., 2011). In addition to fever and an

increased respiratory rate, patients with pneumococcal pneumonia may experience chills,
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shivering, chest pain, cyanosis due to inadequate oxygen intake, a cough producing rusty-

colored (bloody) sputum, and irregular breathing (Talaro & Chess, 2018).

The initial stage of pneumococcal pneumonia involves the aspiration of respiratory
secretions containing S. pneumoniae (Ryan et al., 2018). While pneumococcal infection is
primarily transmitted endogenously through one's own microbiota, it can also occur
through direct contact with carriers through respiratory secretions or droplets (Talaro &

Chess, 2018).

Babies are at more threat to develop pneumonia during or shortly after birth when they
come into contact with microbes in the birth canal of infected mothers or contaminated
materials while being delivered (UNICEF & WHO, 2006). Furthermore, the children may
face a higher risk of pneumonia and its severe consequences due to associated risk
variables, such as living in overcrowded environments, exposure to nicotine, or

contaminated indoor air (Ueno et al., 2013; Wada et al., 2019).

The pneumococcal virulence factors operate in two phases after organisms reach the
alveolus. In the first phase, the capsule and certain surface proteins of intact organisms
inhibit phagocytosis, allowing the organisms to replicate and spread. The second phase
occurs when the organisms start to disintegrate, releasing various substances either
generated by the pneumococcus or part of its structure, causing harm. These substances

include pneumolysin, autolysin, and cell wall components (Ryan et al., 2018).

The initial crucial step in reducing child mortality under the age of five involves
recognizing the signs of pneumonia. It is essential for healthcare professionals to identify
these signs promptly, ensuring that sick children receive timely and appropriate care.
Alarmingly, it has been observed that only one out of every five caregivers in developing

countries is familiar with the primary indicators of pneumonia (UNICEF &WHO, 2006).

Bergeron and colleagues have comprehensively fractionated pneumococcal pneumonia
into five stages based on animal experimental study from infection through model

mortality. The first phase (0—4 hours) is when pneumococci establish themselves in
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alveolar loci and alveolar macrophages fail to clear infection due to the antiphagocytic
process of capsule and Pneumolysin. The ineffective phagocytosis releases cytotoxins,
such as TNF, IL-6, and NO, which are more prevalent in bronchoalveolar. Second Phase
(4 to 24 hours), in which pneumococci multiply in alveoli with polymorphonuclear
neutrophil chemotaxis from blood circulation to lung tissue, TNF, IL-6, IL-1, and LTB4
are markedly increased in alveolar tissue and bronchoalveolar lavage (BAL), along with
transient elevation of serum IL-1. Pneumolysin complement-activating properties attract
neutrophils to alveoli. Pneumolysin cytolytic actions support alveolar damage and fluid
buildup in the third phase (24—-48 hours). In this period, type 1l pneumocytes multiply and
attempt to heal damage by increasing surfactant production. Bacteremia occurs when
bacteria from the alveoli enter the circulation. The patient may lose weight. In the fourth
phase (48-72 hours), many Monocytes mobilize from blood to alveoli and high
Macrophages and Neutrophiles activities liberate NO in lung tissue and alveoli.
Leucopenia and thrombocytopenia caused by TNF and IL-6 rise are the primary
complications of bacteremia. Fifth Phase (72 to 96 hours) in which bacteria multiply and
emit more NO, causing severe and lipid peroxidation in BAL fluid and massive tissue

damage with a high death rate (Bergeron et al., 1998).

2.5.4 Bacteremia

Despite advancements in antibiotic and vaccine technology, patients with pneumococcal
bacteremia still face a significant risk of mortality (Balakrishnan et al., 2000). This illness
predominantly affects children rather than adults, impacting over 66% of meningitis
patients and 25% of individuals with pneumococcal lung diseases. However, it rarely
occurs in individuals with sinusitis or otitis media (Parija, 2012).

S. pneumoniae remains a significant global cause of bacteremia. It affects approximately
quarter of individuals with pneumococcal lung infection and over 80% of cases with
meningeal inflammation (Murray et al., 2021).

It was demonstrated that certain serotypes [“6, 14, 19, and 23] are the prominent

pneumococcal serovars associated with pediatric bacteremia (Riedel et al., 2019).
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In all cases of IPD, immediate hospitalization is essential, and treatment with intravenous
(or intramuscular) antibiotics, effective against the bacteria involved, should commence
promptly. Supportive care, including the administration of fluids, oxygen, and potentially
mechanical ventilation, may be necessary (WHO, 2018).

2.5.5 Meningitis

Meningitis commonly occurs as a complication of another pneumococcal illness, such as
pneumonia, bacteremia, ear, sinus infections or after traumatic injury of the head. it seems
that the Pneumolysin may empower the passage of pneumococci into the brain by a
disability of the Brain endothelial barrier. This factor has ability to induce cerebral
endothelial cells of brain barrier defect that associate with dysfunction in the activation of
a protein synthesis-dependent pathway, tyrosine phosphorylation, and caspase (Zysk et al.,
2001; Parija, 2012, Murray et al.,, 2021). Additionally, the organism contains
phosphorylcholine within its cell wall. This component binds to the receptors of platelet-
activating factor found on many cells of endothelial types, white blood cell, thrombocytes,
and cellular structure of lungs as well as meninges. This interaction enables the organism
to enter and disseminate within the body (Tille, 2014).

S. pneumoniae is among the bacterial agents that can cause meningitis and is linked to a
significant risk of fatal outcomes. Survivors of pneumococcal meningitis may experience
long-term residual symptoms, including hearing impairment, learning disorders,
intellectual disability, motor sensory deficits, and even seizures, as a result of neurological
sequelae (Grimwood et al., 1995; Amann et al., 2014).

2.5.6 Other pneumococcal infections

Pneumococci can also cause pyogenic infections in other anatomic sites of the body, such
as empyema, pericarditis, conjunctivitis, suppurative arthritis, and peritonitis as outcomes
of pneumonia (Kumar, 2016).

2.6 Immunity

S. pneumoniae hold a multiple virulence elements which facilitate their adhesion and
invasion the targeted tissue, alongside evasion of the host's immune system (Brooks &

Mias, 2018). The quality and efficiency of the immune system are closely associated with
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age, which plays a significant role in determining an individual's ability to eliminate
microbes before they can potentially cause an infection (Bandaranayake & Shaw, 2016;
Pinti et al., 2016).

Pneumococcal disease is rare in newborns as well as babies in their early months of life.
However, it begins to rise rapidly before gradually decreasing after the age of 2 years. This
pattern may be attributed to the protection provided by maternal 1gG antibodies, which are
transported from the mother to her fetus through the placenta or via breastfeeding.
Although, these antibodies have a relatively short half-life and typically fade away from
the infant's body fluids within 23 to 27 days, they still provide the production for kids under
2 years old (Infante et al., 2015).

Respiratory epithelial cells possess the remarkable ability to synthesize a wide range of
biophysical scaffolds, host-defense molecules, and barriers. They also play a crucial role
by employing cytokines, chemokines, and damage-associated molecular patterns for
communication among themselves and with professional immune system cells. This
intricate coordination allows the lungs to maintain a near-sterile environment throughout
an individual's lifetime (Whitsett & Alenghat, 2015). Likewise the epithelial cells have the
capability of directly destroying S. pneumoniae by releasing host defense peptides such as
apolactoferrin, lysozyme, and defensins into the surrounding environment (Andreé et al.,
2015; Whitsett & Alenghat, 2015).

Furthermore, mucociliary airway clearance is another innate protective mechanism that
plays an essential role in safeguarding the lungs against the damaging effects of inhaled
infections. However, to evade this mechanical clearance, certain airway pathogens,
including S. pneumoniae, employ strategies to disrupt mucociliary clearance. They
accomplish this by impairing ciliary beating, thereby slowing down the movement of
mucus, and by causing lytic destruction of epithelial cells. Pneumolysin and other pore-
forming toxins produced by pneumococci are thought to play a role in these processes,

contributing to the evasion of mucociliary clearance (Fliegauf et al., 2013).
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Although the strategy of passive maternal anti-capsular antibodies may be protective
against carriage acquisition at higher concentrations induced by vaccination, it was not
detected at naturally occurring concentrations in infanthood (Ojal et al., 2018).

The capsular antigens of S. pneumoniae are T-cell-independent type 2 (T1-2) immunogens,
binds instantly to B lymphocytes via its repeating sugar epitopes under effects co-
stimulation by CD21. They promote production of specific 1gG antibodies, the co-
stimulation of CD21, which is expressed at low levels in infants, is necessary for the
immune response to TI-2. This explain the poor response of unconjugated vaccine in
childhood (Rijkers et al., 1998). The human who has predisposing factors can get
pneumococcal infections many times during his life because the type-specific immunity
against pneumococci is linked to antibodies produced under effect of exposure to the
capsular polysaccharide (Kumar, 2016). These antibodies, which develop in body within
5 to 8 days later on of invasion, offering specific protection for only serotype that stimulate
their production (Parija, 2012).

The impressive capacity of pneumococci to escape or exploit the process of inflammation
as well as defense mechanisms of the host is vital for its transmission, colonization, and
invasion. This ability allows the bacterium to adapt and thrive within its host environment
(Weiser et al., 2018). As a result of being exposed to an active upper respiratory tract
carrier, the generation of naturally acquired IgG antibodies against PsaA rises with aging.
It is unclear what function PsaA-specific naturally acquired immunity plays in protecting
against pneumococcal illness (Francis et al., 2016).

Animal model study found that Plasma gelsolin (pGSN) promotes macrophage function by
triggering the endothelial nitric oxide synthase synthetic system, and phagocytoses by
removing actin from macrophage scavenger receptors, this provides protection for the lung
host against pneumonia (Yang et al., 2015). Furthermore, the gene encoding gelsolin
produces a differential splicing that codes for a protein known as pGSN. This isoform
contains an additional 25 amino acids and is released into extracellular fluids. Being one
of the most prevalent plasma proteins in mammals, pGSN circulates at concentrations

ranging from 200 to 300 pg/mL. Notably, even in the presence of antibiotic resistance,
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administration of recombinant human plasma gelsolin has shown improved outcomes in a
highly lethal model of pneumococcal pneumonia. Remarkably, these positive effects were
observed when the treatment was initiated after a clinically relevant delay, suggesting the
potential therapeutic value of pGSN in combating severe pneumococcal infections (Yang
etal., 2019).

The research survey has demonstrated that the deficiency of dietary zinc significantly
impacts the abundance and mobilization of zinc within host tissues during infection caused
by many primary respiratory pathogens such as S. pneumoniae (Eijkelkamp et al., 2019).
Phagocytes, including neutrophils as well as macrophages, contribute a central duty in
recognizing and engulfing the pathogen as an integral component of the host's immune
protection. Activation of these phagocytic cells triggers a complex system wherein zinc is
mobilized. This mobilization process involves the activation of specific zinc transporters,
such as ZIP8 and ZIP14, over the outer layer of the phagocytes. These upregulated
transporters promote the uptake of extracellular zinc, thereby increasing the intracellular
zinc concentration (Hall et al., 2021). Zinc ions exhibit direct antimicrobial properties by
disrupting essential microbial processes, including enzymatic reactions and DNA
synthesis, thereby inhibiting the growth and survival of the pathogen. Additionally, zinc
ions contribute to the formation of reactive oxygen intermediates (ROIs) within the
phagocytic cells, further enhancing the host's defense against the pathogen. Altogether, the
mobilization of zinc by phagocytic cells represents a sophisticated system orchestrated by
the host's immune response, involving transporter upregulation, zinc influx, and
subsequent antimicrobial effects mediated by zinc ions and ROIs. This system serves as a
key component in the host's defense strategy against infections caused by S. pneumoniae
(Sapkota & Knoell, 2018).

The Role of the complement system in defending against pneumococcal infections was
proved. Various mechanisms activate the complement system in response to pneumococci.
Pathogen recognition by components like CRP, serum amyloid P, C1lq, SIGN-R1, or
antibodies triggers the classical complement pathway. Certain strains of pneumococci are

recognized by ficolins, activating the lectin pathway. Pneumococci can also instantly
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stimulate the alternative complement cascade. Once activated, the complement forms
covalent bonds between opsonic complement factors (C3b and iC3b) and pneumococcal
surfaces. This promotes bacterial clearance through phagocytosis, enhances immune
adherence to erythrocytes, and protects against septicemia development (Gil et al., 2022).
2.7 Pneumococcal Resistance to Environmental Conditions

Pneumococci are delicate microorganisms; subjecting them to a temperature of 52°C for a
duration of 15 minutes or using typical disinfectant concentrations results in their
destruction. Prolonged incubation periods lead to the demise of pneumococcal colonies
(Parija, 2012).

2.8 Laboratory Diagnosis

The identification of the pneumonia etiologic agent is very important for determining the
most successful and efficient course of treatment for each patient, as well as for directing
the creation of treatment and prevention plans. Nevertheless, due to the relatively
inaccessible nature of the diseased tissue and the challenge of obtaining samples without
contaminating them with secretions from the upper respiratory channels, determining the
agent of pneumonia remains challenging (Hammitt et al., 2012). Additionally, it should
consider that the total nasopharyngeal concentration of S. pneumoniae is comparable in
both healthy and symptomatic children, while the concentration of a particular serotype
varies significantly among and within children (Morpeth, 2015).

While blood culture is the most critical tool for diagnosis, experienced clinicians can also
find Gram's stain and sputum culture useful. Likewise, adults with pneumococcal
pneumonia may benefit from urine antigen test (Ortquvist et al., 2005).

Pneumococci grow better in the enriched environment with 5% to 10% Carbon dioxide,
but bacteria die in the presence of oxygen due to a lack of catalase and peroxidases (Talaro
& Chess, 2018).

2.8.1 Specimen
The World Health Organization advised to use the specimen of nasopharynx for the

investigation and diagnosis of S. pneumoniae carriage among newborns and offspring and
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noted that multiple sampling at the same time point did not enhance the exceptional
sensitivity of microbiological isolation (Satzke et al., 2014).

Indeed, the specimens gathered for examination can differ based on the precise site of
infection, typically encompassing samples such as cerebrospinal fluid (CSF), exudate,
blood, sputum, and Bronchial lavage (Cheesbrough, 2006).

It was found that flocked swabs are superior in collecting pneumococcal nasal and
nasopharyngeal specimens compared to Dacron and Rayon swabs. It was also established
that this type of swab has a higher bacterial load during pneumococcal quantitative PCR
detection compared to Dacron swabs (Dube et al., 2013).

2.8.2 Transport Media

S. pneumoniae is a fragile microorganism that needs to reach the laboratory urgently for
immediate inoculation; otherwise, it requires special treatment to keep it alive if delay is
unavoidable (Cheesbrough, 2006).

O’BRIEN and colleagues recommend using [“Skim milk Tryptone Glucose Glycerin Broth
(STGGB)] for shipment as well as increase the chance of pneumococci isolation from
oropharyngeal specimens collected for epidemiological research (O’Brien et al., 2001).
On other hand, Charalambous and his team suggested to using the Skim milk Glycerol
Glucose (SGG), and STGGB for better recovery of nasopharyngeal carriage of
pneumococci before direct plating on sheep blood agar, and for transportation and storage
of pneumococci. They established that the specimens could potentially be preserved in
STGGB and in SGG for 96 and 60 hours at [“6 — 8 °C”], 28 and 17 hours at [“21 °C”], as
well as 15 and 7 hours at [“30 °C”] in broths media respectively. STGGB was preferred
for the preservation of the organism at [“21 °C 30 °C”] (Charalambous et al., 2003).
Furthermore, Siberry and colleagues in their study showed that lyophilization and storage
at 4°C or freezing at -70°C are the best preservation methods for pneumococci.
Additionally, they demonstrated that the [“sand desiccation and storage at 4°C”’] provides
a cost-effective approach for the prolonged conservation of pneumococci in laboratories

where lyophilization is not practical (Siberry et al., 2001).
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Moreover, Kaltoft and his team suggested using beef infusion serum broth as transport and
primary media for isolation, serotyping, and increasing the chance of growth for
nasopharyngeal carriage of S. pneumoniae before plating on gentamycin blood agar
(Kaltoft et al., 2008).

However, some researchers have recommended avoiding broth culture amplification for
nasopharyngeal samples before serotyping because this technique may lead to differences
in isolation rates ( Slotved & Satzke, 2013).

Likewise, Quintero Moreno and colleagues suggested using [“Todd-Hewitt Hemoglobin
Yeast Charcoal Agar and Todd-Hewitt Skim Milk Yeast Charcoal Agar”] to maintain the
viability of S. pneumoniae for a minimum of 6 months at ambient temperature (Quintero
Moreno et al., 2017).

Despite the variation in researchers opinions on the best method for transporting and
preserving pneumococci, the World Health Organization protocols recommend using
STGGB as primary transport as well as storing the S. pneumoniae in freezing conditions
(Satzke et al., 2014).

2.8.3 Pneumococcal Morphology and Gram Reaction

S. pneumoniae is a Gram-positive, elongated (lanceolate) diplococcus. It can also cluster
into short chains, especially during culture. Pneumococci lack motility and most of their
serotypes possess a capsule, although this capsule may not be present in cultures. When
examining Gram-stained smears from specimens, the capsule is often recognizable as an
unstained, empty region surrounding the diplococcus (Cheesbrough, 2006).

The presence of S. pneumoniae in gram stain prepared from sterile body fluids give highly
suggestive result for pneumococcal infection, but this criterion is not applicable for sputum
because nasopharyngeal carriage for this organism in many cases of healthy people. In
those instances, the result interpretation depends on the presence less than 10 epithelial
cells and more than 25 leukocytes per high power field of sputum gram stain is considered

to confirm the infection in lung (Gierke et al., 2021).
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2.8.4 Culture Characteristics

S. pneumoniae are facultative anaerobes that prefer to grow in capnophilic conditions (5—
10% carbon dioxide-enriched atmosphere). They exhibit alpha-hemolytic activity on blood
agar, resulting in green pigmentation because of the elaboration of H,O, as well as
pneumolysin. These factors collectively contribute in the lysis of erythrocytes as well as in

the oxidation of hemoglobin into methemoglobin (Murray et al., 2021).

However, under anaerobic conditions, an oxygen labile pneumolysin O creates a zone of
beta hemolysis around the colony; and it appear as a consistent turbidity in liquid media

like glucose broth (Kumar, 2016).

Encapsulated pneumococci typically appear as translucent to mucoid raised colonies
spanning 0.5 to 1.2 mm in diameter. Gradually, these colonies can take on a droplet-like
appearance. In contrast, non-capsulated colonies are smaller and flattened in shape

(Cheesbrough, 2006).

The gentamicin sheep blood agar was confirmed to be more sensitive and accurate by 40%
than plain sheep blood agar in isolation of S. pneumoniae from contaminated specimens
(Sondag et al., 1977). Similarly, Crystal Violet-Nalidixic Acid-Gentamicin agar was
developed as a selective medium with a high specificity for isolating S. pneumoniae from
specimens containing normal flora (Nichols & Freeman, 1980).

2.8.5 Biochemical Tests

2.8.5.1 Optochin Sensitivity Test

The optochin sensitivity test involves using an optochin disc impregnated with 5 gm of
ethylhydrocupreine hydrochloride to differentiate between pneumococci and other alpha-
hemolytic streptococci. Growth that produces an antibacterial zone of 14 millimeters or
higher is presumed to be S. pneumoniae, while growth with inhibition zones less than 14

mm requires further confirmation (Carvalho et al., 2010; Riedel et al., 2019).
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2.8.5.2 Inulin Fermentation Test

The inulin fermentation test is a microbiological assay used to ascertain an organism's
capacity to undergo fermentation of inulin, a specific kind of carbohydrate. The practice of
distinguishing certain bacterial groupings, especially those belonging to the streptococcus
genus, is widely used. S. pneumoniae ferment inulin and produces acid and no gas.
Pneumococcal ability to ferment inulin is a valuable test for separating them from
streptococci since the latter do not. In usual circumstances, this test is conducted on Hiss's
serum water or serum agar slopes (Kumar, 2016).

2.8.5.3 Bile Solubility Test

The principle of the bile solubility test relies on the existence of an enzyme called amidase
which exists in S. pneumoniae but not in viridians and other streptococci. This enzyme
breaks the bonds that link alanine with muramic acid within the outer covering of
pneumococci causing the lysis of cell under effect of external stimulating factors like bile
or bile salts or sodium deoxycholate solution (Kumar, 2016).

Recently, it has been indicated that the measurement of bile optical density value using a
spectrophotometer was an accurate, fast, and easy method for discriminating between
optochin-resistant variants of pneumococci as well as the S. mitis species. Furthermore, the
existence these strains in the community can be detected and brought to the attention of
clinical microbiologists through the utilization of molecular techniques, which confirm the
bile test and enable proactive prevention of these atypical pneumococcal strains (Ktari et
al., 2021).

2.8.5.4 Pneumococcal Antigen Detection Test

The immunological techniques cannot be fully utilized in the clinical management of
pneumonia because their low sensitivity in detecting pneumococcal antigen in serum
samples. However, they might be used as a backup strategy in exceptional cases where
gathering a sizable amount of urine is impractical and they might be useful in hastily

diagnosing pneumococcal pneumonia (Dominguez et al., 2006).
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This test depends on the identification of pneumococcal capsular antigens within various

interstitial fluids including urine, CSF, as well as sputum in acute and convalescent states
of pneumococcal infection (Venkatesan & Macfarlane, 1992).

The urinary pneumococcal antigen detection test is not typically recommended for young
children because it tends to be less reliable in this age group. Young children can have
transient pneumococcal carriage without an active infection, leading to potential false-
positive results. Additionally, their immune response and bacterial shedding patterns may
differ from those of adults, making interpretation of test results more challenging (Harris
etal., 2011).

2.8.5.5 Molecular Detection of Streptococcus pneumoniae

Rapid quantitative PCR technology has been developed, offering the potential for faster

results and improved management of infected individuals (Michelow et al., 2002).

The real-time PCR targeting the lytA gen has been recommended as a reliable non-culture
assay that can deliver results in less than one hour, serving as a valuable complement to
the gold standard technique for detecting S. pneumoniae (Carvalho et al., 2007). It has been
demonstrated that Real-Time PCR on plasma and other samples outperforms culture for

detection of S. pneumoniae in all age groups (Cvitkovic et al., 2013).

Additionally, in resource-constrained situations, the lytA PCR approach in body fluids not
only delivers fast and accurate outcomes for detecting pneumococci but also adaptable for

quantification and serotyping (Kabir et al., 2017).

Tavares and his colleagues hypothesized that the simultaneous detection of both IytA-CDC
and SP2020 is an effective technique for identifying pneumococci, whether from clinical

specimens or pure cultures (Tavares et al., 2019).

At present, there is a rising consensus in favor of adopting quantitative PCR technology
for future research on S. pneumoniae carriage, both for detection and serotyping, as an
alternative to traditional culture and Quellung techniques. The preference is particularly

strong if it allows for the inclusion of additional serotypes in existing PCR assays. This
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shift is driven by the observation that the carriage rates of vaccine serotypes have not
significantly decreased, as suggested by research relying solely on conventional techniques
like the quellung reaction. In contrast, results obtained through quantitative PCR provide a

more accurate assessment of serotype carriage levels (Ricketson et al., 2021).
2.8.5.6 Antibiogram

The Clinical Laboratory Standards Institute recommends using Mueller-Hinton medium
enriched with 5% sheep blood or Mueller-Hinton Fastidious medium, which contains 5%
defibrinated horse blood and 20 pg/mL Nicotinamide Adenine Dinucleotide, for the
antibiogram of S. pneumoniae (CLSI., 2021).

The implementation of appropriate antibiotic therapy for pneumococci can be achieved by
applying the disc diffusion technique with Oxacillin at a concentration of 1 pg/mL on
Mueller-Hinton blood agar. This method is applied as a screening approach to predict the
sensitivity of pneumococci to Penicillin, Ceftriaxone, and other B-lactams. However,
Oxacillin-resistant strains need further confirmation of their B-lactam resistance by the
Minimum inhibitory concentrations (Sastry & Bhat, 2019).

MICs are not routine in pneumococcal infections. It can be conducted by the dilution
method which is an essential laboratory technique used to evaluate the efficacy of
antibiotics against S. pneumoniae by measuring their MICs. However, it can pose
challenges in terms of time, resources, and interpretation of results (Cheesbrough, 2006).
The Epsilometer test (E test) is a simple and an advanced method for assessing
antimicrobial susceptibility, applicable to various drugs and microorganisms. It offers
guantitative wide-range MICs in a straightforward and repeatable manner, similar to the
simplicity of the agar disc diffusion procedure (Sader & Pignatari, 1994).

Furthermore, antimicrobial sensitivity assay may be conducted rapidly with applied
molecular techniques targeting pbp2b to identify pneumococcal Penicillin sensitivity. This
technique presents the potential to shift patients from expensive broad-spectrum antibiotic
treatment to more focused and economically efficient treatments. Additionally, the test aids

in assessing the true extent of pneumococcal illness (Kearns et al., 2002).
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The tremendous progress in Real-Time PCR technology opened the door wide for a lot of
methods to be applied in the field of pneumococcal detection and evaluate its antimicrobial
susceptibility. One of these techniques is a quadriplex real-time PCR that is used for
pneumococcal identification and to determine pneumococcal susceptibility to penicillin,
macrolides, and lincosamides (Srinivasan et al., 2011).

2.9 Treatment

S. pneumoniae presents challenges in treatment and prevention through vaccinations due
to its rapid evolution of antibiotic resistance and vaccine escape serotypes. (Chewapreecha,
2014). Presently, there are many attempts for making an effective program that targeting
the proper use of antibiotics, monitoring of antibiotic resistance, and adopt antimicrobial
stewardship, especially in resource-constrained nations in which antibiotic abuse is very

common (Sharew et al., 2021).

Penicillin (Penicillin G/amoxicillin) is the primary or preferred option against strains that
are completely susceptible to Penicillin or have a modestly lowered susceptibility, while
Amoxicillin/clavulanic acid, Cefaclor, Cefotaxime, Ceftriaxone, Erythromycin,
azithromycin, and clarithromycin are the alternative choices in cases of increased
resistance (Ortqvist et al., 2005, Harris et al., 2011).

Research pointed out that passive immunization gives promising results in the clinical field
of pneumococcal infections. Recombinant human plasma gelsolin (rhu-pGSN) has shown
positive outcomes on various laboratory animals of inflammation and injury. In a murine
model infected with S. pneumoniae of serotypes 3 and 14, whether sensitive or resistant to
penicillin, rrhu-pGSN administration led to enhance survival rates, decreased fatality, as
well as less body mass loss, all without the use of antibiotics. Such observations underscore
the prospective efficacy of Rhu-pGSN, even in the presence of antimicrobial non
susceptibility. Notably, in a highly lethal pneumococcal pneumonia model, it was
demonstrated that Rhu-pGSN, when administered after a clinically relevant delay,

significantly improved outcomes (Yang et al., 2019).
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2.9.1 Antimicrobial resistant of Streptococcus pneumoniae

Multiple drug resistance (MDR) in S. pneumoniae refers to the condition where the
bacterium demonstrates resistance to one or more drugs from multiple categories of
antibiotics. This non-susceptibility may include simultaneous resistance to Penicillin,
Tetracycline, Erythromycin, Sulfonamides, as well as Clindamycin (Sastry & Bhat, 2019).
AMR is currently a significant threat to public health, and the prevalence of bacteria that
are resistant to antimicrobials is rising at an alarming rate (Al-Shami et al., 2021).

The uncontrolled utilization of antibiotics within medical and animal treatment, along with
food production, has resulted in the creation of antimicrobial non-susceptible pathogen in
clinical practice (Chereau et al., 2017).

Over the past two decades, there has been a notable and concerning escalation in rate of
drug-resistant pneumococcal strains across multiple countries. Consequently, these nations
have now affiliated to the category of nations where Penicillin-resistant pneumococci is
particularly widespread (Mokaddas et al., 2007; Koliou et al., 2018).

Among pneumococcal Penicillin-resistant isolates, resistance to other antimicrobial classes
is very common. The development of multiple drug-resistant bacteria is considered one of
the major challenges to world public health because it limits medical staff's options for
managing infectious diseases (Amann et al., 2014; Shadi, 2019).

Development of resistance pneumococci illuminates critical necessity for effective
approach to combat proliferation of antimicrobial resistance and underscores the
significance of vaccination as a crucial preventive measure (Koliou et al., 2018).
According to surveillance studies conducted in industrialized nations like America in the
previous two decades, the proportion of Macrolide non susceptibility in S. pneumoniae
have been estimated to be as much as 31%, while the occurrence of S. pneumoniae that
was resistant to Penicillin varies from 25% to greater than 50% (Appelbaum, 2002).

In addition, it was documented that bacterial drug resistance caused 4.95 million deaths in
2019, with pneumococci ranked as the third most common causative agent among six

microbes associated with this fatality rate (Murray et al., 2022).
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Unfortunately, there are an alarming number of antibiotic-resistant species in Asia, one of
the hotspots of antimicrobial drug resistance, including S. pneumoniae, which is resistant
to both Penicillin and Erythromycin (Jean & Hsueh, 2011).

The gaining of jumping genes, mutations, and occasionally gene amplification [“gene
duplication and overexpression’] are examples of intrinsic and acquired mechanisms that
influence susceptibility of S. pneumoniae to a wide range of antibiotics (EI Moujaber et al.,
2017). Moreover, pneumococci can develop antimicrobial resistance under the effect of
genetic transformation and conjugative transposons. In addition, a single-point genome
mutations may paly week role in resistant of clinical isolates of pneumococci (Dowson et
al., 1997).

S. mitis has long been recognized as a storehouse of antimicrobial non-susceptibility factors
for pneumococci, in addition to being a wellspring of variability in capsule structure, which
may contribute to evading vaccine action and resistance (Salvadori et al., 2019).

Many of the non-vaccine serovars which are not part of PCV demonstrate significant
resistance to conventional therapies, thereby posing challenges in their management and
control. Mitigating the risk posed by these resilient serotypes necessitates a collective effort
involving healthcare practitioners, researchers, and policymakers to protect the well-being
of the general population and curb the exacerbation of antimicrobial resistance (Higgs et
al., 2023).

It is crucial to prioritize regular surveillance of antimicrobial resistance in pneumococci as
this allows for the updating of therapeutic policies in response to newly emerged resistant
strains in the surrounding environment (Moyo et al., 2012).

2.9.1.1 Non-susceptibility of pneumococci to Beta lactam Agents

In spite of introduction of the Penicillin into clinical practice, associated with dramatically
shifting in the mortality rate of pneumococcal pneumonia from 90% to a survival rate of
about 90% (Amann et al., 2014). The first report of Penicillin-resistant pneumococci was
in Boston during 1965, followed by a similar report in Australia in 1967 (Appelbaum,
1992). While the first report among symptomatic children was in 1977, in South Africa.
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Since these initial reports, Penicillin non-susceptible pneumococci are frequently
discovered throughout countries around the world (Appelbaum et al., 1977).

Dowson and his colleagues demonstrated that S. pneumoniae can transfer genetic material
encoding low-affinity Penicillin Binding Protein (PBPS) genes to viridians streptococci
(Dowson et al., 1990). Furthermore, the selective pressure of Penicillin abuse on
pneumococci may lead to favorable point mutations, resulting in a lowering in PBPs
affinity and consequently a rise of MICs (Negri et al., 1994; Amann et al., 2014).

The Penicillin-resistant S. pneumoniae strains exhibit alterations in their cell wall proteins,
specifically the PBPs. These alterations are associated with a reduced affinity of beta-
lactam drugs to bind to their primary cellular target protein, mainly PBP 2b. Furthermore,
modifications in PBP 1la and PBP 2x can lead to resistance against extended spectrum
cephalosporins [“such as Cefepime, Cefotaxime, and Ceftriaxone]” (Cavalieri et al.,
2005).

Pneumococci obtained from immunized kids exhibited high Penicillin sensitivity as well
as a decreased prevalence of resistance to remaining antimicrobial agents in parallel with
isolates from non-immunized Offspring. As well as, the incidence of multi-resistant was
reduced by 56%, and the presence of pneumococci that were non-susceptible to all tested
antimicrobials decreased by 94% (Sigurdsson, 2018).

In the era following the use of PCV, there is a shift in the trend of Penicillin-resistant strains
from vaccine serotypes to non-vaccine serotypes. Manenzhe and colleagues pointed out
that serotypes 15B/15C, 15A, and 21 were among the most commonly found Penicillin-
non-susceptible strains, in addition to serotypes 19A and 19F. Furthermore, their research
demonstrated that serotypes 23A, 34, and 17A were isolated as MDR strains (Manenzhe et
al., 2019).

2.9.1.2 Resistance of Streptococcus pneumoniae to Macrolides, and Lincosamide
Macrolides are a class of antibiotics that work by inhibiting protein synthesis in bacteria.
Unfortunately, their overuse has contributed to a rise in resistance among S. pneumoniae,
diminishing their effectiveness in treating infections caused by this bacterium. This

resistance is primarily driven by specific genetic changes within the bacteria. While
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vaccines have succeeded in reducing the occurrence of macrolide-resistant infections, the
emergence of new resistant strains remains a significant concern (Schroeder & Stephens,
2016).

S. pneumoniae can produce a ribosomal methylase enzyme, which is mediated by the ermB
gene. This enzyme modifies the ribosomal RNA, reducing the binding affinity of
Macrolides, Lincosamide, and Streptogramins to the bacterial ribosome, making them less
effective. Moreover, the mefA gene in S. pneumoniae can facilitate the efflux of
Macrolides. Efflux pumps are cellular mechanisms which promote antibiotic expulsion
from the pathogen, reducing their concentration inside the cell and, consequently, their
effectiveness. Resistance can also arise from mutations in ribosomal RNA genes. These
mutations can alter the structure of the ribosome, making it less susceptible to the action
of Macrolides, Lincosamide, and Streptogramins. These mechanisms collectively enhances
pneumococcal resistance to these antibiotics, posing challenges for treatment (Cavalieri et
al., 2005).

2.9.1.3 Fluoroquinolone resistance in Streptococcus pneumoniae

The utilization of quinolones is widespread across various cases of respiratory illness,
primarily because of their effectiveness in combating pneumococci and many bacteria of
frequently implicated pathogens in the respiratory diseases. However, the emergence of
pneumococcal isolates resistant to quinolones has become evident. The non susceptibility
is attributed to modifications in the genetic code that impacting the antibiotic targeting
units, namely topoisomerase 1V and DNA gyrase (Eliopoulos, 2004). The mutations
occurred in two key genes, parC and gyrA, which encode enzymes known as
topoisomerases and DNA gyrase essential for regulating DNA processes like replication
and repair. Normally, they ensure accurate DNA replication and transcription.
Fluoroquinolones disrupt these enzymes, causing DNA breaks and bacterial cell death.
Mutations in parC and gyrA alter the enzymes, reducing fluoroquinolones' effectiveness
by decreasing their binding affinity. This resistance hampers the antibiotic's ability to

disrupt bacterial DNA processes (Cavalieri et al., 2005).
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Also, some strains of S. pneumococci use a drug efflux system that makes them less
sensitive to quinolones. The prevalent pneumococci that are totally non susceptible to many
quinolones possess single or multiple genetic modifications impacting DNA gyrase and

topoisomerase 1V (Eliopoulos, 2004).

It was demonstrated that S. pneumoniae exhibited high-level resistance to Ciprofloxacin,
with a cutoff of >16 ug/ml. Non susceptible pneumococci displayed alterations in the ParC,
ParE, or GyrA genes. This non-susceptibility was obtained via specific mutations or
genetic exchange with alpha hemolytic streptococci in [“the topoisomerase Il genes”] (De
La Campa et al., 2004).

2.9.1.3 Resistance of Streptococcus pneumoniae to Trimethoprim Sulfamethoxazole

The first identification of Trimethoprim-sulfamethoxazole-resistant pneumococcus
occurred in 1972, in a female patient afflicted with chronic bronchitis. Trimethoprim-
Sulfamethoxazole also known as Co-trimoxazole, functions as an inhibitor of the enzymes
dihydrofolate reductase (DHFR) and dihydropteroate synthase (DHPS). These proteins
encode by folA and folP genes, respectively. The two important enzymes, DHFR and
DHPS, serve a fundamental function in the bacterial folate biosynthesis pathway, which is
essential for the synthesis of purines (building blocks of DNA) as well as amino acids
(Howe & Wilson, 1972). Excessive, highly conserved changes in nucleotide sequencing
have been observed as characteristic of resistance in DHFR genes of pneumococci.
Additionally, genes encoding resistance in DHFR may evolve through transformative
interchanges between or within relevant species (Adrian & Klugman, 1997).
Unfortunately, the use of Fansidar in the treatment of malaria cases is demonstrated as a
potential risk for the onset of S. pneumoniae resistance to co-trimoxazole, so it important
to take that in consideration in endemic area of malaria infections (Cavalieri et al., 2005).
2.10 Vaccine

The pneumococcal capsule has been used as the most effective target for vaccination in the
fight against the morbidity and mortality caused by pneumococcal illness (Wyllie, 2016).

Regardless of the effectiveness of antibiotic therapy, immunocompromised patients, and
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kids aged five and below facing a significant hazard from pneumococcal infections.
Therefore, it is essential for individuals in these high-risk groups to receive the PCV
(Warren, 2016).

The selection of pneumococcal serotypes included in these vaccines and the corresponding
usage recommendations are primarily informed by epidemiological investigations
conducted on the serotypes of IPD in the America and other Western nations (Frayha & Al
Mazrou, 2005).

Immunization with PCV has led to decline in the prevalence of vaccine-type
pneumococcus carriage in many countries. However, vaccine coverage remains moderate
in some areas, and the rate of S. pneumoniae colonization may differ markedly among
countries (Weinberger et al., 2013; Tvedskov et al., 2022).

Polysaccharide and polysaccharide-protein conjugate vaccines have been effective against
pneumococcal disease, but challenges remain in achieving immunity independent of
capsule type. These challenges include serotype replacement and the incidence of naked
pneumococci (NESp), that make up 3% to 19% of asymptomatic carriage isolates. NESp
strains, despite lacking a capsule, possess unique surface proteins that impact colonization
and virulence. Some NESp isolates replace the capsule with surface proteins, leading to
conditions like otitis media. Furthermore, the NESp strains are found in both invasive and
noninvasive pneumococcal diseases, with noninvasive conditions like conjunctivitis (85%)
and AOM (8%) being more common (Keller et al. 2016). Hence, researchers are actively
seeking novel pneumococcal vaccines that have been started in clinical trials to address
this constraint (Kim et al., 2017).

The researchers are exploring innovative strategies for highly efficient pneumococcal
vaccines, including live-attenuated vaccines with genetic modifications, peptide-based
vaccines with conserved antigenic regions, and the use of vesicles displaying several
pathogenic factors like [“PspA2, PspA4, and PsaA”] (Masomian et al., 2020).

The continuous survey for the asymptomatic carriage rate in children highlights the
importance of ongoing surveillance of pneumococcal carriage to assess the PCV

effectiveness. Additionally, this monitoring will help identify any potential changes in the
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circulating serotypes, which could guide future vaccine strategies to detect the emergence
or expansion of serotypes not targeted by vaccination or changes in serotype-associated
invasiveness (Koliou et al., 2017)

2.10.1 Pneumococcal Conjugate Vaccine

The initial version of PCV contained 7 serovars, while subsequent versions included either
10 or 13 serotypes, with the selection of serotypes based on their prevalence as common
causes of invasive infections in children. The World Health Organization recommends a
three-dose schedule for PCV, which can consist of either two doses during infancy with a
subsequent booster or three doses during infancy without a booster dose (WHO, 2018).
The PCVs differ from earlier non conjugate immunization, like the PPV23 [*“23-valent
pneumococcal polysaccharide vaccine”], in their capacity to induce immunity in kids aged
two years or younger. This age group, along with individuals over 65, experiences the

highest morbidity and mortality rates from pneumococcal diseases (Navne, 2014).

PCVs, unlike antibiotics, are highly specific to the diseases they target, reducing the
likelihood of resistance development. Studies have already demonstrated that vaccinations
against contagious diseases, such as S. pneumoniae and H. influenzae, can reduce

antimicrobial drug tolerance (Alghamdi, 2021).

The existing pneumococcal vaccines are formulated to stimulate the generation of
immunoglobulins for capsular polysaccharides of common disease-causing pneumococcal
isolates. Nevertheless, these antibodies provide protection only against pneumococcal
strains expressing the specific capsule types targeted by the vaccine. Given the
pneumococcal capacity to produce various capsule polysaccharides, there exists a potential

for reduced vaccine effectiveness (Ganaie et al., 2020).

The era of PCV began with PCV7 and subsequently advanced to PCV10 and PCV13.
PCV15 and PCV20, representing the next generation, are currently under trial
investigations. However, these vaccines are limited by their serotype specificity, creating
the challenge of potential replacement by new serotypes (Musher et al., 2022; Kim et al.,
2023).
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The PCV is made up of purified polysaccharide antigens from common disease-causing
serotypes that have been bound to a nontoxic mutant of diphtheria toxoid [“called
CRM1977], with a goal of transforming the antigen into a form that elicits a T-dependent
response in children (WHO, 2013).

The PCV13 vaccine comprises 13 different serogroups, seven of them are shared with the
PCV7 [“serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F”]. The remaining Six serovars,
inclusive of [“1, 3, 5, 6A, 7F, and 19A”], are exclusive to PCV13 (Mokaddas et al. 2018).
Pneumococcal vaccinations have demonstrated a favourable safety profile, with no notable
safety issues reported for any of the vaccines. All permitted PCV generations are
considered safe when administered alongside standard vaccinations in infants and young
children. Similarly, PCV-13 was safe for older individuals and adults (Petousis-Harris et
al., 2014).

The introduction of these multicomponent PCVs should be given top priority, especially in
nations with high childhood mortality rates (i.e., >50 deaths/1000 births for children under
5). Planning for the widespread use of pneumococcal vaccines should take into account the
estimates of disease burden that are already available locally or regionally, the age
distribution of cases, and the distribution of pneumococcal serotypes in various age groups

(WHO, 2012).

Nevertheless, since the launch of the PCV13 vaccine into national programs, several
findings have displayed a decrease in PCV 13 serovars compared to a pre-PCV era, leading
to a rise in the number of serovars not covered by the vaccine. Additionally, a rate of
isolation of PCV 13 strains remains high, regardless of immunization (Yiiksek ef al., 2020;

Mokaddas et al., 2021).

Recently there are alarming reports about the serotypes [“8, 10A, 11A, 12F, 15B/C, 22F,
and 33F”] that have been identified as more commonly linked with meningitis as well as
AOM in offspring. Furthermore, these serotypes are among the most frequently identified
species that are resistant to Penicillin and Macrolides. Importantly, they are not covered by
the PCV13 vaccine but may potentially be targeted by the PCV20 vaccine (Méroc et al.,
2023).
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In a Japanese investigation, the isolation percentage of non-PCV13 and non-PCV20
pneumococcal serotypes was found to be 94.0% and 73.7% respectively among children
under 15 years old. The most common non-PCV13/PCV20 serotypes [“15A, 35B, and
23A”] were largely resistant to multiple drugs (>80.5%), including Penicillin
(Kawaguchiya et al., 2023).

In the time following PCV implementation, pediatric IPD has been correlated with a broad
range of serotypes. During the initial period of the first PCV generation, serovar 19A was
the commonly identified serotype across various world regions. However, higher-valent
PCVs are associated with the expected distribution of serotypes such as 22F, 12F, 33F,
24F, 15C, 15B, 23B, 10A, and 38, which are non-PCV13 serotypes and significant
causative agents of childhood IPD. This highlights the requirement for development of
novel vaccines including supplementary serotypes to decrease the impact of pneumococcal

illness (Balsells et al., 2017).

Certainly, evaluating the advantages of vaccination involves tracking its efficacy
throughout the nation or in specific area. While strategy of Off-the-shelf approach in
pneumococcal immunization, using the western version regardless of serotype prevalence,
has its drawbacks, it's important to consider custom vaccines tailored to the predominant

serotypes causing IPD in specific nations or regions (Mokaddas et al., 2021).

Many researchers have worked on the approach of expanding the covering spectrum of
PCV, exemplified by research conducted to create a PCV 15 by adding polysaccharides
antigen from 22 F and 33 F to PCV 13. These polysaccharides are linked to a non-toxic
variant of diphtheria toxin [“CRM197”] and combined with an aluminum phosphate
adjuvant (Skinner et al., 2011). PCV20 is one of the PCV formulations that are expected
to be granted approval for administration to children. It is a next-generation PCV that
includes protection against 20 different serotypes of S. pneumoniae, which is an increase
from the 13 serotypes covered by previous PCV generations. By including protection
against more serotypes, PCV20 could potentially provide greater herd immunity and

further decrease the prevalence of carrier cases and illness. However, it is important to note
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that the introduction of a new vaccine, such as PCV20, would need to be carefully
evaluated through clinical trials and ongoing surveillance to determine its safety, efficacy
and impact on the epidemiology of pneumococcal disease (Tiley et al., 2022).

One primary impact of PCV is the replacement of serovars included in the immunization
regime with those not incorporated in its composition. Additionally, other pathogens were
found to be more abundant in vaccinated children compared to the same group of children
before receiving the vaccine. It's important to note that vaccine serotypes were not
completely eradicated; some, like serotype 3, remained and were associated with poor

clinical outcomes and a weak antibody response (Littorin, 2020).

An innovative serotype-independent immunization strategy is required to continue
lowering the prevalence of pneumococcal disease. One such strategy is the use of
pneumococcal surface PNPsaA. This vaccine includes a full-cell, non-encapsulated
pneumococcal antigen that has undergone gamma irradiation for inactivation. It triggers a
serotype-independent immune reaction targeting highly conserved sub-capsular

immunogens (Laan, 2020).

2.10.2 Mucosal Vaccines Trails

Several studies indicate that individual administration of pneumococcal protein antigens
fails to effectively control and broadly protect against pneumococcal colonization. To
achieve comprehensive protection and activate both innate and adaptive immune
responses, it is recommended for novel vaccines to combine conserved protein antigens.
This approach, particularly when administered intranasally, is expected to optimize
efficiency by stimulating mucosal immunity and reducing pneumococci in the
nasopharyngeal area. While not aiming for complete elimination, this strategy seeks to
decrease transmission rates and provide protection against associated illnesses (Lagousi et
al., 2020).

Recently, the Pneumococcal surface adhesin (especially lipidated form rlipo-PsaA,
rPspAAC, and rPspCAC which known as LAAC) was studied in mice model. The mice
immunized intranasally with LAAC vaccine formulation had generated substantially

higher 1gG antibody levels compared to mice given the non-lipidated versions of the
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proteins (AAC). Furthermore, the LAAC vaccine had stimulated increased IgA antibodies
in vaginal washes, faeces, and blood of mice, signalling that LAAC could provoke systemic
mucosal defence. LAAC had also promoted Th1/Th17-type immune responses and enabled
opsonic phagocytosis of S. pneumoniae strains of multiple serotypes, suggesting the
immunogenicity of LAAC provided protection against pneumococcal diseases (Chiu et al.,
2023). Moreover, randomised controlled research demonstrated that nasal colonisation
with genetically attenuated pneumococcal strains was both safe and efficacious in eliciting
homologous protection. This suggests that the utilisation of live attenuated intranasal
vaccinations may serve as a viable strategy for preventing pneumococcal illness (Hill et
al., 2023).

Pneumococci are natural residents of respiratory microbial communities, and the
consequences of selectively removing them remain uncertain. This may lead to nonvaccine
strains thriving, and other pathogens finding new niches. Integrating mucosal immunology
with microbiota and microbiome research is essential to reduce pneumococcal disease
without unintended consequences (Swiatlo & McDaniel, 2020).

2.11 Prevention and Control

The ability of S. pneumoniae to exhibit resistance to antimicrobial drugs and evade immune
surveillance underscores the tremendous challenge in eradicating this infection (van der
Poll & Opal, 2009). Reports from developed countries have revealed significantly lower
serotype prevalence of PCV13 and reduced Penicillin resistance among children (Wouters
et al., 2018). On the contrary, the carriage rate remains substantially high in many regions
of Middle Eastern countries, as well as across the resource-constrained nations in Asia and
Africa (Sutcliffe et al., 2019; Wada et al., 2019; Al-Lahham, 2021).

This situation urgently requires antimicrobial custodianship, national surveillance, and
public awareness programs to fight the establishment of multidrug-resistant pneumococci
(ElI Moujaber et al., 2017).
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The PCV has proven to be effective in preventing the spread of pneumococcal vaccine
strains to other members of the community, as it breaks the chain of transmission, resulting
in a herd immunity effect. However, carriage of non-vaccine strains has markedly risen.
This has resulted in slightly or no overall alteration in carriage proportion. Moreover, the
predominance of other co-colonizing bacteria may shift following the introduction of
PCVs, potentially leading to different illness patterns with widespread usage of

pneumococcal vaccines (Navne, 2014).

2.13 Pneumococcal Carriage Rates and Infections Among Children in Resource-
constrained nations in Asia and Africa

Pneumococcal infections have a higher prevalence in developing countries due to
challenges related to hospital accessibility and underfunded diagnostic facilities. These
factors, among others, contribute to the persistent burden of pneumococcal disease in these
regions. Notably, pneumococcal carriage rates vary across income groups, with rates of
51%, 38.5%, 31.5%, and 28.5% observed in low-income group, middle income cohort,
upper middle earning category as well as high-earning classes respectively. This
discrepancy in carriage rates highlights the influence of socioeconomic factors on
pneumococcal prevalence (Neal et al., 2022).

During last two decades, the burden of pneumococcal mortality was high in several
countries in Asia and Africa, including India, China, Pakistan, Bangladesh, Nigeria,
Uganda, Ethiopia, Congo, Angola, and Afghanistan. Recognizing the urgency of
addressing this issue, the Global Alliance for Vaccines and Immunization approved support
for vaccine introduction in these regions. This support aimed to combat the significant
burden of pneumococcal mortality in Asia and Africa and initiate efforts to reduce the
impact of this disease. Collectively, these countries accounted for approximately 95% of
all pneumococcal deaths, underscoring the concentrated need for targeted interventions and
emphasizing the importance of vaccine support in combating pneumococcal-related
fatalities (O’Brien et al., 2009).

Moreover, in 2019, pneumonia claimed the lives of 740,180 kids aged five years and

below, representing 14% of total pediatric fatalities, where 22% of all victims aged one to
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five years. Pulmonary infection impacts kids and families everywhere, but southern part of
Asia as well as Sub-Saharan Africa undergo the highest mortality rate (WHO, 2021).

In India, prior to the PCV era, the occurrence rate of S. pneumoniae among 91 pneumonic
children and 510 healthy children under five years old was reported as 74.7% and 54.5%
respectively. Among these children, [“serotypes 6A, 6B, 14, 19A, 19F, and 23F”] were
identified as the prominent colonizing serovars (Sutcliffe et al., 2019). Another study
conducted in the state of Gujarat found that 19.2% of 125 children under 12 years old, who
presented with acute lower respiratory symptoms and sought treatment at Baroda hospital,
tested positive for S. pneumoniae (Barve et al., 2019). Moreover, the prevalence rate of
pneumococci has been found to be 33.5% among 200 asymptomatic Bangladeshi kids
(Shormin et al., 2022).

On the other hand, the prevalence was documented at 20% among Kenyan children
(Walekhwa et al., 2018). Likewise, it was 54% among Ghanaian children under 5 years of
age (Dayie et al., 2019).

In Morocco, the carriage rates of S. pneumoniae were investigated among 697 pediatric
patients and 195 children under the age of five, revealing a prevalence of 40.5% among
asymptomatic cases and 22.8% among patients. The prominent circulating serotypes
observed were 6A, 6B, and 19F (Jroundi et al., 2017). Similarly, in Ethiopia, a study among
healthy young kid documented a prevalence at 43.8% (Gebre et al., 2017), another study
conducted among Ethiopian children aged 3-13 years, with a sample size of 710, revealed
a prevalence rate of 43.8%. Among children aged 3-5, the carriage rate was 62.5%, which
was higher compared to children aged 6-13, where the carriage rate was 38.6% (Wada et
al., 2019).

In Tanzania, a study focused on Pneumococcal Nasopharyngeal carriage among 142 HIV-
positive children aged 1 to 14. The carriage rate was found to be 81% among the study
group, with a rate of 76% among children aged 5 to 14. The study also reported covering
rates of 37% for PCV7, 37% for PCV10, and 49% for PCV13 in this group. Caregivers
who had experienced respiratory symptoms in the previous week have been reported as

potential source for carriage (Anthony et al., 2012).
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These findings collectively highlight the significant presence of pneumococcal
colonization and infection among children in these regions, underscoring the need for
effective preventive strategies such as increasing vaccination rate and continued
surveillance to address pneumococcal-related morbidity and mortality.

2.14 Pneumococcal carriage in Middle Eastern pediatric population

The occurrence of pneumococci in the nasopharynx among children under 5 years old
displays a significant variation, ranging from 42% to 90% (Gordon et al., 2003; Hill et al.,
2008) .

Identifying both the colonization rate and the prevalence of pneumococcal serovars in a
pediatric population can provide valuable information on the occurrence of severe
ilinesses, antibiotic resistance, and the potential consequences of implementing a national
pneumococcal conjugate vaccine (PCV) program in the future (EI-Nawawy et al., 2015;
Taha & Ali, 2019).

The overall pneumococcal cumulative rate in Middle East was found to be 35%. Among
the isolates, the commonly prevalent pneumococcal serovars were [“19, 19F, 6, 23, and
6A/B”], accounting for 19%, 12%, 11%, 10%, and 10% of the isolates, respectively
(Karimaei et al., 2021).

Several studies conducted in different Middle Eastern countries from 2005 to 2019 (Table
2.1) assessed the colonization rates as well as serotypes of pneumococci in a pediatric
population. These studies reported varying carriage rates in different countries,

highlighting the variability in carriage rates among the kids of the Middle East.

In Jordan, six studies involving Kkids aged 4 years, reported varying carriage rates between
19.5% and 56.2% among 3,720 healthy participants for the period from 2005 to 2019 ( Al-
Lahham & Van der Linden, 2014; Al-Kayali et al., 2016; Al-Lahham et al., 2018; Al-
Lahham, 2020; Al-Lahham, 2021; Al-Lahham et al., 2021). This made Jordan the country
with the highest rate of pneumococcal carriage among Middle Eastern children according
to the available data. Whereas, in the State of Palestine, the prevalence ranging from 30%
to 55.7% was observed between 3,531 children aged below 5 years old from 2009 to 2013
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(Regev-Yochay et al., 2012; Nasereddin et al., 2013; Daana et al., 2015). While
pneumococcal rates within Cyprus and Egypt were comparable, ranging between 25.3% to
35.3% among 1,507 asymptomatic Cypriot kids aged below 5 years from 2007 to 2014
(Hadjipanayis et al., 2016; Koliou et al., 2017), and from 29.2% to 32.9% among 534
children under 5 years old in Egypt from 2012 to 2017 (EI-Nawawy et al., 2015; EI-Kholy
et al., 2020).

In Iran, the immunization program has been exclusively targeted at the high vulnerability
subgroup , the prevalence rate in 2,432 children aged 6 months to 14 years varied from
2.2% to 44.1% (Sanaei et al., 2012; Karami et al., 2019; Sayyahfar et al., 2021). On other
hand, the carriage rate in Turkey among kids aged below 18 years was varied between
6.4% to 21.9% throughout 4,346 asymptomatic individuals from 2011 to 2021 (Ozdemir
et al., 2014; Soysal et al., 2016; Yuksek et al., 2020; Ceyhan et al., 2021).

In Iraq, the nasopharyngeal rate was found to be 20.5% among 1,092 healthy children aged
6 to 13 years (Taha & Ali, 2019). In contrast, it is worth noting that the prevalence of
carriage in Yemen during the year 2006 was quite low, as shown by 5.6% among a cohort
of 602 children who were deemed to be in good health (Al-Shamahy et al., 2008).

2.15 Impacts of Pneumococcal Infections in Middle Eastern Children.

Despite the availability of vaccines, IPD caused by pneumococci still a major reason for
death in children universally. The effectiveness of PCVs has been observed, vaccine
serotype illnesses continue to occur, even among 82% of US children aged three who have
received four or more PCV immunizations. In the US, non-vaccine serotypes account for
over 70% of invasive pneumococcal illnesses, with higher vulnerability observed in
healthy young children and those with underlying medical conditions (Olarte & Jackson,
2021). Moreover, an investigation conducted in the America revealed that despite the
availability of vaccines, the highest incidence rates of acute otitis media linked to

pneumococcal bacteria were reported at a frequency of 2,756 cases per 100,000 people
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(Talbird et al., 2022). It is crucial to observe that America characterizes by the significantly
higher immunization rate in contrast to Yemen and the other countries of Middle East.

In point of fact, the practical implementation of PCV-13 did not completely eliminate the
circulation of PCV-13 covered serotypes in vaccinated children (Dayie et al., 2019).
Additionally, the rising occurrence of IPD throughout developing countries poses a
significant challenge across all age groups, primarily due to limited comprehensive
surveillance (Hanna-Wakim et al., 2012). Although PCV has been included in the
vaccination programs for the majority of children in the Middle East for an extended
period, the ongoing high mortality rate associated with IPD remains a cause for concern
(Al-Jardani et al., 2019).

The annual mortality rate of pneumococcal illness among kids in Egypt had been reported
as 33.3%, with a higher rate observed in cases of IPD at 75% compared to non-IPD cases
at 12.5% (Draz et al., 2015). While in Lebanon, the death rates increased considerably,
rising from 12.5% in the PCV7 period to 24.8% in the PCV13 period (Reslan et al., 2022).
Furthermore, in Oman, the case fatality rate of IPD was prevalent in kids below 5 years,
attaining 14.2% (Al-Jardani et al., 2019).

On other hand Saudi Arabia (KSA) reported a death rate of 12% for invasive illness
resulted from pneumococci during the period from 2001 to 2007 (Al Ayed & Hawan,
2011). Additionally, a recent study conducted in KSA revealed that pneumococci was
linked to 45.6% of sinus inflammation among Saudian kids (Alshehri et al., 2021). Despite
the implementation of PCV, pneumococci remain the predominant causative agent of
meningeal infection in Kuwait, accounting for 40.4% of reported cases. It is often linked
to the most elevated rates of morbidity and death, particularly among the pediatric
population (Sadeq et al., 2017). While in Bahrain, the mortality rate of pneumococcal
infections among individuals aged 14 years and older was 14.4% during the period of 2010
to 2014 (AlSalaman et al., 2017).

During the period from 2017 to 2019, the serovars of third generation of pneumococcal
immunization [“PCV13”] were found to be more prevalent in kids who were suffering from

IPD and non-1PD in Iran. These serotypes accounted for 83% and 84% of S. pneumoniae
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that were identified, respectively (Esteghamati et al., 2022). It is important to note that the
PCV13 vaccine is currently not incorporate into the routine immunization plan in Iran. As
a result, pneumococcal meningitis is a substantial public health concern in Iran, with an
occurrence ratio of 25% (Tabatabaei et al., 2019). Regrettably, due to not involve PCV in
routine practice, approximately 18,713,211 Iranian kids aged under 5 have been affected
by pneumococcal illness in the past decade [“2014 and 2023”]. The reported data consist
of 519,412 instances of pneumonia, 18,148,116 instances of acute otitis media, 6,884
instances of meningitis, and 38,799 instances that do not fall within the categories of
pneumonia or meningitis (Ezoji et al., 2019). In addition, meanings inflammation may link
to various strains of pneumococci, that might go undetected if comprehensive testing for
all serotypes is not conducted on cerebrospinal fluid samples (Tabatabaei et al., 2022).
Similarly, recent reports from Lebanon have raised alarms about the incidence of serotype
24F in clinical practice of invasive illness. This serotype has demonstrated significant
pathogenicity as well as resistance to antimicrobial agents, posing a notable concern. It is
crucial to emphasize that the current PCV vaccination does not provide coverage for
serotype 24F (Reslan et al., 2021). Due to the substantial occurrence of IPD in toddlers
across third world countries, the uptake of second-generation PCVs has been swift. This
generation targets a wider range of serotypes and started to incorporate into the national
plans of many regions of third world (CDC., 2013). Furthermore, there are upcoming
initiatives to introduce a broader version of PCV [“PCV15 and PCV20”] for the purpose
substantial coverage level by transitioning from PCV-13 to next version that will respond
to the prevalent of non-PCV 13 serotypes (El-Beyrouty et al., 2022).

Moreover, the persisting internal conflict across certain Middle Eastern regions, further
worsened the circumstances. This phenomenon is particularly apparent in Yemen, in which
the detrimental impact on immunization levels has corresponded with an increasing
prevalence of acute bacterial meningitis among population. S. pneumoniae has been
established to be the primary microbe responsible for these infections (Al-Sambhari et al.,
2023).
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Unfortunately, Yemen has never conducted a national survey on pediatric respiratory
diseases. The respiratory diseases was demonstrated as the most prevalent type of illness
(44.3%) among Yemeni children for the period from 1978 to 2018 (Al-Shamahy & Ishak,
2021). Moreover, the isolation rate of S. pneumoniae was ranging from 30.1-34.9 % among
Yemeni children whom had meningitis (Al Khorasani & Banajeh, 2006; Alshehari et al.,
2018). As well, Al-Ofairi and colleagues demonstrated that the pneumococci constituted
27% of the isolated gram-positive bacteria collected from 100 Yemeni children with otitis
media (Al-ofairi ef al., 2017). Another study found that recurrent pneumonia affected 1 in
12 children under the age of 15 who visited Mukalla City Hospital in Yemen between 2014
and 2016 (Bahwal et al., 2018). Additionally, pneumococci was linked to associate with
40% of acute meningoencephalitis among 60 patients aged below 14 years who were
visited Al-Sadaqa General Teaching Hospital, Aden, in 2010 (Al-Qubati & Bawazeer,
2020).

Even though the diverse data that gathered from various Middle Eastern countries,
including Yemen, the results pertaining to serotypes highlight the significance of ongoing
surveillance. Continuously checking the changes in serotype prevalence through

monitoring is essential for guiding the improvement of vaccines.

Table 2.1: Epidemiology and Predominant Serotypes of Pneumococci in Middle
Eastern Kids

Countries | Total Study Carriage Common PCYV Covering References
Population rate Serotypes Rate
100 serotypes collected 19, 6, 23, 3, | It was 66.7% in
Bahrain from invasive and non- | Not available | &14 children <2 (Al-Muhtaresh &
invasive samples years old. Bindayna, 2020)
[children and elderly]
PCV7 was 2.1-
1, 6BC, 22.2%. (Hadjipanayis et
Cyprus 1507 healthy children 25.3-35.3% 5AB, 19A | PCV10 was al., 2016; Koliou
<Syears old & 23AB. 23.8%. etal.,2017)
PCV13 was
10.4-28.6%.
1143 samples from 56.5- 65% 1, 6ABC, PCV10 was (El-Nawawy et
Egypt . (RT-PCR). 5, 65.5%. al., 2015; Bada
WP healthy childrenunder 1 95 35 904 | 18ABC,19 | PCV13 72.4- et al., 2017, ‘]gly
5 years (culture). A, 19F, and | 77.4%. Kholy et al., 2020)
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2432 carriage cases
aged from 6 months to

PCV7 was 33.7-

(Sanaei et al,
2012; Houri et al.,

14 years in 4 studies. 1,3,6,9V, | 38.56%. 2017; Karami et
Iran 130 infected samples 2.2-44.1% 14,17,19, | PCV10 was 349 | al., 2019;
aged from 10 days to 92 20, 21., and | -65.1%. Ghahfarokhi et al.,
years. 23 PCV13 was 2020; Abdoli et
2049 clinical cases 66.2- 83.5%. al., 2020,
from children younger Sayyahfar et al.,
than 18 years. 2021; Tabatabaei
et al, 2021,
Esteghamati et al.,
2022)
Iraq 1092 carriage cases 20.5% Not Not Available (Taha & Al
aged 6-13 years. available 2019)
6A, 6B, 14, | PCV7 was 27.8- | (Al-Lahham &
3720 carrier children 9V, 11A, 52.3%. Van der Linden,
Jordan 19.5-56.2%. | 15A/B, PCV10 was 2014; Al-Kayali et
under 1 month to 4 19F, 48.2-62.2%. al., 2016; Al-
23A,23F, PCV13 was Lahham et al.,
years. & 35B 49.4-73.2%. 2018; Al-Lahham,
2020; Al-Lahham
et al., 2021; Al-
Lahham, 2021).
Pre-vaccination
period:
PCV7 was
397 isolates from 53.26%. (Mokaddas et al.,
different infected Not Available | 23F, 19F, PCV13 was 2008; Mokaddas
Kuwait patients, only 193 for 6B, 14, & 72.6%. & Albert, 2012;
children < 15 years 9A vaccination Mokaddas &
period: Albert, 2016;
PCV7 decreased | Mokaddas et al.,
to 32.7% and 2021).
6.6%.
PCV7 was 50-
850 pneumococcal 1,3,5,6, 51%.
Lebanon | isolated from Not Available | 14, 19F, PCV10 was (Hanna-Wakim et
symptomatic children 45.6-74%. al., 2012; Reslan
and adults PCV13 was 63- | etal., 2022)
80%.
PCV7 was
3,6B,9A, | 46.1% then
252 strains isolated 12, 14,15, | become %15.9. (Al-Yaqoubi,
Oman from symptomatic Not Available | 19A, 19F& | PCV10 was 2011; Al-Jardani
children and adults 23F. 24.2%. etal.,2019)
PCV13 was
37.1%.
PCV7 was
3531 pneumococci 6A/B, 14, 34.4%. (Regev-Yochay et
Palestine | isolated from carriers < | 30-55.7% 19F, and PCV10 was al., 2012; Daana et
5 years 23F. 36.5%. al., 2015;
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PCV13 was Nasereddin et al.,
49.2%. 2013).
1,3, 6A, PCV7 was 43-
282 strains isolated 6B, 9V, 11 | 52%
Qatar from children and adult | Not Available | A, 14, 15B, | PCV10 was 52- (Al Khal er al,
who have IPD and 19A, 19F 679%. 2007; Taj-Aldeen
NIPD and 23 F PCV13 was 75- | & Elshafie, 2016).
78.3%
- 78 strains isolated - PCV7 was 30- | (Al-Mazrou et al.,
from children and 1,5,67, 7% 2005; Shibl, 2008;
Saudi adult who have IPD Not available | 14, 15,19, |- PCV10 was Al-Sherikh et al.,
Arabia and NIPD 18,22, and 81% 2014; Almazrou et
- 1051 children aged 23 PCV13 was 90% | al., 2015)
less than 15 years
with IPD and NIPD.
Syria Data not available
19F, 6A,
6B, 9V, PCV7 was 46.2 | (Ozdemir et al.,
11A, 12F, %. 2014; Soysal et
Turkey 4346 healthy children 6.4% -21.9% | 15ABF, PCV13 was 27.2 | al., 2016; Yiiksek
<18 years. 19F, 22AF, | -60% et al, 2020
23A, and Ceyhan et al.,
23F 2021)
Emirates Data not available
602 healthy children 1,2,4,5, Data not (Al-Shamahy et
Yemen (Nasopharyngeal 5.6% 15,19, and available al., 2008).
swabs) 22

2.16 Antimicrobial resistance of Streptococcus pneumoniae in Resource-constrained

nations of Asian and African countries.

AMR is a major concern for pneumococci in resource-constrained nations in Asia and

Africa, where its prevalence exceeds that of developed nations. This is due to antibiotic

misuse, easy availability without prescriptions, and their ineffective use against viral

infections. Limited healthcare access and diagnostics compound the problem. Antibiotic

resistance is a pressing issue in the 21st century, particularly in developing countries. In an

early 2000s report from the Asian Network, it was revealed that the Penicillin non-

susceptibility rate of pneumococci in Asia reached 35.8%. Taiwan had the highest

resistance rate among Asian countries, reaching 91.3% (Lee et al., 2001). Additionally, in

another study conducted in Asia between 2000 and 2001, 52.4% of pneumococci checked

across 14 medical facilities in 11 Asian regions exhibited Penicillin resistance, with

Vietnam recording the highest resistance rate at 92.1% (Song et al., 2004).
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In India, studies have reported the antibiotic resistance rates; 43.7% for Penicillin, 14.9%
for cefotaxime, 32.3% for Erythromycin, 65.2% for cotrimoxazole, and 3.2% for
Chloramphenicol (Verghese et al., 2017; Sutcliffe et al., 2019). Another Indian
investigation conducted in the state of Gujarat revealed the resistance rates in
S. pneumoniae isolates 66.6% against Tetracycline, 8.3% against Oxacillin, 3.8% against
Co-trimoxazole. Furthermore, an absolute of sensitivity (100%) was observed for
Ciprofloxacin, Cephalexin, and Amoxiclav, respectively. The study also found that MDR
was present in 33.4% of the microorganism (Barve et al., 2019). Additionally, the
resistance rate was 92.7% for Penicillin, 84.3% for Erythromycin, 79.3% for Ceftriaxone ,
and 77.7% for Tetracycline according to meningitis breakpoints among Sri Lankan
children (Vidanapathirana et al., 2020). In Bangladesh, a study involving 67 S. pneumoniae
isolates obtained from 200 healthy children under the age of five revealed high sensitivity
to Penicillin, cephalosporin, glycopeptide, and carbapenems. However, resistance rates
were 7.5% for Ciprofloxacin, 47.8% for Erythromycin, 47.8% for Azithromycin, 88.1%
for Gentamicin, and 76.1% for Co-trimoxazole (Shormin et al., 2022). As well as the MDR
was 18% among isolated pneumococcal strains from Indonesian children under five years
old. The resistance rates were 40% for Penicillin, 36.8% for Tetracycline, 29.7% for
Trimethoprim/Sulfamethoxazole, 16.8% for Erythromycin, 9.7% for Chloramphenicol,
and 8.6% for Clindamycin (Salsabila et al., 2022).

Antimicrobial resistance of pneumococci is also prevalent in African countries. In a study
among healthy Ethiopian children under 5 years old the resistance rates were 53.2% for
Tetracycline, 43.7% for Co-trimoxazole, 36.1% for Penicillin, 13.3% for Chloramphenicol,
and 8.9% for Erythromycin. 17.7% of the isolates exhibited MDR (Gebre et al., 2017).
Furthermore, Wada and colleagues discovered that the Tetracycline resistance rate was
48.9%, the Co-trimoxazole resistance rate was 45.3%, and the Oxacillin resistance rate was
28.3%. Chloramphenicol exhibited the lowest resistance rate at 12.5% among school
children in South Ethiopia (Wada et al., 2019). Another Ethiopian study, carried out during
2018-2019, found that 17.5% of 57 S. pneumoniae gathered from both kids and adults were

non-susceptible to Penicillin. While 1.8% showed non-susceptibility to Cefotaxime and
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Ceftriaxone. Additionally, there were disparity in the rates of non-susceptibility among
these isolates for the antibiotics included in the study [“Erythromycin, Clindamycin,
Tetracycline, Chloramphenicol, and Trimethoprim-Sulfamethoxazole were 59.6%, 17.5%,
38.6%, 17.5%, and 24.6%, respectively”]. The MDR was detectable in 33.3% of the
microbe (Sharew et al., 2021).

In a Tunisian children, the rate of isolation for Penicillin-resistant strains was 75.3%, and
the rate of Erythromycin resistance was 71.4% (Ktari et al., 2017). While it was found a
significant increase in the isolation rate of non-penicillin susceptible strains from 31% in

2013 to 47% in 2014 among Tanzanian children (Emgard et al., 2019).

Nevertheless, the prevalence of Penicillin-non-susceptible carrier isolates among Ghanaian
children decreased from 45% before the introduction of PCV-13 to 22.3%. Resistance rates
were 63% for Tetracycline, 61.4% for Trimethoprim-Sulfamethoxazole, and 11% for
Erythromycin, with 20% showing multidrug resistance (Dayie et al., 2019). In contrast, the
rates among invasive Nigerian strains of S. pneumoniae were 83.3% for Penicillin (resistant
+ intermediate), 69.6% for Oxacillin, 65.2% for Cefuroxime, and 47.8% for Ceftriaxone

(Miyasu et al., 2015; Suleiman et al., 2018).

The rates of antibiotic resistance exhibit significant variations across different geographical
locations of Asia and Africa, which give rise to concerns and emphasize the necessity for
improved monitoring and availability of novel approaches to combat the potential

dissemination of drug-resistant bacteria.

2.17 Antimicrobial resistance of Streptococcus pneumoniae in Middle East

Although there are several variables that have an impact on antibiotic resistance, rise in
antibiotic utilization is one of the most significant factors linked to elevate the non-
susceptibility among S. pneumoniae in the general clinical practice. Rationalizing
antibacterial use still the key effective way to decrease the rise of antimicrobial non-
susceptibility (Schrag et al., 2001; English & Gaur, 2010). The public health sector remains
under a substantial threat due to the drug tolerance displayed by pneumococci. The Centers

for Disease Control and Prevention (CDC) estimates that over 2 million cases of antibiotic-
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resistant infections happen annually within America, resulting in approximately 23,000
individuals losing their lives due to these bacteria (CDC., 2017).

The remarkable capacity of S. pneumoniae to reconstruct its genetic material by
incorporating external DNA pieces gained from similar species of the pneumococcal genus
has enabled the dissemination of antimicrobial non-susceptibility, as well as the avoidance
of immunization-triggered immune responses (Weiser et al., 2018).

Despite various ongoing AMR initiatives in some regions of the Middle East, such as Saudi
Arabia, including 2017 National Action Plan, AMR is rising among physicians and public
knowledge gaps about appropriate antibiotic use (Torumkuney et al., 2022).

Over the past two decades, pneumococcal isolates from children in Middle East countries
have shown a high rate of antimicrobial resistance, as illustrated in Table 2.2.

Moreover, the CDC suggested that approximately one-third of prescribed antibacterial
agents in outpatient clinics are considered to be unnecessary (CDC., 2017). Unfortunately,
the prevalence of acquiring antibiotics without a medical prescription is seen in some
locations of Middle East, where rates of self-medication range from 19% to 82%
(Alhomoud et al., 2017).

In Yemen, an investigation revealed that 60% of non-hospitalized children aged under
fifteen years received non-prescribed antimicrobial drugs (Mohanna, 2010). Likewise,
research conducted in 2015 at Sana'a City found that out of 200 local pharmacies, 73.3%
supplied antimicrobial agents to people and did not ask for a medical prescription. The
dispensed medications encompassed a spectrum of antimicrobial agents [“Penicillin
(48.5%), Sulphonamides (12.5%), Macrolides (10.6%), Fluoroquinolones (8.8%),
Metronidazole (7.8%), Cephalosporins (6%), and B-Lactam and B-Lactamase inhibitors
(5.8%)]. The distribution rates of antibiotics differed based on the specific disease
conditions. Tonsillitis exhibited peak frequency, followed by cough, diarrhea, and otitis
media. In contrast, urinary tract infection had the minimum distribution rate (Halboup et
al., 2020). Similarly, an investigation revealed a substantial prevalence of non-
susceptibility of antibiotics in Yemen. It indicated that three quarters of physicians felt

compelled to recommend the wide-spectrum antibiotics. Furthermore, the survey found
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that four fifths of patients had not undergo antibiogram approach to guide drug selection.
Moreover, a significant number of pharmacies (67%) dispensed antibiotics without
requiring a prescription. The prominent specified (63%) and distributed (82%) agent was

Amoxicillin, including Amoxicillin-clavulanate (Orubu et al., 2021).

The highest level of Penicillin non-susceptibility (ranging from 80% to 95.8%) was noted
in Jordan among a group of 3,720 healthy children over the years spanning from 2005 to
2019 (Al-Lahham & Van der Linden, 2014; Al-Kayali et al., 2016; Al-Lahham et al.,
2018; Al-Lahham, 2020; Al-Lahham, 2021; Al-Lahham et al., 2021).

Likewise, in Yemen, the observed rate of resistance to Penicillin fell within the range of
85% to 93.3% among the population under study (Al-Shamahy et al., 2008, Al-Ofairi et
al., 2017). Additionally, a comparable rate was identified in Iran, where Penicillin non-
susceptibility fluctuated from 9.2% to 95.3% throughout 2,165 kids during the period from
2008 till 2016 (Sanaei et al., 2012; Houri et al., 2017, Gharibani et al., 2019).

In Turkey, the range of Penicillin resistance among 3,266 children aged below 18 years
during 2011 to 2013 extended from 62% to 73% (Ozdemir et al., 2014, Soysal et al., 2016).
A notable rise in non-susceptibility of pneumococcal to Ceftriaxone and Cefotaxime in
some regions of the Middle East. In Iraq, Ceftriaxone resistance was recorded at 45.1%,
while Cefotaxime resistance varied from 13% to 87% between 2014 and 2016 (Saadi et
al., 2017; Taha & Ali, 2019). While, Turkey reported a Cefotaxime resistance rate of 47.7%
from 2008 to 2011 (Ozdemir et al., 2014; Soysal et al., 2016).

There were notable levels of Erythromycin resistance in many regions of Middle East
[“Iran, Iraq, Jordan, and Saudi Arabia”] as mentioned in table 2.2. Furthermore, there were
significant disparities in the occurrence of resistance to Tetracycline and Trimethoprim-

Sulfamethoxazole across various groups, as seen in Table 2.2.

The occurrence of MDR pneumococcal strains showed discrepancies across various
countries in the region. In Saudi Arabia, the MDR varied between 63-75% according to
three studies (Al Ayed & Hawan, 2011; Al-Sherikh et al., 2014; Almazrou et al., 2015).
In Oman, it was 18.9% (Al-Jardani et al., 2019), while in Qatar, it was 32.46% (Taj-Aldeen
& Elshafie, 2016).
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Cyprus reported a MDR prevalence of 24.1% (Koliou et al., 2017), and Egypt reported a
prevalence at 41% (EI-Nawawy et al., 2015). In Iran, the MDR prevalence varied between
51% and 69.4%.(Sanaei et al., 2012; Ghahfarokhi et al., 2020). Whereas Jordan indicated
that the MDR varied between 14.6-56.9% (Al-Lahham & Van der Linden, 2014; Al-Kayali
et al., 2016; Sallam, 2019). On other hand the prevalence of MDR in the State of
Palestinian varied between 30-34.1% in S. pneumoniae collected from kids (Regev-Yochay
et al., 2012; Nasereddin et al., 2013).

Although antibiotic resistance rates vary significantly between studies included in table
2.2, they are a cause for concern. These variations underscore the necessity for improved
surveillance and the development of contemporary plans to combat the potential expansion
of multiple drug-resistant microbes, especially in economically vulnerable countries within
the Middle East area. When formulating and executing effective containment initiatives, it
is essential to take into account a comprehensive range of factors, including those at the
individual, social, and national levels, that contribute to antimicrobial resistance.

Table 2.2. Antimicrobial Resistance of S. pneumoniae among children of Middle

Eastern Countries

Antibiotics/
Countries

PNC (%)

CTX (%)

CRO (%)

ERY (%)

TET (%)

TMX (%)

References

Bahrain

32.7

NA

NA

40.8

34.6

NA

(Al-Muhtaresh &
Bindayna, 2020)

Cyprus

27.9 -40.8

5.8

28.2-39.6

12.9-31.9

17.1-58.2

(Hadjipanayis et
al., 2016; Koliou
etal.,2017)

Egypt

15.8-55

20.1- 50

49-72.6

55-96.7

(Badawy et al.,
2017; El-Kholy et
al., 2020)

Iran

20.8-95.3

2.9-69.8

4.5

71.4-74.4

41.9-69.9

11.8-81.3

(Houri et al.,
2017; Gharibani
etal., 2019;
Ghahfarokhi et
al., 2020)

Iraq

53-57.6

13-87

45.1

15.6-83

89

(Saadi et al.,
2017; Taha & Alj,
2019)

Jordan

80-95.8

3.6-29.2

NA

46-78.2

32.3-53.8

61.4-86.6

(Al-Kayali et al.,
2016; Al-Lahham
etal., 2018; Al-
Lahham, 2020;
Al-Lahham, 2021;
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Al-Lahham et al.,
2021)

Kuwait

64

NA

NA

NA

NA

NA

(Mokaddas &
Albert, 2012;
Mokaddas &
Albert, 2016),

Lebanon

13.2-29.1

12.8-18.3

30.8-40.7

NA

NA

(Hanna-Wakim et
al.,2012)

Oman

40.9-44

0.8

0.8-1

25.8

NA

26.5

(Al-Yaqoubi,
2011; Al-Jardani
etal., 2019)

Occupied
Palestine
Territory

12.6-70.1

NA

30.3

NA

45.9

(Regev-Yochay et
al.,2012;
Nasereddin et al.,
2013; Daana et
al., 2015)

Qatar

27-43.8

2-16.6

NA

22.8-30

38.14

56.78

(Al Khal et al.,
2007; Taj-Aldeen
& Elshafie, 2016)

Saudi
Arabia

30-46

6-10

NA

26-77

NA

43.5-100

(Al-Mazrou et al.,
2005; Shibl, 2008;
Al-Sherikh et al.,
2014; Almazrou
etal., 2015)

Syria

NA

Turkey

62-73

47.7

13

43

NA

NA

(Ozdemir et al.,
2014; Soysal et
al.,2016)

UAE

40.2-41.3

NA

6.7-18.8

52.6

37

45.5

(Tariq et al, 2016)

Yemen

85-93.3

NA

NA

NA

20

(Al-Shamahy et
al., 2008; Al-
Ofairi et al.,
2017)

Keywords of table 2.2:

PNC penicillin, CTX cefotaxime, CRO ceftriaxone, ERY erythromycin, TET

tetracycline, TMX trimethoprim-sulfamethoxazole, NA not available.

Pneumococcal Conjugate Vaccine Coverage among Children in the Middle East

The Global Alliance for Vaccines and Immunizations has contributed a significant task in
improving the availability of immunizations for life-threatening infectious illnesses, such
as pneumococcal disease, in several nations, including those in the Middle East region
(Gandhi, 2020).

There is abundant evidence that PCV has a crucial role in decreasing the prevalence of
non-Penicillin susceptible pneumococci in clinical environments (Sutcliffe et al., 2019). It
was discovered that implementing PCV13 in specific Middle East regions has the power

to inhibit a multitude of instances of pneumococcal illness, leading to a potential decrease
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of 38% of overall fatalities of S. pneumoniae (Ezoji et al., 2019). Consequently, the PCV
has resulted in the development of several pneumococcal strains that are not included in
the vaccine's formulation. These emerging strains require ongoing surveillance to monitor
their transmission and sequelae (Hjalmarsdottir et al., 2020). Additionally, the interaction
between pneumococci and other coexisting bacteria can impact the effectiveness of
vaccines. There exists a natural equilibrium among these microorganisms that plays a role
in determining vaccine efficacy (Bogaert et al., 2004).

In most Middle Eastern nations, the implementation of PCV occurred without previous
awareness of the dominant serotypes (Mokaddas et al., 2008). Furthermore, the majority
of nations in this region promptly implemented the PCV upon its adoption (Figure 1).
Unfortunately, the mortality rate due to acute lower respiratory diseases among Yemeni
children is currently unclear due to the absence of updated data. However, it was found to
be 9.8% between 1991 and 1995, with the highest rate observed in those who were under
one year old (Banajeh, 1998). According to a report published in 2020, the pneumococcal
vaccination rate in Yemeni kids aged below two years was 71.4% (Al-Tarbi & Ghouth,
2020). Furthermore, there is no national surveillance study has been conducted in Yemen.
Moreover, the ongoing civil war has significantly affected the country's healthcare system,
including its vaccination programs. As a result, the impact of PCV on each serotype and
the trends in antimicrobial susceptibility remain unknown among Yemeni children. The

absence of data is threatening the lives of several kids (Table 2.2).
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PCV History of Middle East countries

Administration Date of PCV i |
2005 2019
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= Ausirallan Bureau of Siatlstics, Geolames, BMiorcsolt, Bawinito, OpenStrestflap, Tc Tour, Zenrin

Figure 2.1: The timing of PCV administration in the public immunization plans of Middle Eastern
countries, the Gulf Cooperation Council, Cyprus, and Turkey was originally used PCV7 in between 2005
and 2008, then they substituted it with either PCV10 or PCV13. Yemen implemented the introduction of
PCV13 in 2011, with financial assistance provided by the WHO. Lebanon, Iraq, and Iran included PCV into
their programs in 2005, 2017, and 2019, respectively. Notably, PCV is not integrate into the Egyptian and
Jordanian immunization plan as per the WHO guidelines. Furthermore, the WHO website indicates a scarcity

of data pertaining to Syria and the Palestinian state.

2.19 Future Challenges of Pneumococcal Diseases in Yemen

In 2017, a concerning number of meningitis cases were reported across Yemen,
predominantly in children under 5 yours old. Testing of cerebrospinal fluid samples pointed
to S. pneumoniae as the main causative agent. Although introduction of PCV to minimize
pneumococcal disease but humanitarian crisis may be limited availability for many
children (WHO, 2017).

Furthermore, the prevalence of systemic infection of S. pneumoniae and the rise of pan-
resistant strains are often seen in Middle Eastern nations in which Yemen is included
(Almazrou et al., 2015; Abdoli et al., 2020; Tabatabaei et al., 2021). The problem is

compounded by the emergence of the PVSR and the presence of particularly aggressive
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pathogenic and drug-resistant serotypes of S. pneumoniae, such as 15A as well as 24F, in
this specific geographical area (Taj-Aldeen & Elshafie, 2016; Reslan et al., 2021).

A research investigation pertaining to immunized children revealed a substantial lowering
in the quantity of vaccine serotypes. Among the whole of pneumococcal strains that were
recovered, the serotypes associated with PCV10 and PCV13 constituted 2.1% and 10.4%
respectively. In contrast, Non Vaccine Serotypes (NVS) comprised the majority,
accounting to 76.8% (Hadjipanayis et al., 2016). Additionally, a case report study
conducted in Turkey highlighted the possible consequences of the ineffectiveness of the
PCV13 vaccination, which include the development of a complicated kind of pneumonia
accompanied by empyema (Sutcl et al., 2017). Comparatively, a recently Japanese study
designed for admitted children aged 5 years with ordinary pneumonia, established increase
in Penicillin G non-susceptibility for serotypes 15A and 35B during 2016 -2018 (Takeuchi
et al., 2020).

Unfortunately, it is worth noting that the vaccination rate in a majority of Middle Eastern
nations remains below the expected threshold as reported among Yemeni children aged
below two years was at 71.4% (Al-Tarbi & Ghouth, 2020). Moreover, as of the year 2021,
the segment of the community in the Middle East peoples who have completed the full
course of the PCV stands at only 54%. Although some improvement has been made, there
is still a significant gap in achieving optimal vaccination coverage (WHO, 2022).
According to this data, many Yemeni children will be under the risk of mortality and
morbidity of pneumococcal infections. In order to address the forthcoming challenges, it
will be imperative for authorities, global entities, medical practitioners, and societies to
collaborate in prioritizing the prevention of pneumococcal disease, enhancing healthcare
infrastructure, augmenting vaccine coverage, promoting appropriate antibiotic usage, and

fortifying health systems holistically.
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3. Methods and Materials

3.1 Sample size

The sample size for the study was stratified by age and population size, calculated
according to the Thompson equation resulting in 385 children chosen as representatives of
the children's population in Aden City. The questionnaire was utilized to gather

information from the participant's parents during sample collection.
3.2 Project implementation plan
3.2.1 Inclusive and Exclusive Criteria

A sum of 385 kids participated in the current research, all of them under 17 years old. The
children were categorized into two groups depending on whether they had clinical signs
and symptoms of pneumonia or not. The symptomatic group consisted of 185 children who
were selected from those visiting the pediatric clinics at Al-Sadaga General Teaching
Hospital and Pediatric Clinic of Al-Basatin Healthcare Center. They were clinically
diagnosed by physicians for pneumonia, in accordance with the recommendations of the
British Thoracic Society (Harris et al., 2011).

The healthy cohort comprised 200 children who were selected from primary schools and
immunization centers. Children who had taken antibiotics in the two weeks preceding the
sample gathering were left out of the study.

3.2.2 Sample collection

The samples were gathered by using Nylon Swab (Himedia, India) in accordance with the
WHO conventional technique for identifying the existence of pneumococcal

nasopharyngeal carriage. One swab was collected per child (Satzke et al., 2014).

The swabs were directly inoculated into STGGB medium, then kept on ice in vaccine
transport box and transported into the department of microbiology laboratory at the

National Center of Public Health Laboratories in Aden City for further processing.
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3.2.3 Specimen Processing

The specimens were streaked over sheep blood agar plates supplemented with 5 pg/ml of
Gentamycin (GBA). Afterward, they placed in candle jar and incubated at 37°C. The
remaining specimen was kept frozen until processed according to the WHO protocol for
pneumococci identification from swabs, and it was subsequently used for a molecular assay
(Carvalho et al., 2010).

3.2.3.1 Isolation of Streptococcus pneumoniae by conventional Method
3.2.3.1.1 Requirements

1. Sheep blood, which was aseptically collected from farm animals at Al-Nagib Farm
in Al-Shaik Salem, Al-Basatein district, Aden City, was used for the preparation
purposes.

Soyabean Casein Digest Agar (Himedia, India)

Gentamicin Sulfate Powder (Himedia, India)

Sterile distilled water

Autoclave

Sterile Plastic Petri plates

N a s~ WD

Bunsen burner.
3.2.3.1.2 Preparation of Gentamicin Stock Solution

The final concentration of Gentamicin Stock Solution was prepared at 2.5 mg/ml per each

one milliliters of stock solution according to the following steps:

1. The 50 milligrams of Gentamicin Sulfate powder were accurately weighed.
2. The following formula was applied to calculate the amount of sterile distilled water

that was added to prepare a stock solution with a strength of 2.5 mg/ml:
Volume (ml) = Weight of Gentamicin (mg) / Desired Concentration (mg/ml)
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Volume (ml) =50 mg /2.5 mg/ml =20 ml

3. The solution was mixed thoroughly until the powder was completely dissolved in
the water.

4. The stock solution was transferred to a clean, sterile container and labeled with the
name of stock solution, concentration (2500 pg/ml), and date of preparation, after
that it was kept in the refrigerator till using in the preparation procedure.

3.2.3.1.3 Preparation of Gentamycin Blood Agar

The Soybean Casein Digest Agar has been prepared in accordance with the manufacturer's

instructions as following:

1. 20 grams of Soyabean Casein Digest Agar was suspended in 500 milliliters of
distilled water.

2. After preparation the suspended medium was sterilized by autoclave.

3. Itwasallowed to cool, reaching a temperature ranging from 45°C to 50°C, then 5%
Sheep blood was added.

4. 1 ml of prepared gentamicin sulfate solution was added into the suspended solution,
resulting in a concentration of 5 pg of gentamicin sulfate per milliliter of Sheep
Blood Agar.

5. The mixture was shaked thoroughly and poured into sterile plastic petri dishes and
allowed to solidify.

6. The batch GBA underwent a Sterility Test and Quality control assessment.

After the culture media went through the preparation procedure and passed the sterility
testing process, the present study utilized ATCC 49619 S. pneumoniae for a qualitative
assessment of transport and culture media, as well as an examination of potential activity
of antibacterial discs and strips. This strain was supplied by the Laboratory of the

organization of Medecins Sans Frontieres in Aden City.
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1. Isolation of Streptococcus pneumoniae on Gentamycin Blood agar

The specimen was streaking on GBA and incubation for 18 to 24 hours at 37 °C under
carbon dioxide of candle jar technique, the colonies that were typically small, smooth,
round, and slightly mucoid with a greenish discoloration (alpha-hemolytic colonies) of the
GBA surrounding them and their size about 0.5-1.0 mm in diameter were considered
presumptively as S. pneumoniae that needed to be confirmed by a Gram stain and an

Optochin susceptibility test.

2. Gram Stain

A smear was prepared from GBA for alpha-hemolytic colonies and stained as per the
manufacturer's specifications (HIMDIA, India). The bacteria, observed as groups of two
cells or short chains with a positive gram reaction and diameters ranging from 0.5 to 1.0
micrometers, were labeled as diplococci after testing negative for catalase activity. These
isolates were subcultured on sheep blood agar with an applied Optochin disc to confirm

their sensitivity.
3. Optochin Sensitivity Test Procedure

Optochin disks impregnated with 5 pg of ethylhydrocupreine hydrochloride were used to
distinguish S. penumoniae from other a haemolytic streptococci depending on the
sensitivity profile, where any isolated growth and produced 14 mm inhibition zone or
greater, considered as S. pneumoniae. The gram positive cocci which produced inhibition
zone less than 14 mm subjected to further confirmation by bile solubility test (Riedel et al.,

2019).

The following Steps of Optochin disc diffusion test were done according to manufacturing

recommendations (HiMedia India):

1. A Mueller-Hinton Sheep Blood agar plate was prepared and allowed to dry and
subjected to quality control as mentioned previously.

2. The plate was inoculated with the test organism by using a sterile swab.
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The inoculum was allowed to dry for a few minutes.

An ethylhydrocupreine hydrochloride disk was installed onto the midpoint of the
inoculum using sterile forceps.

The disk is pressed gently onto the agar using sterile forceps to ensure proper
adherence.

The medium is kept at 37°C in 5-10% carbon dioxide atmosphere in incubator for
18-24 hours.

After incubation, the plate is examined for a zone of inhibition around the optochin
disk.

4. Bile solubility Test

These isolated strains which had inhibition zones of less than 14 mm were tested to bile

solubility test to confirm it as pneumococci or not.

The following Steps of Bile solubility Test according to manufacturer recommendations
(HiMedia, India):

1.

A heavy suspension of a pure culture was prepared in 2 ml of 0.85% normal saline.

. The suspension was divided into two tubes of 1 ml.

2
3.
4

The turbidity was adjusted to 0.5 according to McFarland standard.

2 drops of 2% sodium deoxycholate were added to the tested organism and mixed
properly and 2 drops of sterile distilled water was added to control tube and mixed.
The tested organism and control tubes were incubated for 10-15 minutes at 35-37°C
in water bath.

The turbidity was observed for a clearing of the tube containing 2% sodium
deoxycholate by comparing it with control.
When a negative result was reported, the tubes were incubated for up to 3 hours

and checked for clearing again.

3.2.3.2 Antibiogram Test

Antibiogram Test was conducted by Kirby-Bauer technique as a screening test (Sastry &

Bhat, 2019). While Epsilometer Test (E Test) was selected as the easy and proper

procedure for measuring the breakpoint of tested antibiotics (Sader & Pignatari, 1994), so
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this method used for detecting the concentration break point for resistant strains. The
results of the E Test were evaluated based on the recommendation of CLSI on Mueller
Hinton agar media enriched with 5% sheep blood. The “S. pneumoniae ATCC49619” was
utilized as a reference standard every testing session as advised by CLSI.

The confirmed S. pneumoniae were spread onto the “Mueller Hinton agar” enriched with
blood of sheep, after which the plate was left to dry. Subsequently, 1 pg Oxacillin discs,
10 pg Erythromycin discs, 15 pg Azithromycin discs, and 30 pg Doxycycline discs
(Himedia, India) were applied. Resistant strains, characterized by inhibition zones of less
than 20 mm for Oxacillin, were subjected to the E test to measure their MIC for Penicillin,
Ceftriaxone, Cefepime, and Co-amoxiclav (Himedia, India). Isolates exhibiting resistance
to Erythromycin, Azithromycin, and Doxycycline (Himedia, India) underwent MIC testing
using the E Test. Both the Kirby-Bauer test and E technique were evaluated in accordance
with the CLSI guidelines 2021.

3.2.3.3 Serotyping

The isolated colonies of pneumococci were transferred into “Todd Hewitt broth”
supplemented with serum rabbit (Himedia, India) after that incubated overnight at 37 °C
(Carvalho et al., 2010) then used for serotyping purposes by applying Pneumotest-Latex
Kit (Staten Serum Institute, Denmark) This test is a rapid readymade latex agglutination
test that is usually used for direct detection of serotypes and serogroups of S. pneumoniae
in blood cultures or on plate cultures (Otte et al., 2014).
In the serotyping process, a sterile inoculation loop, a mixing stick, and a reaction card
were used to mix a loopful of overnight bacterial growth with saline and Pneumotest-Latex
reagents. This was done after thoroughly shaking the reagent and allowing it to reach room
temperature, according to the recommendations of manufacturer as follows:

1. 10 pL of bacterial suspension from overnight growth of Serum Todd Hewitt broth

was applied to reaction card.
2. 10 pL of latex reagent was placed on reaction card beside the bacterial suspension.
3. The drops were mixed using a mixing stick, and the resulting suspension was then

spread to cover the circular area.

78



Chapter Three Methods & Materials

4. Manual agitation was applied to the card for 3-10 seconds, and the process of
agglutination was observed. Any reaction occurring after 10 seconds was
considered negative.

3.2.3.4 Molecular Detection S. pneumoniae

“Real-time PCR targeting the Autolysin-Encoding Gene (/yt4)” has been recommended as
a rapid and reliable non-culture assay to complement the gold standard technique for
detecting S. pneumoniae (Riedel et al., 2019). In this study, the remaining specimens that
stored in STGGB tubes at -20°C were used for Pneumococci detection using the TRUPCR
Streptococcus pneumoniae Detection Kit Version 1.0 (Blackbio Biotech, India) through

Applied Biosystem 7500 Fast Real-Time PCR.
TRUPCR Streptococcus pneumoniae Detection Kit

The TRUPCR Streptococcus pneumoniae Detection Kit (V-1.0) is a stablise molecular
amplification assay. It is specifically designed to detect the presence of S. pneumoniae
DNA in clinical samples using the Real-Time PCR technique. Particularly, this kit
incorporates an endogenous internal control that aids in assessing the presence of PCR

inhibition and ensuring the accuracy.

The TRUPCR Streptococcus pneumoniae Detection Kit Version 1.0 consists of the

following reagents:

i. Master Mix reagent, which includes the following ingredients:
1. Hot-Start DNA Polymerase
2. Reaction Buffer
3. dNTPs (dATP, dCTP, dGTP, dUTP)
4. MgCl and Stabilizers
ii. Primer Probe Mix, which is a specific mix for detecting S. pneumoniae and an
endogenous internal control.
iii. Sterilized water was used as Negative control.

iv. Positive control, which is the S. pneumoniae Positive control.
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DNA Extraction

The following procedure was conducted to extract DNA from specimens using the

TRUPCR Streptococcus pneumonia Extraction kit according to the recommendations of

the manufacturer (Blackbio Biotech, India) as follows:

1.

10.

1.5 ml microcentrifuge tube was prepared, and 25 pl of Proteinase K was pipetted
into it. Prior to use, Proteinase K had been dissolved in the designated amount of
proteinase buffer.

200 pl of the specimen was mixed into the microcentrifuge tube.

300 pl of Buffer BAV1, containing carrier RNA at a potency of 28 pug/ml, were
introduced into the microcentrifuge tube.

The cap was securely fastened, and the contents were agitated using pulse-vertexing
for 15 seconds to guarantee complete homogeneity.

The microcentrifuge tube which contains the homogeneous solution was incubated
at 56°C for 15 minutes using a heating block to facilitate lysis and DNA release.
A brief rotation of the 1.5 ml vial was conducted to remove any remaining droplets
from the inside surface of the lid.

250 ul of ethanol (96-100%) was incorporated into the specimen in the
microcentrifuge tube. The cap was closed, and the contents were thoroughly mixed
by pulse-vertexing for 15 seconds. The lysate was then incubated with ethanol for
5 minutes at ambient temperature (15-25°C).

Another brief spinning of the 1.5 ml vial was conducted to get rid of any leftover
droplets on the inner side of the cap.

The entire lysate from step 7 attentively conveyed onto the Spin column. The cap
was tightly fastened, then centrifugation was carried out at 10,000 rpm for 1 minute
(Fisherbrand accuSpin Microl17R Microcentrifuge).

The column was installed into a collection tube, and then carefully opened. Next,
500 ul of Buffer BAW1 was added, ensuring no contact with the edges. The cap
was tightly fastened, and centrifugation was performed at 10,000 rpm for 1 minute,

after which the filtrate was disposed of
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11.

12.

13.

14.

The column was carefully unsealed, and 500 microliters of Buffer BAW2 was
added. The cap was securely fastened, and spinning was performed at 10,000 rpm
for 1 minute, with the liquid portion discarded.

The column was cautiously opened, and 500 pl of ethanol (96-100%) was
introduced. The cap was fastened again, and centrifugation was performed at
10,000 rpm for 1 minute, with the filtrate being eliminated.

The column was moved into a new 2 milliliter collection tube and spun at the
highest speed “14,000 rpm” for 3 minutes to completely dry out the silica filter.
The column was placed in a sterile 1.5 ml microcentrifuge tube, and the capture
vial along with the filtrate was disposed of. The cover of the column was cautiously
lifted, and a volume of 50-60 ul of Buffer BRE was precisely introduced into the
middle of the membrane. The lid was closed, and the column was kept at room
temperature for 1 minute. Afterward, the mixture underwent centrifugation at a

speed of 10,000 revolutions per minute for 1 minute.

Reaction Procedure

1.

In three separate 0.2 ml PCR tubes, 10 pl of master mix was added to 10 pl of
Primer Probe Mix. These tubes were then labeled as Test, Positive Control, and
Negative Control and securely closed.

For each of the labeled tubes, 5 pul of the previously prepared 20 ul extracted DNA
sample was added. Additionally, 5 ul of Positive control and 5 pl of Negative
control were introduced into their respective labeled tubes.

Each batch included the analysis of a total of 22 samples, which comprised 20
samples under investigation along with the inclusion of both positive and negative
control samples. This approach was implemented to maintain the integrity of the
testing process, allowing for accurate interpretation of the results while considering

the presence of control samples for quality assurance purposes.
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Program Set Up

The Applied Biosystem 7500 Fast Real-Time PCR instrument was configured with the
following settings for the RT-PCR process:

Steps Temperature °C Time Dye Acquisition Cycles
1 37 5 minutes - 1
2 94 10 minutes - 1
3 94 10 second - 40
4 60 60 second Yes

The Hexachlorofluorescein (Hex) channel was chosen for the detection of S. pneumoniae
using the reporter, while the orange channel was utilized for the endogenous internal
control. In addition, the manufacturer's recommendations were followed for the analysis of
the results. According to the recommendations, it was expected that the negative control
reactions for each probe/primer set would not display luminescence expansion curves
crossing the cut-off limit. The occurrence of a false positive in the primers and probe non-

template control reactions could indicate potential sample contamination.

The positive control reactions, the expected Ct values [“Cycle Threshold”] were
determined based on the manufacturer's guidelines. Specifically, in the Hex channel, the
anticipated Ct value for S. pneumoniae was expected to be around 20+3, while in the orange
channel, the expected Ct value for the Endogenous Internal Control was also expected to
be around 20+3.

Regarding the clinical samples, the manufacturer recommended that all specimens should
display endogenous internal control reaction curves crossing the cut-off limit at or prior to
32 cycles. This would indicate the presence of sufficient DNA from human genes and
confirm the acceptability of the specimen’s quality.

It should be noted, however, that certain samples may exhibit abnormalities potentially

caused by errors or contaminants present during the original critical analysis. Moreover,
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samples obtained from animals or other species, as well as cell cultures, may either show
no endogenous internal control reaction or a weak one.

The failure to detect the endogenous internal control in patient specimens can point out an
issue or error in the analysis, as per the manufacturer's recommendations.

3.3 Ethical Declaration

The investigation awarded ethical permission from the Research and Ethics Committee of
the University of Aden, Yemen under the Research Regulation REC-98-2021. The
researchers collected written informed consent from the children’s parents. This form
informed them about the sample collection and assured them that information about their
children would be kept confidential for research purposes only. They therefore had the

right to withdraw their children from the research project if they did not agree.

3.4. Data Analysis

The data analysis was computed by SPSS [“Statistical Package for the Social Sciences
version 22 (SPSS V 22)”] and EZ SPSS Tutorials. The data cleaning and categorization
tasks were performed using SPSS V 22.

The rates of colonization were determined by using percentage calculations. In the same
manner, percentages were calculated for every age group, serotype, and rate of resistance
using SPSS Version 22. The EZ SPSS Tutorials were utilized to evaluate the correlation
among the rate of S. pneumoniae carriage and associated risk variables, and to analyze any
significant discrepancies in antibiotic resistance. The evaluation utilized the Chi-square
(x2) test and Odds Ratio (OR), specifying the Confidence Interval (CI) at 95%. The
conducted analysis employed a significant level with a p-value of 0.05 or less, which was

considered statistically significant.
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4.1. Results

A total of 385 children were enrolled for the entered study. Among them, 185 children
exhibited typical signs and symptoms associated with pneumonia, while the remaining
200 were healthy. The mean age of the participants was 8.549 years, with a standard
deviation of 4.245 years. Females constituted 51.7% of the overall sample, while males
accounted for 48.3%.

The prevalence rate of pneumococci in the total cohort of this study was 44.4% (95% Cl,
39.5-49.4%) as detected by the culture method and 57.1% (95% CI, 52.2-62%) as
identified by the RT-PCR technique. There wasn't a notable variance in the carriage rate
between genders across the entire cohort (Table 4.1).

Table 4.1. Demographic profile of participants of study sample from Aden city

Age group (Years) Frequency (%) Female (%) Male (%)
2—6 142(36.8) 68 (47.9) 74 (52.1)
7—11 135(35.1) 73 (54.1) 62 (45.9)
1217 108(28.1) 58 (53.7) 50 (46.3)

Total 385(100) 199 (51.7) 186 (48.3)
Minimum 2 years Maximum 17 years

Mean 8.549 years S.D. 4.245 years

Among the pneumonic group, the carriage rate was 45.9% (95% CI, 38.9-53.1%) using
the culture method and 59.5% (95% Cl, 52.3-66.3%) using the RT-PCR technique. In the
healthy group, the carriage rate was 43% (95% ClI, 36.3-49.9%) with the culture method
and 55% (95% Cl, 48.1-61.7%) with the RT-PCR technique (Table 4.2 and 4.3).

Regarding the prevalence rates within the pneumonic cohort, the culture technique
showed rates of 49.3%, 54.8%, and 29.8% among age groups of 2-6 years, 7-11 years,
and 12-17 vyears, respectively. While in the healthy children, the rates were 50.7%,
31.5%, and 48.2% for the corresponding age groups (Table 4.2).
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Table 4.2. Prevalence of S. pneumoniae carriage in pneumonic and healthy children

of Aden City, by age group, using culture method.

Age Group Nasopharyngeal Prevalence of Pneumococci

(years) Pneumonic Children (%0) Healthy Children (%0)
Negative | Positive Total Negative | Positive Total

2—6 36(50.7) | 35(49.3) |71(38.4) |35(49.3) |36(50.7) | 71(35.5)

7—11 28(45.2) 34(54.8) |62(33.5) |50(68.5) |23(31.5) | 73(36.5)

12— 17 36(69.2) 16(29.8) |52(28.1) |29(51.8) | 27(48.2) |56(28.0)

Total 100(54.1) | 85(45.9) | 185(100) | 114(57.0) | 86(43.0) | 200(100)

On the other hand, when the RT-PCR technique was utilized, the prevalence rates of
pneumococci among the age groups of 2-6 years, 7-11 years, and 12-17 years in the
pneumonic cohort were 59.2%, 67.7%, and 50%, respectively. In contrast, the rates in the
healthy group were 64.8%, 43.8%, and 57.2%, respectively (Table 4.3).

Table 4.3. Nasopharyngeal occurrence of Pneumococci in pneumonic and healthy
kids in Aden City using RT-PCR

Nasopharyngeal Carriage Rate of S. pneumoniae
Age Pneumonic Children (%o) Healthy Children (%)
Group Negative Positive Total Negative | Positive Total
(years)
2—6 29(40.8) 42(59.2) 71(38.4) | 25(32.2) | 46(64.8) | 71(35.5)
7—11 20(32.3) 42(67.7) 62(33.5) | 41(56.2) | 32((43.8) | 73(36.5)
12— 17 26(50) 26(50) 52(28.1) | 24(42.9) | 32(57.2) | 56(28.0)
Total 75(40.5) 110(59.5) | 185(100) | 90(45) 110(55) 200(100)

In the present investigation, S. pneumoniae was identified using RT-PCR in 220 samples
out of 385 nasopharyngeal swabs, including 170 with a positive culture. In contrast, the
culture method detected a lower number of positive cases, specifically 171. The RT-PCR
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had a greater level of sensitivity (99.5%) and infinite specificity in comparison to the
conventional culture method. The true positive detection rate of RT-PCR was determined
to be 100%, indicating that a positive test result accurately signifies the existence of the
target condition. Furthermore, the negative predictive value of RT-PCR was determined
to be 99.4%, indicating the probability of a negative test result precisely excluding the
target condition. The data demonstrate the high accuracy of RT-PCR, achieving a 99.7%
accuracy rate. This highlights the significant influence of the selected testing
methodology on the outcomes of S. pneumoniae detection (Table 4.4).

Table 4.4. Performance measures of Real-time PCR

Real-time PCR
Characteristics Results
True positive 220
False Negative 1
False Positive 0
True Negative 164
Sensitivity 99.5%
Specificity 100%
Positive Predictive Value | 100%
Negative Predictive Value | 99.4%

Contrary to expectations, the vaccination rate in the total cohort was 76.1% (95% ClI,
71.6-80.1%). It is noteworthy that the rate of vaccination was 73.7% in the pneumonic
group and 78.5% among the healthy children (Figure 4.1).

During the study of the pneumonic group, several observations were made. Among the
participants, 91.4% experienced fever, 82.2% reported sustained breath shortness, 82.2%
complained of rapid breathing, 89.7% had a cough, 18.8% exhibited wheezing, 82.7%

had a respiration rate greater than 20 Beats Per Minute, 93.5% had a pulse rate greater
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than 100 Beats Per Minute, and 17.8% had an oxygen saturation rate less than 95%
(Figure 4.2).

78.50% | 76%

PCV of the total cohort = PCV of the symptomatic children = PCV of the asymptomatic children

Figure 4.1. Vaccination rate among pneumonic, healthy cohorts, and total children
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Figure 4.2. Clinical characteristics of pneumonic children in Aden City.

Furthermore, it was found that 40% of the pneumonic cohort had a total white blood cell
count greater than 11,000/pul. Among the group, 33% had a differential count of
neutrophils gone beyond the normal cut-off (>70%), 29.7% had a lymphocyte count that
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exceeded the established normal cut-off point (>40%), and 39.5% of the pneumonic

children tested positive for the C-Reactive Protein screening test (Figure 4.3).
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Figure 4.3. Laboratory parameters among pneumonic children in Aden City.

However, in this study, there was no significant association observed between
pneumococcal carriage and the associated factors. Although there was a slight association
between carriage rate and age less than nine years (OR = 1.6; 95% CI 1-2.4; p = 0.03),
the carriage rate among children from families with single rooms showed significance
association (OR = 7.9; 95% CI 4.9-12.8; p = 0.00001). Furthermore, the nasopharyngeal
carriage was markedly higher in kids who shared sleeping space with their family
members (OR = 15.1; 95% CI 7.1-32.2; p = 0.00001). Additionally, there was a
statistically significant association (OR = 2.02; 95% CI 1.2-3.4; p = 0.007) between
pneumococcal carriage and low monthly incomes of less than 100 US dollars per family
(Table 4.5).

It was observed that the covering rate of PCV 13 was 76%. The rate of PCV 13 serotypes
were demonstrated in 80.2% of the isolated pneumococcal strains from the healthy. In

contrast, the prevalence of PCV-13 serotypes among pneumonic children was 71.8%.
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Table 4.5. Associated risk factors and carriage of S. pneumonia among total children
cohort of Aden City.

Carriage by Culture (%)

Associated Risk Factors Frequency (%) | Negative Positive P-Value | OR (95% CI)

Sex Male 186(48.3) 105(56.5) 81(43.5) 0.74 0.93(0.62-1.4)
Female | 199(51.7) 109(54.8) 90(45.2)

Age <9 227(59) 116(51.1) 111(49.9) | 0.03 1.7(1-2.4)
>10 158(41) 98(62) 60(38)

No. of Siblings | 0 78(20.3) 28(36) 50(64) 0.088 1.6(0.9-2.6)

<6 Years >1 307(79.7) 143(46.6) 164(53.4)

No. Of Rooms | 1 134(34.8) 33(24.6) 101(75.4) | 0.00001 | 7.9(4.9-12.8)

Per Family >2 251(61.1) 181(75.2) 70(24.8)

Sleeping in One | Yes 286(74.3) 123(43) 163(57) 0.00001 | 15.1(7.1-32.2)

Room No 99(25.7) 91(91.9) 8(8.1)

Domestic Yes 40(10.4) 22(55) 18(45) 0.93 1.03(0.5-1.9)

Animals No 345(89.6) 192(55.7) 153(44.3)

Smoker in Yes 159(41.3) 81(50.9) 78(49.1) 0.12 1.4(0.9-2.1)

Family No 226(58.7) 133(44.3) 93(55.7)

Using Incense Yes 168(43.6) 93(55.4) 75(44.6) 0.93 1.02(0.68-1.5)
No 217(56.4) 121(55.8) 96(44.2)

Using Mosquito | Yes 171(44.4) 95(55.6) 76(44.4) 0.99 1.0(0.67-1.5)

Coil No 214(56.6) 119(55.6) 95(44.4)

Monthly Income | No 302(78.4) 157(52) 145(48) 0.007 2.02(1.2-3.4)

<100$ Yes 83(21.6) 57(68.7) 26(31.3)

The predominant pneumococcal serotypes among healthy children and those with
pneumonia were 19 (15.1% and 8.2%), 1 (12.8% and 11.8%), 4 (9.3% and 12.9%), 5
(12.8% and 8.2%), 2 (9.2% and 7.1%), 23 (8.1% and 7.1%), 3 (7.0% and 7.1%), 6 (5.7%
and 7.1%), 22 (2.3% and 7.1%), 15 ( 4.7% and 3.5), 7 (2.3% and 3.5%), 14 (3.5% and
2.4%), 9 (2.4% and 2.3%), and 18 (1.2% and 2.3%) respectively. Additionally, the non-
PCV-13 serotypes accounted for 19.8% of isolates from healthy children and 28.2% of

pneumococci isolated from pneumonic group. The most common non-PCV-13 serotypes
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identified from the healthy and pneumonic children were 2 (9.3% and 8.2%), 15 (4.7%
and 3.5%), and 8 (1.2% and 1.2%) respectively (Figure 4.4).
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Figure 4.4. The Pneumococcal Serotypes among Healthy and Pneumonic Children in
Aden City.

Furthermore, the pneumococci isolated from both pneumonic and healthy children
showed low susceptibility rates (SRs) when checked by the disk diffusion method. The
susceptibility rates for Oxacillin were 2.4% and 4.7%, for Erythromycin were 29.4% and
25.6%, for Azithromycin were 50.6% and 57.0%, and for Doxycycline were 20% and
24.4% respectively. Nevertheless, there was no notable difference in antimicrobial
resistance was observed between the isolates from both cohorts (Table 4.6).

The Penicillin resistance (meningitis breakpoint) was observed in 96.5% of the total
cohort, with rates of 95.3% among healthy children and 97.6% in the pneumonic cohort.
Conversely, the Penicillin resistance (non-meningitis breakpoint) was found in 13.3% of
the total cohort. Additionally, resistance to Cefepime (meningitis breakpoint) was
detected in 15.8% of the total cohort, while no resistance was observed for the non-
meningitis breakpoint. Similarly, the Ceftriaxone resistance (meningitis breakpoint) was
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Table 4.6. Antimicrobial susceptibility patterns of S. pneumoniae isolated from pneumonic
and healthy cohorts of Aden City (disc diffusion method), and the differences between
two groups of study in terms of antibiotic resistance.

Antibacterial | Breakpoints Pneumonic Healthy (8] P- Value
Agents inmm Frequency (%) | Frequency (%)

Oxacillin >20 (S) 2(2.4) 4(4.7) 0.667 0.41
<20 (R) 83(97.6) 82(95.3)
>21 (S) 25(29.4) 22(25.6)

Erythromycin 16-20 (1) 16(18.8) 26(30.2) 1.27 0.25
<20 (R) 44(51.8) 38(44.2)
>18 (S) 43(50.6) 49(57.0)

Azithromycin | 14-17 (1) 12(14.1) 14(16.3) 1.46 0.23
<13 (R) 30(35.3) 23(26.7)
>28 (S) 17(20) 21(24.4)

Doxycycline 25-27 (1) 20(23.5) 22(25.6) 0.72 0.40
<24 (R) 48(56.5) 43(50.0)

Keywords of table 4.6. [S = Sensitive, | = Intermediate, R = Resistant, and %> = Chi squire Test].

observed in 16.4% of the total cohort, while it was absent at the non-meningitis breakpoint
among the healthy group and only 1.2% among the symptomatic children. In contrast, the
pneumococci showed 100% sensitivity to Amoxicillin/clavulanic acid. The results
showed no notable disparity in antibiotic resistance between the isolates from both
research groups. However, a significant difference (¥* = 3.9; p = 0.04) was found in the
resistance to Penicillin (Non-Meningitis Break Points) between the isolates of the two

cohort groups (Table 4.7).
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Table 4.7. Comparison of pneumococcal resistance and antibiotic non-susceptibility rates

in two study groups of children in Aden City using E test

Antibacterial R in the Pneumonic R in the Healthy
Agents children (%) children (%) 1 p-value
Penicillin M 83 (97.6) 82(95.3) 0.667 0.41
Non-M 7(8.2) 16 (18.6) 3.94 0.04
Cefepime M 10(11.8) 17 (19.8) 2.05 0.15
Non-M 0 0 - -
Ceftriaxone M 10 (11.8) 18(20.9) 2.62 0.11
Non- M 1(1.2) 0 - -
Amoxiclav 0 0 - -

Keywords of Table 7.4 [M = Meningitis, Non-M = Non- Meningitis, R = Resistance, and > = Chi
squire Test].

The data revealed a significant frequency of Penicillin resistance within pneumococcal
isolates from healthy children, reaching a rate of 95.3%. Among the resistant strains,
19.8% exhibited a resistance level ranging between 0.123 ug/ml and the fold of the
meningitis CLSI breakpoint for resistance, while the remaining 75.6% had a resistance
rate greater than two times the meningitis CLSI breakpoint for resistance. Similarly,
among pneumococcal isolates from the pneumonic cohort, the prevalence of Penicillin
resistance was 97.6%. Notably, 10.6% of these resistant strains displayed a resistance
level falling between 0.123 pg/ml and the fold of the meningitis CLSI breakpoint for
resistance, while the majority (87.1%) of the resistant strains showed a resistance
exceeding two times the meningitis CLSI breakpoint for resistance. The rates of non-
meningitis Penicillin resistance were 18.6% for the healthy cohort and 8.2% for the

pneumonic group.

Regarding the resistance rate to Ceftriaxone among pneumococcal serotypes isolated

from children with pneumonia, based on the CLSI meningitis cut-off, it was 11.8%.

92




Chapter Four Results & Discussion

Table 4.8. Minimum inhibitory concentration of P lactam antibiotics against
S. pneumoniae isolated from the tow cohorts in Aden City, according to the CLSI

meningitis MIC values (E-test)

Antibiotics MIC Breakpoints in pg/mi Symptomatic | Asymptomatic
< 0.06 (Sensitive) 2(2.4%) 4 (4.7%)

Meningitis 0.12 (Resistant) 9 (10.6%) 17 (19.8%)

Penicillin >0.5 74 (87.1%) 65 (75.6%)

Non-Meningitis <2 (Sensitive) 66 (77.6%) 60 (69.8%)

4 (Intermediate) 12 (14.1%) 10 (11.6%)

>8 (Resistant) 7 (8.2%) 16 (18.6%)

<0.5 (Sensitive) 58 (68.2%) 54 (62.8%)

Meningitis 1 (Intermediate) 17 (20%) 14 (16.3%)

Ceftriaxone 2 (Resistant) 9 (10.6%) 11 (12.8%)

>4 1(1.2%) 7 (8.1%)

<1(Sensitive) 70 (82.3% 73 (84.9%)

Non-Meningitis 2(Intermediate) 14(16.5%) 13 (15.1%)
>4(Resistant) 1(1.2%) 0

<0.5(Sensitive) 58(68.2%) 53 (61.6%)

1(Intermediate) 17(20%) 16 (18.6%)

Cefepime Meningitis 2 (Resistant) 10 (11.8%) 17 (19.8%)
>4 0 0

<1(Sensitive) 71 (83.5%) 73 (84.9 %)

Non-Meningitis 2(Intermediate) 14 (16.5%) 13(15.1%)
> 4 (Resistant) 0 0

93




Chapter Four Results & Discussion

It was observed that 1.2% of the Ceftriaxone non-susceptible strains exhibited a
resistance rate double the resistance cut-off. Conversely, for strains isolated from healthy
children, the rate was 20.9%, and 9.3% of the resistant strains demonstrated a resistance
rate also double the non-susceptible cut-off of CLSI (Table 4.8).

The study found that 51.8% of pneumococcal serotypes isolated from children with
pneumonia exhibited resistance to Erythromycin, as determined by the CLSI. Within this
set of strains, a proportion of 36.5% exhibited resistance that was either equal to or
beyond twice the established threshold of CLSI cut-off. On the other hand, the strains
collected from healthy children showed a resistance rate of 44.2%. Among these resistant
strains, 40.7% exhibited resistance levels that were equivalent to or greater than double
the predetermined threshold. Furthermore, the rate of Azithromycin resistance in
pneumococcal serotypes obtained from pediatric pneumonia cases, using the CLSI
threshold was 35.3%. Among these strains, 36.5% demonstrated resistance at or above
double the specified threshold. Conversely, strains derived from healthy children
displayed a resistance prevalence of 44.2%, with 40.7% of these resistant strains

indicating resistance equal to or surpassing twice the officially set threshold.

The prevalence of resistance to Doxycycline in pneumococcal serotypes isolated from
cases of pediatric pneumonia, as determined by the CLSI guidelines, was found to be
56.5%. 34.1% of isolates had resistance levels that met or exceeded double the
recommended threshold. In contrast, strains obtained from children who were healthy had
a resistance rate of 50%, while 22.1% of these resistant isolates demonstrated resistance

levels that were equivalent to or greater than twice the CLSI set (Table 4.9).

Among the strains isolated from healthy children, the serotypes that exhibited high
Penicillin resistance based on the CLSI meningitis cut-off were 19, 1, 5, 4, 2, 23, and 3.
Likewise, serotypes 19, 2, 3, 5, 4, and 14 were commonly resistant strains of Ceftriaxone.

While serotypes 19, 3 and 5 were the most resistant to Cefepime.
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Table 4.9. The Minimum inhibitory concentration of Macrolide and Doxycycline
against S. pneumoniae isolated from healthy children and pneumonic

group in Aden City, according to the CLSI meningitis values (E-Test)

Antibiotics MIC Breakpoints in pg/mi Pneumonic Healthy
<0.25 (Sensitive) 25(29.4) 22 (25.6%)
Erythromycin 0.5 (Intermediate) 16(18.8) 26 (30.2%)

1 (Resistant) 13 (15.3%) 3 (3.5%)
>2 31(36.5%) 35 (40.7%)

<0.5(Sensitive) 43(50.6) 49 (57.0)

Azithromycin 1(Intermediate) 12(14.1) 14 (16.3)
2 (Resistant) 27 (31.8%) 21 (24.4%)

>4 3 (3.5%) 2 (2.3%)

< 0.25(Sensitive) 17 (20%) 21(24.4)

Doxycycline 0.5(Intermediate) 20(23.5%) 22 (25.6)
1 (Resistant) 19 (22.4%) | 24 (27.9%)
>2 29 (34.1%) 19 (22.1%)

Additionally, among the isolates from healthy children, the serotypes with multiple
resistance to Penicillin, Ceftriaxone and Cefepime, as tested according to the CLSI
meningitis breakpoint, were 19, 1, 5, 4, 3, 6, 7, and 8 respectively (Figure 4.5). While the
common serotypes which isolated from children with pneumonia displaying high
Penicillin resistance according to the CLSI meningitis cut-off were 4, 1, 2, 3, 5, 6, 19, 22,
and 23. Also, serotypes 1, 4, 6, 2, 3, 5, and 19 were commonly resistant strains of
Ceftriaxone. While serotypes, 1, 4, 6, 2, 3, 5, and 19 were the most resistant to Cefepime.
The serotypes with multiple resistance for the three -lactam antibiotics among children

with pneumonia were 4,1, 2, 3. 5and 19 (Figure 4.6).
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Figure 4.5. Frequency of Beta-lactam-resistant serotypes of S. pneumoniae isolated from a
healthy cohort in Aden City, according to the CLSI Meningitis MIC values.
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Figure 4.6. Frequency of Beta-lactam-resistant serotypes of S. pneumoniae gathered from
Pneumonic children within Aden City, according to the CLSI Meningitis MIC

values.
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The most prevalent serotypes of S. pneumoniae that exhibited resistance to Erythromycin
within the health group included 1, 2, 4, 5, 19, 15, and 23. Similarly, the serotypes
resistant to Azithromycin were 1, 5, 19, 2, 4, 6, and 23. Additionally, resistance against
Doxycycline was observed in serotypes 1, 19, 4, 5, 23, 2, and 15. Notably, the most
prevalent resistant serotypes for Erythromycin , Azithromycin, and Doxycycline were 1,
2,4,5,19, and 23 (Figure 4.7).
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Figure 4.7. Macrolide and Doxycycline Susceptibility Characteristics of pneumococcal Serotypes
from Healthy Children in Aden City.

The observed S. pneumoniae from pneumonic population exhibited resistance to
Erythromycin in many serotypes of S. pneumoniae, specifically the common serotypes 1,
4,3,5,2,6,7, and 19. In a similar vein, the most serotypes that demonstrated resistance
to Azithromycin encompassed serotypes 1, 4, and 19. Furthermore, the existence of non-
susceptibility to Doxycycline was seen commonly in serotypes, 1, 4, 6, 3, 5, 11, 19 and
23. it was found that the serotypes 1, 2, 3, 4, 5, 6,7, 8, 9, 10, 14, 15, 19, 22 and 23 were
the most commonly observed serotypes exhibiting resistance to Erythromycin,

Azithromycin, and Doxycycline (Figure 4.8).
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Figure 4.8. Macrolide and Doxycycline Susceptibility characteristics of Pneumococcal

Serotypes from Pneumonic kids within Aden City.

The most common resistant serotypes of total cohort for Erythromycin, Azithromycin,
and Doxycycline were 1, 4, and 19 respectively. Likewise, the multiple drug resistance
was demonstrated at 85.7% and the serotypes 1, 2, 4, and 19 were prominent in this

phenomenon.
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4.2. Discussion

The current investigation was discovered that the carriage of rate of
pneumococci in children of Aden city more than what had been previously documented
in Sana‘a city (Al-Shamahy, et al., 2008). Nevertheless, there are regional "variations in
nasopharyngeal carriage, our findings are consistent with those from various resource-
limited countries in the Middle East, Asia, and Africa (Nasereddin et al., 2013; Al-
Lahham, 2020; EI-Kholy et al., 2020; Wangirapan et al., 2020; Karimaei et al., 2021).
Conversely our result was higher than that has been found in developed countries (Koliou
et al., 2017; Miguélez et al., 2021).

Our study found that Real time-PCR was able to identify S. pneumoniae much more
frequently (57.1%) compared to culture (44.4%) in nasopharyngeal samples taken from
pneumonic and healthy children of Aden city, as demonstrated by Wouters and his
colleague (Wouters et al., 2018), ElI-Kholy and his team (El-Kholy et al., 2020),
Ricketson and colleagues (Ricketson et al., 2021) and Abu-Helalah et al., 2023. The
sensitivity and specificity of our RT-PCR study findings were close to those
demonstrated in previous studies (Hasanuzzaman et al., 2021). Some researchers
recommended incorporating qPCR-guided culture to substantially improve (p < 0.0001)
the recovery of viable pneumococcus from nasopharyngeal and oropharyngeal samples
(Miellet et al., 2022).

The findings of present study indicate a high chance of cross-infection when children
share a room for sleeping purposes (OR = 15.1; 95% CI 7.1-32.2; p =0.00001). In
addition, owning only one room per family (OR = 7.9; CI 95% CI. 4.9-12.8; p =
0.00001), and having low income were found to be associated risk factors as well (OR =
2.02; 95% CI. 1.2-3.4; p =0.007). our results were consistent with what was
demonstrated in previous findings that reported pneumococci are more effectively
transmitted from family members to the child due to overcrowding and direct contact
(Koliou et al., 2018; Abaye et al., 2019).
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Although the PCV is well-known for its effectiveness in preventing major infections
resulting from vaccine serotypes, along with preventing asymptotic colonization of the
nasopharynx (Sutcliffe et al., 2019). In Aden City, the vaccination rate among children
has been disappointing, falling below the expected levels. This decrease may be linked to
the effects of the ongoing war and civil conflict on health services, resulting in an
observable increase in the rate of acute bacterial meningitis in Yemen, with
S. pneumoniae reported as the most common bacterial agent (Al-Samhari et al., 2023).
Moreover, the result of vaccination was closed to what was found in the rural area of this
country (Al-Tarbi & Ghouth, 2020).

Furthermore, we demonstrated that the most common serotypes were 19, 1, 5, 2, 4, 23
among the total cohort as was reported in previous studies in Middle East region (El-
Kholy et al., 2020; Al-Muhtaresh & Bindayna, 2020; Ceyhan et al., 2021; Esteghamati
et al., 2022; Abu-Helalah et al., 2023). Moreover, the higher prevalence rate of PCV13
serotypes among children, even after twelve years of PCV13 introduction was established
in this investigation. However, a significant proportion of young children still exhibited
vaccine serotypes despite the implementation of universal childhood PCV13
immunization in different regions of the world (Ricketson et al., 2021). Incidentally, this
prevalence may be associated with the inadequate response of vaccines, which requires
continuous monitoring ( Mokaddas et al., 2021; Lan et al., 2023). The four serotypes (19,
1, 4, 5) of identified strains account for half (50%) of all isolated strains from the healthy
children, this finding is consistent with the previous study (Al-Shamahy et al., 2008). In
contrast, serotype 2 and the four serotypes mentioned above represent 50.3% of the
pneumococci isolated from the symptomatic cohort. These strains were demonstrated in
various previous research studies conducted in the neighboring countries and Middle East
(Al-Yagoubi, 2011; Al-Sherikh et al., 2014; Al-Muhtaresh & Bindayna, 2020; Abu-
Helalah et al., 2023).

There was a slight replacement of vaccine serovars with non-PCV-13 serovars in our
study, as demonstrated elsewhere (Negash et al., 2019). About a quarter of the
pneumococci in this study were not covered by the vaccine program. A recent report
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from the Middle East described an outbreak of invasive S. pneumoniae serotype 24F,
which is not covered by PCV 13 and has highly virulent and antibiotic-resistant (Reslan
et al.,, 2021), this make the NVS to be taking into consideration for public health
authorities.

Currently, as a consequence of the serotypes replacement, PCV15 and PCV 20 are being
undergo trial process to maintain the high coverage rate of the vaccine after 13 years of
applying PCV-13 in the clinical field to overcome the outbreak of common non-PCV13
serotypes (El-Beyrouty et al., 2022). The Pneumococcal conjugate vaccine covering rate
among children of Aden city (76%) was in line with that found in Arab Gulf countries
and other low and middle income countries (Al-Sherikh et al., 2014;Taj-Aldeen &
Elshafie, 2016; Al-Jardani et al., 2019; Arjun et al., 2020).

There is universal alarming about the increase of S. pneumoniae strains that are non-
susceptible to penicillin and other antibiotics. Fortunately, the rate of carriage and
distribution of serotypes, along with antimicrobial susceptibility testing among kids in the
society, may offer insightful knowledge about invasive illnesses, microbial resistance,
and the possible consequences of implementation of PCV across the community (Lee et
al., 2001; Goyal et al., 2007; Sutcliffe et al., 2019 ; Lobb et al., 2023).

The findings of our study have also shown considerable pneumococcal antimicrobial
resistance, which reflects the massive antibiotic misuse in this poor community. The rate
of antibiotics intake in Yemen without medical prescription was reported to be 78%
(Belkina et al., 2014). In addition to that, a survey was done in this third-world
community found 73.3% of Pharmacies sold antibacterial agent to people without
requiring a physician prescription. The most commonly dispensed agent including
different classes of antibacterial agents [“Penicillin (48.5%), Sulphonamides (12.5%),
Macrolides (10.6%), Fluoroquinolones (8.8%), Metronidazole (7.8%), Cephalosporins
(6%), and B-lactam with 5.8%"] (Halboup et al., 2020). Our investigation demonstrated
A high penicillin resistance rate at 96.5% of the total cohort (CLSI meningitis
breakpoint), it was slightly more than what was reported previously (93.3%) by Al-
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Shamahy et al., 2008. While this rate is similar to that demonstrated recently in two
Jordanian studies (Al-Lahham, 2020; Al-Lahham et al., 2021). Furthermore, the data of
our study regarding Penicillin resistance was consistent with finding of one study (95.3
%) came from Iran (Gharibani et al., 2019). On the other hand, the rate is higher than that
found in other neighboring countries (Jamsheer et al., 2016; Torumkuney et al., 2020 ).
The higher rate of penicillin-resistant (>90%) was reported in many middle-income Asian
countries in the last decade and this situation is still a matter of concern to the medical
community in these countries (Song et al., 2004; Batuwanthudawe et al., 2009;
Vidanapathirana et al., 2020; Guo et al., 2023). On other hand, When applying the CLSI
non-meningitis breakpoint, the Penicillin resistance was found to be 13.5%, which was in
line with the data of a previous study (15%) conducted in Ibb City, Yemen, on isolates
from kids with middle ear infections (Al-ofairi et al., 2017).

Additionally, the Cefepime and Ceftriaxone non-susceptibility rates (CLSI meningitis
breakpoint) of the total children cohort of Aden city (15.8% and 16.4% respectively)
were coherent with results of studies in Saudi Arabia, Iran, and India (Al-Sherikh et al.,
2014; Azimian et al., 2020; Arjun et al.,, 2020). In contrast, the sensitivity of
pneumococcal isolates to Cefepime and Ceftriaxone (using CLSI Non-meningitis
breakpoint) was not similar with previous finding for otitis isolates from Yemeni children
(Mohanna & Bahannan, 2016). The observed emergence of resistance to cefepime and
ceftriaxone can be attributed to their increased and frequent use in treating many illnesses
caused by different bacterial species (Sourav et al., 2010). Moreover, in this survey, the
sensitivity of Amoxiclav was 100%, which was consistent with the result of study
conducted in Yemen during 2015 (Mohanna & Bahannan, 2016).

There was a considerable increase in the resistance of Macrolides in our study than that
was found in the previous studies (Al-Shamahy et al., 2008; Mohanna & Bahannan,
2016). However this rate was closer to the results demonstrated in the Middle East and
some developing countries (ElI-Nawawy et al., 2015; Ghahfarokhi et al., 2020;
Vidanapathirana et al., 2020; Karimaei et al., 2021; Sharew et al., 2021). While the

resistance profile of pneumococci against Doxycycline was consistent with what was
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established in income constrained countries (EI-Nawawy et al., 2015; Vidanapathirana et
al., 2020; Fallah et al., 2021, Sharew et al., 2021) .

The level of multiple drug non-susceptibility (85.7%) observed in our study was high.
The serotypes 1, 2, 4, and 19 were the most common multiple serotypes resistance for the
six out of seven antibiotics studied in this survey. The resistance of those serotypes was
confirmed in different previous studies in low and middle income Asian countries
(Azimian et al., 2020; Sia et al., 2021). This situation reflects the intense pressure of
antimicrobial agents on pneumococci in the Yemeni community. A recent study revealed
a significant level of antimicrobial resistance in Yemen, where 74% of physicians felt
compelled to recommend wide-spectrum antibiotics. Furthermore, the survey determined
that 81% of the patients did not undergo an antibiogram technique for guide the selection
of antibiotics (Orubu et al., 2021). This issue of multidrug resistance is a hallmark of
many developing countries including Yemen that should be taken into contemplation by

public health authorities (Thummeepak et al., 2015).
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Conclusion, Future Scope & Recommendation

In summary, our investigation found a high pneumococcal carriage rate in children of
Aden city. During the investigation, The RT-PCR achieved a high level of accuracy in
detection of S. pneumoniae from the nasopharyngeal swabs. In contrast, culture identified
fewer cases. RT-PCR exhibited high sensitivity and perfect specificity. Its positive
predictive value indicated a positive test reflecting the target condition, while the
negative predictive value correctly ruled out the condition. This efficacy underscoring its
impact on S. pneumoniae detection outcomes. Moreover, the carriage rate of
S. pneumoniae was significantly higher in kids who slept in a single room with family
members, lived in households with only one bedroom, or had a low monthly income.
These findings may reflect the consequences of humanitarian crisis for this community

class.

In the current investigation, three-quarters of isolated serotypes among a total cohort
were included in the PCV13. The most dominant pneumococcal serotypes that were
isolated from healthy children and pneumonic cohort were 19, 1, 4, 5, 23, 3, 6, 22, 7, 9,
14, and 18. While the non-PCV-13 pneumococcal serotypes that were commonly isolated
from the study sample were 2, 8, and 15. The coverage rate of the PCV13 was found to

be (76%) consistent with that found in neighboring countries.

Furthermore, our findings revealed a considerably higher antimicrobial resistance rate
among children of Aden city, the serotypes 19, 1, 5, 4, 3, 6, 7, and 8 that isolated from
health children had shown resistance to Penicillin, Ceftriaxone, and Cefepime, as
determined by testing against the meningitis breakpoint established by CLSI, while the
serotypes with multiple resistance for the three B-lactam antibiotics among children with
pneumonia were 4, 1, 2, 3, 5 and 19. As well the serotypes 1, 2, 4, 5, 6, 7, 8, 15, 18, 19,
and 23 were the most multiple resistant strains for Erythromycin , Azithromycin, and
Doxycycline among healthy group as well as 1, 2, 3, 4,5, 6, 7, 8, 9, 10, 14, 15, 19, 22 and
23 were the common resistant serotypes for Erythromycin , Azithromycin, and
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Doxycycline among the pneumonic children. Similarly, the pneumococcal serotypes 1, 2,
4, and 19 were the most common multiple resistant serotypes for the six out of seven

antimicrobial agents studied in this community.
The findings of current study motivate and encourage to the following:

1. Review and update the empirically prescribing guideline of antimicrobial agents,
especially for invasive pneumococcal infections.

2. Establish stringent protocol for distribution antibiotics to reduce the heightened
prevalence of antimicrobial resistance.

3. Promote research institutions, scholars, and funding agencies to give more
attention and address the research gap in this field.

4. Expand access to preventives and therapeutics facilities can help tackle the
national burden of pneumococci.

5. There is an urgent need to conduct a national surveillance study in Yemen to
evaluate the consequences of vaccine introduction, the phenomenon of vaccine

replacement, as well as drug resistance patterns.
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Abstract

Purpose of Review Despite the available pneumococcal conjugate vaccination (PCV), children in developing countries
suffer significant morbidity and mortality from pneumococcal illness. This review outlines the pneumococcal carriage rate,
common serotypes, antibiotic resistance, and PCV coverage among western Asian children.

Recent Findings The carriage rate and prevalence of PCV serotypes remain high among children in Western Asia. In
recent times, the national immunization rates have increased, but there was a considerable rate of invasive pneumococcal
diseases (IPD) strains and non-invasive pneumococcal diseases (NIPD) serotypes with high antimicrobial resistance rates
and many communities in western Asian countries are experiencing the phenomenon of pneumococcal vaccine serotype
replacement (PVSR).

Summary An accurate and updated disease surveillance in Western Asia is urgently needed to guide immunization efforts
and protect children effectively. Increasing the PCV covering rate and antimicrobial stewardship is crucial for countries to
implement strict systems and effectively minimize the high rate of resistance.

Keywords S. pneumoniae - Nasopharyngeal - Epidemiology - Western Asian Countries
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Abstract

Introduction: Streptococcus pneumoniae cause a significant global health challenge. We aimed to determine nasopharyngeal carriage, serotypes
distribution, and antimicrobial profile of pneumococci among the children of Aden.

Methodology: A total of 385 children, aged 2-17 years, were included. Asymptomatic samples were randomly collected from children in
selected schools and vaccination centers. Symptomatic samples were obtained from selected pediatric clinics. The nasopharyngeal swabs were
tested for pneumococci using culture and real time polymerase chain reaction (RT-PCR). Serotyping was done with a pneumotest-latex kit and
antimicrobial susceptibility was tested by disc diffusion and Epsilometer test.

Results: The total pneumococcal carriage was 44.4% and 57.1% by culture and RT-PCR, respectively. There was a statistically significant
association between carriage rate and living in single room (OR = 7.9; p = 0.00001), sharing a sleeping space (OR = 15.1; p = 0.00001), and
low monthly income (OR =2.02; p =0.007). The common serotypes were 19, 1,4, 5,2, and 23. The proportion of non-pneumococcal conjugate
vaccine (non-PCV13) serotypes was 24%. Pneumococci were resistant to penicillin (96.5%), cefepime (15.8%), ceftriaxone (16.4%), and
amoxicillin-clavulanate (0%). Erythromycin, azithromycin, and doxycycline had resistance rates of 48%, 31%, and 53.3%, respectively.
Conclusions: A high pneumococcal carriage rate was observed in Yemeni children, particularly in low-income households and shared living
conditions. There was significant penicillin resistance at meningitis breakpoint. Furthermore, non-PCV13 serotypes were gradually replacing
PCV13 serotypes. The findings underscore the urgent need for enhanced surveillance and stewardship to improve vaccination and antibiotic
policies in Yemen.

Key words: pneumococci; Yemen; serotypes; children; vaccine; antimicrobial.
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Introduction

Streptococcus pneumoniae (pneumococci) are
upper airway commensals and have a complex
relationship with their host [1,2]. Their carriage
increases from 9% in infancy to 43% in childhood due
to many factors [3,4]. Asymptomatic carriage in the
nasopharynx is crucial for transmission and precedes
invasive pneumococcal diseases [1,2,5]. In 2019,
pneumococci were ranked as the fourth leading bacteria
contributing to mortality from antimicrobial resistance
(AMR) [6]. Studies indicate that implementing the
pneumococcal conjugate vaccine (PCV13) in the
Middle East can reduce pneumococcus mortality by
approximately 38% [7]. There were considerable

variations in the vaccination covering rates of PCV13
among the children of neighboring countries: 66.7% in
Bahrain, 37.2% in Oman, and 75-78.3 in Qatar [8,9,10].
Additionally, recent evidence suggests that the PCV13
serotypes 1, 3, 5, 6A, 7F, and 19A did not provide
effective protection against invasive pneumococcal
disease (IPD) in Kuwait [11]. Although PCV saves
lives and reduces the occurrence of AMR strains, it also
leads to the emergence of non-PCV strains with AMR
[12,13]. In Yemen, 44.3% of the children were reported
to have respiratory diseases and it is a common illness
[14]. The isolation rate of Streptococcus pneumoniae
(S. pneumoniae) among Yemeni children with bacterial
meningitis was 34.9% [15]. Furthermore, pneumococci
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