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Abstract: Streptococcus pneumoniae remains the most common bacterial pathogen causing lower
respiratory tract infections and is a leading cause of morbidity and mortality worldwide, especially
in children and the elderly. Another important aspect related to pneumococcal infections is the
persistent rate of penicillin and macrolide resistance. Therefore, animal models have been developed
to better understand the pathogenesis of pneumococcal disease and test new therapeutic agents and
vaccines. This narrative review will focus on the characteristics of the different animal pneumococcal
pneumonia models. The assessment of the different animal models will include considerations
regarding pneumococcal strains, microbiology properties, procedures used for bacterial inoculation,
pathogenesis, clinical characteristics, diagnosis, treatment, and preventive approaches.
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1. Introduction

Lower respiratory tract infections, as defined in the Global Burden of Diseases, Injuries, and Risk
Factors Study (GBD) 2016, include pneumonia and bronchiolitis [1]. Streptococcus pneumoniae (known
as pneumococcus) remains as the most common bacterial pathogen causing community-acquired lower
respiratory tract infections and the leading cause of morbidity and mortality worldwide, contributing
to more deaths than all other etiologies combined in 2016 (1.2 million deaths) [1-4]. The age groups
more vulnerable and with the highest rate of deaths are children younger than five years and adults
older than 70 years [1]. However, the death rate among children younger than five years decreased
by 57% since 2000, and the incidence of pneumonia decreased by 21% over the same time period [1].
In contrast, the rate of deaths among adults aged 70 years and older increased from 746,700 in 2000
to 1,080,958 in 2016, despite the constant incidence rate of pneumonia [1]. This main difference is
driven by 51% increased number of adults older than 70 years globally. In 2017, the World Health
Organization (WHO) included S. pneumoniae as one of the 12 priority pathogens [5].

Pneumococcal pneumonia is characterized by an acute clinical presentation on a patient
complaining of fever, chills, cough with productive sputum production, dyspnea, and pleuritic
chest pain. The disease can progress to produce mental status changes, shock, and respiratory failure.
In a physical exam, the most common findings include a febrile patient with signs consistent of
a consolidation with asymmetric chest expansion, decreased breath sounds, crackles, bronchophony,
echophony, and dullness to percussion. The most common laboratory findings include leukocytosis,
or leukopenia if severe renal dysfunction, and decreased oxygenation. Imaging studies including chest
radiograph, chest ultrasound, or chest tomography are confirmatory of the presence of pulmonary
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infiltrations that could be manifested as air bronchogram, areas of consolidation, and, on occasion,
pleural effusion (Table 1).

Table 1. Pneumococcal pneumonia in humans.

fever

chills

cough

productive sputum
dyspnea

pleuritic chest pain

Clinical presentation

mental status changes

Complications e shock
e  respiratory failure

e  signs of a consolidation with asymmetric
chest expansion

decreased breath sounds

Physical exam crackles
bronchophony
echophony

dullness to percussion

leukocytosis or leukopenia

Laboratory findings e  renal dysfunction
decreased oxygenation

pulmonary infiltrations
air bronchogram

areas of consolidation
occasion pleural effusion

Imaging (CXR, CT, lung US)

Table legend. CXR: chest X-rays; CT: computerized tomography; US: ultrasounds.

Another important aspect related to pneumococcal infections includes the persistent rates of
penicillin and macrolide resistance that represent a challenge for patients with this condition [6-8].
S. pneumoniae colonizes the nasopharynx starting early in life, for which reason it is difficult to determine
the pathogenesis and the moment pneumococcus becomes invasive and causes serious diseases such
as pneumonia [9,10]. Therefore, animal models were historically developed to better understand
the mechanisms of disease, to test new diagnostic and treatment alternatives including those against
highly resistant pneumococcus, and to test vaccines to prevent invasive disease [9,10]. This narrative
review will focus on the characteristics of the different animal pneumococcal pneumonia models.
The assessment of the different animal models will include considerations regarding the pneumococcal
strains, microbiology properties, mode of bacterial inoculation, pathogenesis, clinical characteristics,
diagnosis, treatment, and preventive approaches.

Since it is beyond the scope of the present review, viral (typically Influenza)-pneumococcal
coinfection models will not be discussed here.
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2. Search Strategy and Selection Criteria

We searched Medline for any paper published in English language to March 1, 2019. We used
the search terms “pneumonia” or “pneumococcal pneumonia” or “Streptococcus pneumoniae,”
in combination with the terms “mouse model,” “rat model,” “rabbit model,” “swine model,”
and “monkey model” and with the terms “pathogenesis,” “treatment, sepsis,” and
their variations. We restricted the search strategy to pneumococcal pneumonia and sepsis models.

7 o i e

prevention,

We also searched the reference lists of articles identified by this search strategy. Review articles and
book chapters are cited to provide readers with more details and more references.

3. Mouse Models of Pneumococcal pneumonia

The mouse is the most frequently encountered model of pneumococcal pneumonia. Among its
diverse uses in literature, the most remarkable are the assessment of antibiotic efficacy, pharmacokinetics,
disease pathogenesis, virulence factors, and vaccine testing analysis.

Table 2 summarized purposes of mice models.

3.1. Mouse and Pneumococcal Strains

In both humans and mice, pneumococcal infection is the result of a complex interplay between
bacterial and host factors, which strongly influences disease severity and localization.

From the microorganism’s side, the bacterial capsule, which determines pneumococcal serotype,
acts as a major virulence factor by protecting the microorganism from phagocytosis. Different capsular
polysaccharides (and serotypes) are associated with different degrees of antiphagocytic activity and
invasiveness [11,12]. Invasive and noninvasive strains can exist within the same serotype, due to
variable expression of other virulence factors such as other cell wall components, pneumolysin [13-16],
or other enzymes [17].

In humans, the pneumococcal serotype prevalence differs over time, by age group and by
geographic area, and is influenced by vaccine use. Infection with serotypes 1, 2, and 3 typically
leads to lobar pneumonia [18]. Serotype 1 in particular carries a high risk of complications, such
as empyema [19]. The serotypes that are more likely to be found in patients with invasive disease
(meningitis and bacteremia) are 4, 5, 6B, 7F, 19F, and 23F [20,21]. S. pneumoniae is also an important
colonizer of the upper respiratory tract of children under five years of age, with serotypes 3, 6A, 6B, 15,
and 19F being the most frequently detected in healthy carriers globally [22]. Conversely, serotypes
1, 4, and 5 rarely colonize the nasopharynx. In countries where pneumococcal vaccines are used,
the prevalence of the aforementioned serotypes has dropped. However, despite a very significant
decrease in the global incidence of invasive pneumococcal disease, a relative increase in colonization
and infection with serotypes not covered by vaccine has been reported (an effect called “serotype
replacement”) [23].

As for mice, S. pneumoniae is not part of the nasopharyngeal microbial community under normal
circumstances. A study by Thevaranjan et al. published in 2016 found Firmicutes, Proteobacteria,
Bacteroidetes, and Actinobacteria to be the most abundant phyla found in the upper respiratory tract of
aging mice [24]. For this reason, colonization and infection need to be induced through experimental
procedures. Some pneumococcal serotypes feature different virulence as compared to the human
host. Generally, capsular serotypes 2-5 and 6B are highly virulent [12]. In contrast, types 1, 7F, 9, 14,
19F, and 23F tend to be less virulent [25-27]. Intranasal (IN) challenge with serotypes 4 (especially
strain TIGR4) and 6B causes pneumonia in >90% animals and is usually associated with high levels
of bacteremia [28-31]. Serotype 19F generally carries low virulence [12] in immunocompetent mice;
for this reason, to induce infection with this serotype, most of the studies have traditionally used
immunodeficient animals [32]. In addition, the number of bacteria inoculated and the method of
inoculation also play huge roles in virulence of any particular strain. Study of the literature on the
topic also showed a very high variability between lab to lab.
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On the host’s side, genetic background influences susceptibility to infection. Different mouse
strains respond variably to pneumococcal challenge in terms of disease timing, severity, and outcome.
Mouse strains can be classified into outbred and inbred.

Most outbred strains were obtained from a single Swiss colony and currently include—amongst the
most common—strains such as Caesarian Derived-1 (CD1), Institute of Cancer Research (ICR), Naval
Medical Research Institute (NMRI), and Mike Flack-1 (MF1) [21]. These strains have higher genetic
variability that allows to recreate a population’s different responses to infection [33]. The outbred
Swiss strains have also been widely utilized to build a neutropenic model and to allow evaluation
of infection with less virulent pneumococcal serotypes and strains, such as 9, 14, 19F, and 23F.
Induction of neutropenia is achieved though IP injections with an immunosuppressant drug such
as cyclophosphamide, with administration schemes that tend to show slight variations from author
to author in terms of timing and dose. Generally, cyclophosphamide is started three or four days
prior to infection. Following administration, neutrophil counts usually start to drop, reach nadir
values on the day of infection and return to normal between 3-5 days after [34,35]. Under these
conditions, neutropenic mice usually become bacteremic within 4 h [26,36] and develop acute bacteremic
pneumonia and die within 2—4 days from infection, if untreated [35-38].

Given their highly selected genome, inbred strains such as C57BL/6], CBA, and BALB/c] have
a more uniform response to infection. An example of this can be found in the N substrain of the CBA
strain (CBA/N), which carries a X-linked inability to produce normal antibody responses to some
types of antigens, including pneumococcal capsular polysaccharides and other thymus-independent
antigens. This confers susceptibility to pneumococcal infections [39].

Another host factor involved in susceptibility to infection is age. Typically, mice are used as
pneumococcal pneumonia models at a young adult age, which ranges between 6-14 weeks. Studies
that specifically investigate the effect of aging on susceptibility to pneumococcal disease [31,40,41]
compare aged mice (19-26 months old) with young adults. When correlating the entire lifespan, one
human year is almost equivalent to nine mice days. However, this correlation varies according to the
animal’s phase of life. For example, during the developmental period (from birth to weaning, which
occurs at four months of age), one human year is equivalent to six mice days. Several authors have
shown that some of the mechanisms underlying the variable response to pneumococcal infection in
different age groups are due to modifications in inflammatory responses, such as delayed activation of
inflammasome [42], delayed production of interleukin (IL)-1 and interferon (IFN) vy [43,44], increased
production of chemokines [44], and Toll-like receptor dysfunction [29].

3.2. Routes of Infection

Several routes can be used to achieve lung infection—intratracheal (IT), aerosol, intravenous (IV),
intranasal (IN), direct intrabronchial (IBr), and intraperitoneal (IP).

The IN and the IT techniques require the mouse to be anesthetized. Anesthesia is performed
mainly via aerosol; other methods used are the IP and the intramuscular (IM) routes. For aerosol
anesthesia, the animals are placed in a chamber where the anesthetic (usually isofluorane, halothane,
or methoxyflurane) is vaporized. It has been suggested [45] that the anesthetic choice can influence
the rate of invasive disease after IN challenge: inhaled halothane and methoxyflurane have been
associated with greater number of bacteria in the lung and higher bacteremia at 24 h post-infection,
as compared with IP pentobarbital injection. The most common medications used for IP anesthesia
are ketamine and xylazine, which can also be administered by the IM route. Only rarely is anesthesia
delivered through the IV route [46].

In the IT challenge, the pathogen is directly delivered into the animal’s respiratory tree. This can
be obtained by using two main different techniques: the “oro-tracheal”/“peroral” and the “tracheal
puncture” technique, respectively. In order to obtain infection via the oro-tracheal route, the first step is
to suspend the animal vertically by its upper incisors [26,47-50]. The tongue is then displaced anteriorly
with a retractor and the microorganism is instilled through the upper airways while the animal is
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inhaling [16,47,51-53]. To facilitate distal alveolar migration of the bacteria by gravity [54], the mice are
held in a vertical position until anesthesia has waned (approximately 30 min for pentobarbital [45] and
2 min for inhaled anesthetics [45,55]). This technique has been shown to reproducibly deliver more
than 99% of the inoculum to the lungs [16]. The tracheal puncture technique, although more invasive
than the oro-tracheal, avoids contamination of the inoculum with oral flora [56] and has an unexpected
low perioperative mortality (around 4%) and allows recovery within a few hours [57]. While the
mouse is kept in a supine position, the neck is transilluminated with a light source, and a vertical
midline incision is performed in order to expose the trachea, which is cannulated with a 22-30 G needle
held parallel to it [58-63]. The wound is then either closed with surgical glue or sutured [58,59,62,63].
Some authors expose the trachea in order to visualize the position of a needle inserted through the
mouth, allowing accurate administration of the bacteria without the need to incise the airways [61].

The IN route can be used to establish both nasopharyngeal colonization and infection, mainly
depending on the number of bacteria contained in the inoculums and the degree of sedation of the
animal. The position of the animal during instillation has shown little impact on delivery of the
inoculum [64]. In the IN model, the bacterial suspension is applied into the nostrils through a pipette
tip. To achieve infection, this procedure is carried out while the animal is under deep anesthesia, which
suppresses gag and cough reflexes and allows inhalation. To facilitate distal migration of the inoculum
to the alveoli, anesthetized animals are usually kept in supine position with their heads elevated at
a 45-degree angle until anesthesia has waned [45]. A few studies suggest that the degree of sedation
can determine whether IN instillation can result in colonization or infection: light anesthesia may
preserve airway protection and prevent leakage of the bacterial suspension from the upper airways
into the bronchial tree [65-67].

In the aerosol technique, the bacterial suspension is placed in a Venturi-type nebulizer driven by
10 L/min of 5% CO;, in either air or oxygen. The nebulizer is connected to an exposure chamber through
polyethylene tubing, with a similar efflux system containing a low-resistance microbial filter and
connected to a biosafety hood [30,68]. The mice are placed in the exposure chamber for approximately
20 min [30]. The CO2 content in the aerosol promotes deep ventilation [30,68,69]. Some authors utilize
chambers with individual compartments to prevent the animals from huddling and assure uniform
exposure to the aerosol and decontaminate the mice coats with UV light for 5 min [70]. As for the
IN route, this model can be used to establish both infection [70] and colonization [71] depending on
virulence of the strain or susceptibility of mice. Of note, in 1996, lizawa and colleagues [71] elaborated
a model in which nasopharyngeal carriage was achieved through the aerosol route and pneumonia
was subsequently induced by airway obstruction caused by IT instillation of 20 uL of 2% formalin.

As summarized by Hoover et al. in 2017 [72], another method described to induce lung infection
is direct intrabronchial instillation. This technique was first used in rat models and later modified
for mice. The animal is intubated orotracheally with a metal cannula that is advanced generally into
the left main bronchus. The metal cannula is then used as a guide to advance polyethylene tubing,
through which the inoculum is instilled (usually 20 pL).

Table 2. Summary of the specific aims of the mouse models cited in the present review.

Purpose of the Model Specific Aim References
TREATMENT Antibiotic efficacy testing [13,25-27,34-38,40,46,48,52-54]
PREVENTION Vaccine efficacy testing [23,32]

Bacterial capsule as virulence factor [12,18-20]
Virulence factors other than capsule [11,16,17]

Host defence mechanisms against [29-31,33,39,41-44,49,50,55-58,60,61,65,66,73]

PATHOGENESIS pneumococcal infection
Role of airway obstruction in (71]
pathogenesis
Mechanisms of tissue damage in [29,47]

pneumococcal pneumonia
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The IV and IPe routes are mainly used to induce systemic pneumococcal infection that leads
to bacteremia and then a possible secondary pneumonia [7]. For IV administration, the bacteria are
usually suspended in normal saline and then injected through a 25G needle [45], usually through the
tail vein [45,71] or—less commonly—the retro-orbital plexus [73].

Every infection model offers advantages and disadvantages. In general, the oro-tracheal, the direct
intratracheal, and the direct intrabronchial models offer a more precise delivery of the inoculum
directly into the airways. This makes them ideal for inducing infection with less virulent pneumococcal
serotypes. We believe that the technique that features the best balance between advantages and
disadvantages is the oro-tracheal: it is fast and minimally traumatic for the animal. The main downside
of its lower invasiveness is however that the operator must be skilled at injecting the inoculum with
the right timing while the animal is inhaling. On the other hand, the oro-tracheal is more invasive and
requires the operator to have specific surgical skills but is independent of the animal’s respiratory cycle.
The direct intrabronchial infection method does not require surgical skills but can result technically
difficult give the small size of the animal. The main advantage of the IN and aerosol models is that
they reproduce the natural history of pneumococcal infection by inducing upper airway colonization.
However, they are not usually adequate to cause pneumonia with less virulent serotypes.

A technique similar to the one used for intrabronchial and intratracheal instillation also allows
collection of bronchoalveolar lavage (BAL) to determine drug concentrations in the animal’s lung [13].
To collect BAL, a small volume (usually 1 mL) of sterile saline is instilled into the animal’s lungs and
immediately removed. The sample is then centrifuged to remove cellular debris.

3.3. Particular Models of Pneumococcal Pneumonia in Mice

Some models have been created in order to specifically assess the impact of comorbid
conditions on pneumonia development and disease progression. As mentioned earlier in the
“Mouse and pneumococcal strains” section above, Swiss mice have been largely used in literature
to build the neutropenic model. A study evaluating the efficacy of CpG-Oligodeoxynucleotide
treatment in pneumococcal pneumonia secondary to trauma used a model of third-degree burn [70].
Other studies [74] assessed pneumococcal pneumonia pathogenesis in emphysematous patients by
inducing emphysema through IT instillation of porcine pancreatic elastase. Chronic alcohol diets
and IPe injections of 20% alcohol in saline were used to build a model of acute-on-chronic alcohol
intoxication and study its effect on granulocyte response during pneumococcal pneumonia [75],
showing reduced response due to impaired granulopoietic progenitor cell proliferation.

Another model, which will not be discussed here as it is beyond the scope of this review, is the
co-infection model that uses a viral infection (typically influenza virus) prior or concomitant with
pneumococcal inoculation, a situation commonly encountered in clinical practice.

4. Rat Models

Animal models of pneumonia using rats are less common than mouse models. The main
advantages in comparison to mouse are the bigger size and therefore the amenability to perform some
procedures and the possibility of using a larger bacterial burden. The major aims of studies on rat
models of pneumococcal pneumonia consist in collecting data on pathogenesis, survival, bacterial
counts in lung and blood, pathological and histological characteristics, drug efficacy, and vaccine
evaluation both in adults and children (Table 3).

The most common rat strains used for experimental purposes are Wistar, Sprague Dawley, and CD
rats [76]. The Wistar rat is a hybrid albino strain and the first one to serve as an animal model, in general.
The Sprague Dawley rat is another hybrid outbred albino rat, derived from the Wistar rat. It is usually
chosen for its calmness and easiness to handle and also has a high reproduction rate and low incidence
of spontaneous tumor. The CD rat has a long history of use in toxicology research. These animals
were obtained from Sprague-Dawley rats in the 1950s and rederived to improve the health status of
the animals.
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Usual routes of inoculum in rat models are IT, intrabronchial (IB), or intrapulmonary (IPu).
Inoculation can be both surgical and non-surgical [76]. The surgical technique consists in exposing
the apical lobe and delivering bacteria into several apical lobe bronchi through the bronchial wall
into the lumen [77]. The nonsurgical method is based on IB instillation of bacteria resuspended
in cooled melted agar via intubation, inducing a robust lung infection [78]. Another group used
nonsurgical transthoracic inoculation of pneumococci entrapped in cooled agar particles into the
mid-right lungs [79].

Among the studies focusing on pathogenesis, we observed that rat models are suitable to address
lobar pneumococcal pneumonia, in particular on the role of impaired phagocytosis and on the
detrimental effect of pneumolysin, which enhance pneumococcal virulence [78-80]. For example,
it was demonstrated a role of pneumolysin in decreasing complement components and reducing
serum opsonic activity [81]. Another study on pneumococcal sepsis from pulmonary origin evaluating
sodium bisulfide (NaHS) as inflammatory drug, registered alterations of physiological variables 4 h
after the IT inoculum [82].

Rats models are also generally used to measure the inoculum size. The inoculum size needed
to cause pneumococcal infections after IT inoculation ranged from 5.7 to 6.2 log10 CFU/mL [82,83].
Supernatants obtained from bronchoalveolar lavage are usually used to measure ante e post-mortem
inflammatory levels of studied biomarkers and to detect their concentration and activation in the lungs
during pneumococcal pneumonia [82,84].

Rat models of experimental pneumonia are also used to assess the virulence of different
pneumococcal serotypes, especially in children [79]. Moreover, penicillin-resistant pneumococcal
strains and other resistant phenotypes have been established in the existing rat models in order to
evaluate the efficacy of new antibiotics [78,83].

Rat models are also considered suitable to evaluate pneumonia in immunocompromised hosts,
especially in asplenic, neutropenic, cirrhotic, or alcoholic subjects [76]. The majority of studies focused
on models related to alcoholism and cirrhosis, which are two important pneumococcal risk factors
in humans and carry a high mortality rate (up to 40%), respectively [85,86]. The chronic ethanol
intoxication model was created by a continuous ethanol administration [87]. Cirrhosis is induced by
administration of a hepatotoxin that causes cirrhosis and ascites [88]. Both models showed an increased
susceptibility to pneumococcal pneumonia similar to what is seen in human subjects.

In our opinion, the major and more important application of the rat model is the assessment of
the efficacy, pharmacodynamic/pharmacokinteic of new antibiotics for susceptible or pneumococcal
resistant strains (e.g., penicillin-resistant pneumococcal strains) [72,76,83,85,89,90].

Rat models are also useful to focus on pneumococcal sepsis, especially on conditions related
to immunodepression, such as post-splenectomy. This model has been used to assess survival,
host-pathogen responses (e.g., complement function), and bacterial pathogenicity (e.g., bacterial load
in the blood) [76,88,91,92]. We think that rat pneumococcal sepsis models are attractive models for
testing new drugs that have the potential to improve outcomes in sepsis. Previous experimental models
challenged rats with sodium bisulfide (NaHS) that resulted in a reduction of sepsis-related lung and
kidney injury, while the host defenses remained intact [82]. Therapies adjunctive to antibiotics such
as systemic corticosteroids and gammaglobulins have also been tested in rat models, particularly in
splenectomized rats with great success [93,94]. The administration of anticoagulants is another novel
therapeutic use to defeat pulmonary coagulopathy during pneumonia in rat models [84].

In addition to therapeutic options, rat pneumococcal pneumonia models are also generally used
to assess antipneumococcal vaccination efficacy and safety [95].

Finally, rat models are, in our opinion, also suitable to evaluate the pathogenesis of pneumococcal
infections complications. For example, a rat model was used to detect infected pleural effusion by
dosing complement activation product levels in pleural fluid of animals [83].
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5. Rabbit Models

Pneumococcal pneumonia rabbit models are suitable for researchers to study pathogenesis,
survival, disease progression (i.e., measurements of white blood cells levels in lungs and blood and
histological changes in lungs), and pharmacokinetic and pharmacodynamic characteristics of novel
therapeutic and immunization agents [76] (Table 3).

Generally, rabbit models are used to study pneumococcal pneumonia and sepsis pathogenesis and
test drug efficacy. However, in our opinion there are some limitations: fewer models are available in
respect to mice and rats, mainly because of a lack of well-equipped animal houses, of expert handlers
of the animal, and a scarcity of literature on the care of experimental utilization of rabbits [76,96].
New Zealand white strains of rabbits are commonly being used for research activities. This strain is less
aggressive in nature and has less health problems as compared with other breeds [96]. Less frequently
used are chinchilla rabbits, usually for pneumoccal sepsis models. This group of rabbits has been
bred for a coat that resembles that of chinchillas, and they are also accustomed to being handled by
humans [97]. Another breed found as a pneumonia model is Dutch-belted rabbits, which, due to their
smaller size, require approximately 40% less drug than studies conducted with New Zealand White
rabbits [98].

Pulmonary infection in rabbit models is usually delivered IT, IB, or IP, respectively. The first
described rabbit model to our knowledge was based on instillation of pathogens through a catheter
into the trachea [99]. Subsequent models developed a method of IB instillation of bacteria [100,101].

As in all animal models, also in rabbit models of pneumococcal pneumonia establish inhaled
or aspirated bacterial load threshold that determines the development of bacterial pneumonia is
a standard part of model development and it is repeated every time a new strain is used in the
model [102].

Pathogenesis is one of the major goals of rabbit models, according to our research. One original
rabbit model was used to study the effect of pneumococcal cell surface components and to assess the
role of the platelet-activating factor in the pathogenesis of pulmonary inflammation and pneumonia,
respectively [99,103]. In addition, the rabbit model has been used to examine the role of host
oligosaccharides in preventing pneumococcal colonization of the nasopharynx and the time to
subsequent lung infection [104].

Rabbit models are also normally useful to assess different pneumococcal serotypes [18].
Penicillin-resistant pneumococcal strains and other resistant phenotypes have been established
in rabbit models in order to evaluate efficacy of new antibiotics [18,101,105,106]. The Piroth model
mimicked lethal pneumococcal lobar pneumonia with subsequent parenchymal consolidations and
bacteremia [101]. The model is very advantageous to evaluate pharmacokinetic and efficacy of different
drugs, which makes rabbit models unique tools for testing efficacy of compounds, even if they are not
used so often for this purpose, especially respectful to mouse models [101,105-107]. The main focus is
on molecules against resistant strains of pneumococci, especially against strains of S. pneumoniae with
different resistance patterns to penicillin [107,108].

Finally, rabbit models are also suitable to study and evaluate pneumococcal sepsis. Pneumococci
inoculated by IP administration allow researchers to assess for clinical parameters measured
during the progression of the disease [109]. Different studies used the same model to assess
pathogenesis of pneumococcal sepsis, metabolic alterations, especially in splenectomized hosts,
and drug efficacy [108-110]. In addition, subsequent studies focused on the role of the spleen in
clearing pneumococci during experimental sepsis created by intracardiac inoculation [111,112]. As for
other animal models, IV sepsis rabbit models are also appropriate to evaluate pharmacokinetic
properties of antibiotics (e.g., cephalosporins), often alongside efficacy studies to allow for PK/PD
correlation [113].
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6. Swine Models

Swine models (i.e., pigs) are used to replicate pneumonia infection due to its similarity with
humans in terms of anatomy, genetics and physiology [114-117] (Table 3). Swine models allow various
surgical and non-surgical procedures typically used in human medicine. Swine models offer a wide
range of standardized methodologies due to their size compared to other small animal models [115].
In addition, lungs and upper respiratory tract of swine are similar to the human organs, except for the
presence of a fourth lobe in the right lung [116,117].

Swine models can be a result of a naturally developed pneumonia due to a porcine pathogen
(Streptococcus suis), which cause a pneumonia similar to that occurring in humans. Alternately, other
experimental surrogate infection models are the result of an infection created by a human pathogen
given to a pig (eg. human pneumococcal serotypes 8 and 6b) [114].

According to us, swine models are best suited to evaluate ventilator-associated pneumonia.
Unlike pneumonia acquired in the community, this requires the animals to be critically ill, placed
in prone position (to prevent atelectasis) on invasive mechanical ventilation [118]. The use of
prophylactic antibiotics and the clinical presentation usually leads to a lethal process in a short period
of time (3—4 days), representing a hyperacute process [119]. Derived from these experiments, swine
models allow researchers to obtain data for biochemical measures, blood gas analysis, physiological
variables, ventilatory settings, pre- and post-mortem cultures, blood and bronchoalveolar lavage
samples for inflammatory markers, antibiotic pharmacokinetics/pharmacodynamics, and pathology
analyses [119-124]. This hyperacute model showed interesting translational results and it is useful
for the study of the local and systemic responses of lung infection and for the determination of
potential measures of prevention or therapeutic modulation [114]. The advantages of an animal model
of VAP are based on the accurate control of significant variables such as the precise timing of the
infectious challenge, the effect of antimicrobial therapy on cultures, and the possibility to perform
accurate pharmacokinetic and pharmacodynamic studies on drugs [119]. Because of methodological
limitations regarding tissue sampling in humans, an animal model is required in order to assess the
quantitative deposition in the whole lung parenchym of intravenously administered and, especially,
inhaled antimicobials [119]. In particular, cultures of tracheal secretions, bronchoalveolar lavage (BAL),
protectedspecimen brushes (PSB), and direct lung aspirates were compared with cultures of lung
homogenates and with histological findings [119].

To our knowledge, limited information is available regarding swine models of pneumococcal
infection. A swine model of pneumococcal infection, used to assess pneumococcal invasive disease
after S. pneumoniae serotype 8 IV administration, developed bacteremia with high pneumococcal
bacterial burden within 48 h post inoculation [125]. The same group attempted to mimic oropharyngeal
colonization, simulating a carrier state using a swine model in which pneumococcal serotype 6B
was by IN inoculation. The study showed by polymerase chain reaction (PCR) that pneumococcus
persisted in the oropharynx for at least seven consecutive days [126]. In addition, authors found that
some animals developed bacteremia, suggesting that pneumococcus is able to become invasive and
elude the host defense barriers. This pneumococcal swine model is a valuable model for studies on
colonization, transmission and development of vaccines and directed therapies against pneumococcus.
In addition, invasive bacteremic pneumococcal swine models allow researchers to assess pathogenesis
(e.g., marked platelet activation and hyperreactivity reactions), subsequent vascular complications,
and assess therapies to prevent these complications (i.e., by using antiplatelet inhibitors) [127].

Finally, we recommend swine models are also very useful for vaccine research, because vaccines
can be administered by IM, subcutaneous, intradermal, oral, or IN routes. Collection of body secretions
and samples is feasible with this model, making it attractive for immune response follow-up [114].
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Table 3. Summary of the specific aims of the animal models cited in the present review.
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Type of Model
Purpose of Model Rat Rabbit Pig NHP
) I Evaluate pharmacokinetic and Development of directed therapies
TREATMENT F;;lgzcg;g;;y 92(1)r]1t1b10t1cs efficacy of different drugs against pneumococcus El;e;;geg]drugs for ARDS
[References] v [101,105-108] [125-127] -
Test new drugs for sepsis Test new drugs in pneumococcal Therapies against inflammatory
[82,84,93,94] & P sepsis complications
ORI [113] [125-127]
PREVENTION Test vaccination efficacy and safety Development of vaccines Test vaccination efficacy and safety
[References] [95] [114,125-127] [136-138]
Impaired phagocytosis Measure inoculum size Evaluate VAP Pneumococcal colonization
p phagocy
[76-80] [99-102] [114,119-124] [128]
. Effect of pneumoccoccal cell Assess pneumococcal invasive
Effect of pneumolysin . Assess pneumococcal components
[77-81] surface components disease [129-131]
[99,103] [125-127]
Measure inoculum size Role of the platelet-activating Evaluate oropharyngeal Measure inoculum size
[82,83] factor on lung inflammation colonization [134,135]
" [99,103] [125-127] e
Measure inflammatory levels in the Role of host oligosaccharides EvaluaFe Pneumococcal Assess severity of illness
lungs [104] transmission [132,133]
F&EESISESTESIS [82,84] [125-127] ’

Assess virulence of different serotypes
[78,79,83]

Assess different pneumococcal
serotypes
[18,101,105,106]

Evaluate platelet activation and
hyperreactivity reactions
[125-127]

Evaluate pneumonia in
immunocompromised host
[76,85-88]

Pneumococcal sepsis
[108-112]

Pneumococcal sepsis
[76,88,91,92]

Evaluate pneumococcal complications
(83]




Int. J. Mol. Sci. 2019, 20, 4220 11 of 20

7. Non-Human Primates

In our opinion, research utilizing non-human primates (NHPs) for pneumococcal pneumonia is
limited compared to other to other types of experimental models. The use of smaller animal models
(e.g., mouse, rats, rabbits, etc.) has advantages in terms of feasibility due to cost, access, and availability.
Nevertheless, NHPs are preferred models due to the similarities with humans, in terms of the ability
to translate pathophysiological, diagnostic, therapeutic and preventive methods, and interventions,
respectively (Table 3).

It is suggested that pneumococcus is not naturally carried by NPHs. Studies on infant rhesus
macaques (n = 158) lack to show nasopharyngeal colonization. However, after experimental infant
rhesus (n = 8) nasopharyngeal instillation of human S. pneumoniae strain (19F), 100% of the animals
had evidence of colonization at two weeks and 60% at seven weeks post instillation, confirming that
rhesus macaques may serve as a human-like carriage model [128].

There is an important interest in assessing whether NHP including rhesus monkeys could be
suitable to assess pneumococcal components (e.g., IgA protease, capsular polysaccharide) and the
relationship with pathogenesis (i.e., production of antibodies) during pneumococcal infection [129-131].

Another advantage of NPH models is that they develop symptoms consistent with lower
respiratory tract infection similar to what is seen in humans. For instance, squirrel monkeys given IT
10°-6 x 108 colony-forming units (CFU) of S. pneumoniae died four to six days later after developing
severe illness characterized by fever, bacteremia, lethargy, anorexia, coughing, labored breathing, and
bronchopneumonia [132]. Similar findings were seen in rhesus macaque models that develop similar
respiratory symptoms, elevation of inflammatory biomarkes and pro-inflammatory cytokines in serum
and BAL [133].

NHPs models are, in our opinion, also suitable for studies on inoculation ad pathogenesis. NHP
studies on baboons (1 = 15) confirmed that escalating doses of pneumococcal inoculation (serotype
19A-7) produce a host response ranging from spontaneous clearance of 10° CFU to severe pneumonia
10 CFU. Selected BAL fluid and plasma cytokine levels and RNA profiles were associated with
radiological confirmed severe pneumonia [134]. A different group of investigators showed that,
in a baboon model infected by IB inoculation with pneumococcus (serotype 4) 10° CFU, the animals
developed signs and symptoms of pneumonia four days post-infection. Clinical findings were similar
to the one developed in humans, and include cough, tachypnea, dyspnea, tachycardia, and fever.
All animals developed leukocytosis and bacteremia 24 h after infection. A severe inflammatory
reaction was detected by elevation of serum cytokines, including Interleukin (IL) 1Ra, IL-6, and IL-8
after infection. Lung ultrasonography consistently identified pneumonia affected lobes correlated
by pathological analyses. Lung pathology positively correlated with disease severity. Antimicrobial
therapy rapidly reversed symptomology and reduced serum cytokines [135].

To our knowledge, the potential application of PK profile or use of BAL in NHP models has not
been evaluated. However, in our opinion, NHPs could be perfectly used for that purpose, especially
because of methodological limitations regarding tissue sampling in humans. Therefore, an animal
model is required in order to assess the quantitative deposition in the whole lung parenchyma of
intravenously administered and, especially, inhaled antimicrobials. In particular, cultures of tracheal
secretions, bronchoalveolar lavage (BAL), protected specimen brushes (PSB), and direct lung aspirates
were compared with cultures of lung homogenates and with histological findings.

It is not clear whether vaccination may fully protect NHPs to pneumococcal disease, particularly
in chimpanzees [136,137]. Cardiac complications post-pneumococcal pneumonia have been reported
in NHPs. In a severe pneumonia baboon model, investigators confirm that S. pneumoniae is capable
of invading the myocardium and induce cardiac injury with necroptosis and apoptosis, followed by
cardiac scarring after antibiotic therapy [138].

Additionally, NHPs models are appropriate to conduct interventional studies to assess the
potential mechanisms by how therapies such as inhaled carbon monoxide may have a therapeutic
potential for patients with acute respiratory distress syndrome (ARDS) [139-141]. Investigators showed
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evidence of ventilator-compatible carbon monoxide inhalational delivery system that may accelerate
the resolution of ARDS in a clinically relevant NHP model mentioned above (i.e., baboon) [141].

8. Conclusions

This comprehensive narrative review attempted to describe the different characteristics of the
most commonly used animal models in pneumococcal science. With the lenses of translational science
this narrative review attempted to summarize relevant preclinical data on rodents, rabbits, swine,
and non-human primates challenged with pneumococcal pneumonia infection. These models were
created to test the impact of multiple interventions such as therapeutic and immunization agents.
In addition, this review expanded the use of the different animal pneumococcal pneumonia models
including relevant information about microbiological pneumococcal properties, mode of bacterial
inoculation, pathogenesis, and the direct correlation with clinical disease as the one observed in
humans. Further detailed in-depth reviews should focus on specific intervention targets in order to
advance the science regarding pneumococcal disease and help improve outcomes of patients with
pneumococcal pneumonia.

Author Contributions: All authors participated in reviewing the literature, writing of the manuscript, and take
responsibility for the integrity of the work. All authors critically reviewed the final manuscript.

Funding: This research received no external funding.

Conflicts of Interest: We declare no competing interest.

References

1. GBD 2015 LRI Collaborators. Estimates of the global, regional, and national morbidity, mortality, and
aetiologies of lower respiratory tract infections in 195 countries: A systematic analysis for the Global Burden
of Disease Study 2015. Lancet Infect. Dis. 2017, 17, 1133-1161. [CrossRef]

2. Musher, D.M.; Thorner, A.R. Community-acquired pneumonia. N. Engl. ]. Med. 2014, 371, 1619-1628.
[CrossRef] [PubMed]

3. Jain, S.; Self, WH.; Wunderink, R.G.; Fakhran, S.; Balk, R.; Bramley, A.M.; Reed, C.; Grijalva, C.G;
Anderson, E.J.; Courtney, D.M.; et al. CDC EPIC Study Team. Community-Acquired Pneumonia Requiring
Hospitalization among U.S. Adults. N. Engl. . Med. 2015, 373, 415-427. [CrossRef] [PubMed]

4. Wunderink, R.G.; Waterer, G.W. Community-acquired pneumonia. N. Engl. ]. Med. 2014, 370, 1863.
[CrossRef] [PubMed]

5. WHO. The Top 10 Causes of Death. 2016. Available online: https://www.who.int/news-room/fact-sheets/
detail/the-top-10-causes-of-death (accessed on 24 May 2018).

6.  File, TM,, Jr. Clinical implications and treatment of multiresistant Streptococcus pneumoniae pneumonia.
Clin. Microbiol. Infect. 2006, 12, 31-41. [CrossRef] [PubMed]

7. Richter, S.S.; Heilmann, K.P.; Dohrn, C.L.; Riahi, F; Beekmann, S.E.; Doern, G.V. Changing epidemiology of
antimicrobial-resistant Streptococcus pneumoniae in the United States, 2004—2005. Clin. Infect. Dis. 2009, 48,
e23-e33. [CrossRef] [PubMed]

8.  Yanagihara, K,; Izumikawa, K.; Higa, F.; Tateyama, M.; Tokimatsu, I.; Hiramatsu, K.; Fujita, J.; Kadota, J.;
Kohno, S. Efficacy of azithromycin in the treatment of community-acquired pneumonia, including patients
with macrolide-resistant Streptococcus pneumoniae infection. Intern. Med. 2009, 48, 527-535. [CrossRef]
[PubMed]

9.  Sohail, I; Ghosh, S.; Mukundan, S.; Zelewski, S.; Khan, M.N. Role of Inflammatory Risk Factors in the
Pathogenesis of Streptococcus pneumoniae. Front. Immunol. 2018, 9, 2275. [CrossRef] [PubMed]

10. Weiser, ].N.; Ferreira, D.M.; Paton, J.C. Streptococcus pneumoniae: Transmission, colonization and invasion.
Nat. Rev. Microbiol. 2018, 16, 355-367. [CrossRef] [PubMed]

11. Kadioglu, A,; Taylor, S.; Iannelli, F.,; Pozzi, G.; Mitchell, T.].; Andrew, PW. Upper and lower respiratory tract
infection by Streptococcus pneumoniae is affected by pneumolysin deficiency and differences in capsule
type. Infect. Immun. 2002, 70, 2886-2890. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S1473-3099(17)30396-1
http://dx.doi.org/10.1056/NEJMra1312885
http://www.ncbi.nlm.nih.gov/pubmed/25337751
http://dx.doi.org/10.1056/NEJMoa1500245
http://www.ncbi.nlm.nih.gov/pubmed/26172429
http://dx.doi.org/10.1056/NEJMcp1214869
http://www.ncbi.nlm.nih.gov/pubmed/24499212
https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
http://dx.doi.org/10.1111/j.1469-0691.2006.01395.x
http://www.ncbi.nlm.nih.gov/pubmed/16669927
http://dx.doi.org/10.1086/595857
http://www.ncbi.nlm.nih.gov/pubmed/19115971
http://dx.doi.org/10.2169/internalmedicine.48.1482
http://www.ncbi.nlm.nih.gov/pubmed/19336954
http://dx.doi.org/10.3389/fimmu.2018.02275
http://www.ncbi.nlm.nih.gov/pubmed/30333833
http://dx.doi.org/10.1038/s41579-018-0001-8
http://www.ncbi.nlm.nih.gov/pubmed/29599457
http://dx.doi.org/10.1128/IAI.70.6.2886-2890.2002
http://www.ncbi.nlm.nih.gov/pubmed/12010976

Int. ]. Mol. Sci. 2019, 20, 4220 13 of 20

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Briles, D.E.; Crain, M.].; Gray, B.M.; Forman, C.; Yother, J. Strong association between capsular type and
virulence for mice among human isolates of Streptococcus pneumoniae. Infect. Immun. 1992, 60, 111-116.
[PubMed]

Azoulay-Dupuis, E.; Rieux, V.; Muffat-Joly, M.; Bédos, ].P.; Vallée, E.; Rivier, C.; Isturiz, R.; Carbon, C;
Moine, P. Relationship between capsular type, penicillin susceptibility, and virulence of human Streptococcus
pneumoniae isolates in mice. Antimicrob. Agents Chemother. 2000, 44, 1575-1577. [CrossRef] [PubMed]
Ogunniyi, A.D.; LeMessurier, K.S.; Graham, R.M.; Watt, ].M.; Briles, D.E.; Stroeher, U.H.; Paton, ]J.C.
Contributions of pneumolysin, pneumococcal surface protein A (PspA), and PspC to pathogenicity of
Streptococcus pneumoniae D39 in a mouse model. Infect. Immun. 2007, 75, 1843-1851. [CrossRef] [PubMed]
Musher, D.M.; Phan, H.M.; Baughn, R.E. Protection against bacteremic pneumococcal infection by antibody
to pneumolysin. J. Infect. Dis. 2001, 183, 827-830. [CrossRef] [PubMed]

Rubins, ]J.B.; Charboneau, D.; Paton, ]J.C.; Mitchell, T.J.; Andrew, P.W.; Janoff, E.N. Dual function of
pneumolysin in the early pathogenesis of murine pneumococcal pneumonia. J. Clin. Investig. 1995, 95,
142-150. [CrossRef] [PubMed]

Andisi, V.E; Hinojosa, C.A.; De Jong, A.; Kuipers, O.P; Orihuela, C.J.; Bijlsma, J.]. Pneumococcal gene complex
involved in resistance to extracellular oxidative stress. Infect. Immun. 2012, 80, 1037-1049. [CrossRef]
Kalin, M. Pneumococcal serotypes and their clinical relevance. Thorax 1998, 53, 159-162. [CrossRef]
Langley, ].M.; Kellner, J.D.; Solomon, N.; Robinson, J.L.; Le Saux, N.; McDonald, J.; Ulloa-Gutierrez, R.;
Tan, B.; Allen, U.; Dobson, S.; et al. Empyema associated with community-acquired pneumonia: A Pediatric
Investigator’s Collaborative Network on Infections in Canada (PICNIC) study. BMC Infect. Dis. 2008, 8, 129.
[CrossRef]

Hausdorff, W.P; Bryant, ]J.; Paradiso, PR.; Siber, G.R. Which pneumococcal serogroups cause the most
invasive disease: Implications for conjugate vaccine formulation and use, part I. Clin. Infect. Dis. 2000, 30,
100-121. [CrossRef]

Yalcin, B.; Nicod, J.; Bhomra, A.; Davidson, S.; Cleak, J.; Farinelli, L.; Osterds, M.; Whitley, A.; Yuan, W.;
Gan, X,; et al. Commercially available outbred mice for genome-wide association studies. PLoS Genet. 2010,
6,€1001085. [CrossRef]

Sandgren, A.; Sjostrom, K.; Olsson-Liljequist, B.; Christensson, B.; Samuelsson, A.; Kronvall, G.; Henriques
Normark, B. Effect of clonal and serotype-specific properties on the invasive capacity of Streptococcus
pneumoniae. J. Infect. Dis. 2004, 189, 785-796. [PubMed]

Savulescu, C.; Krizova, P.; Lepoutre, A.; Mereckiene, ].; Vestrtheim, D.F,; Ciruela, P.; Ordobas, M.; Guevara, M.;
McDonald, E.; Morfeldt, E.; et al. Effect of high-valency pneumococcal conjugate vaccines on invasive
pneumococcal disease in children in SpIDnet countries: An observational multicentre study. Lancet Respir.
Med. 2017, 5, 648-656. [CrossRef]

Thevaranjan, N.; Whelan, FJ.; Puchta, A.; Ashu, E.; Rossi, L.; Surette, M.G.; Bowdish, D.M. Streptococcus
pneumoniae Colonization Disrupts the Microbial Community within the Upper Respiratory Tract of Aging
Mice. Infect. Immun. 2016, 84, 906-916. [CrossRef] [PubMed]

Azoulay-Dupuis, E.; Vallee, E.; Veber, B.; Bedos, ].P.; Bauchet, J.; Pocidalo, J.J. In vivo efficacy of a new
fluoroquinolone, sparfloxacin, againstpenicillin-susceptible and -resistant and multiresistant strains of
Streptococcus pneumoniae in a mouse model of pneumonia. Antimicrob. Agents Chemother. 1992, 36,
2698-2703. [CrossRef]

Sauve, C.; Azoulay-Dupuis, E.; Moine, P.; Darras-Joly, C.; Rieux, V.; Carbon, C.; Bédos, ]J.P. Efficacies
of cefotaxime and ceftriaxone in a mouse model of pneumonia induced by two penicillin- and
cephalosporin-resistant strains of Streptococcus pneumoniae. Antimicrob. Agents Chemother. 1996, 40,
2829-2834. [CrossRef]

Moine, P; Vallée, E.; Azoulay-Dupuis, E.; Bourget, P.; Bédos, J.P.; Bauchet, J.; Pocidalo, J.J. In vivo efficacy
of a broad-spectrum cephalosporin, ceftriaxone, against penicillin-susceptible and -resistant strains of
Streptococcus pneumonia in a mouse pneumonia model. Antimicrob. Agents Chemother. 1994, 38, 1953-1958.
[CrossRef]

Sandgren, A.; Albiger, B.; Orihuela, C.J.; Tuomanen, E.; Normark, S.; Henriques-Normark, B. Virulence in
mice of pneumococcal clonal types with known invasive disease potential in humans. J. Infect. Dis. 2005,
192, 791-800.


http://www.ncbi.nlm.nih.gov/pubmed/1729176
http://dx.doi.org/10.1128/AAC.44.6.1575-1577.2000
http://www.ncbi.nlm.nih.gov/pubmed/10817711
http://dx.doi.org/10.1128/IAI.01384-06
http://www.ncbi.nlm.nih.gov/pubmed/17261599
http://dx.doi.org/10.1086/318833
http://www.ncbi.nlm.nih.gov/pubmed/11181163
http://dx.doi.org/10.1172/JCI117631
http://www.ncbi.nlm.nih.gov/pubmed/7814608
http://dx.doi.org/10.1128/IAI.05563-11
http://dx.doi.org/10.1136/thx.53.3.159
http://dx.doi.org/10.1186/1471-2334-8-129
http://dx.doi.org/10.1086/313608
http://dx.doi.org/10.1371/journal.pgen.1001085
http://www.ncbi.nlm.nih.gov/pubmed/14976594
http://dx.doi.org/10.1016/S2213-2600(17)30110-8
http://dx.doi.org/10.1128/IAI.01275-15
http://www.ncbi.nlm.nih.gov/pubmed/26787714
http://dx.doi.org/10.1128/AAC.36.12.2698
http://dx.doi.org/10.1128/AAC.40.12.2829
http://dx.doi.org/10.1128/AAC.38.9.1953

Int. ]. Mol. Sci. 2019, 20, 4220 14 of 20

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Hinojosa, E.; Boyd, A.R.; Orihuela, C.J. Age-associated inflammation and toll-like receptor dysfunction prime
the lungs for pneumococcal pneumonia. J. Infect. Dis. 2009, 200, 546-554. [CrossRef]

Clement, C.G.; Tuvim, M.].; Evans, C.M.; Tuvin, D.M.; Dickey, B.E; Evans, S.E. Allergic lung inflammation
alters neither susceptibility to Streptococcus pneumoniae infection nor inducibility of innate resistance in
mice. Respir. Res. 2009, 10, 70. [CrossRef]

Shivshankar, P.; Boyd, A.R.; Le Saux, C.J.; Yeh, L.T,; Orihuela, C.J. Cellular senescence increases expression
of bacterial ligands in the lungs and is positively correlated with increased susceptibility to pneumococcal
pneumonia. Aging Cell 2011, 10, 798-806. [CrossRef]

Briles, D.E.; Hollingshead, S.K.; Paton, ]J.C.; Ades, EW.; Novak, L.; van Ginkel, EW.; Benjamin, W.H., Jr.
Immunizations with pneumococcal surface protein A and pneumolysin are protective against pneumonia in
a murine model of pulmonary infection with Streptococcus pneumoniae. J. Infect. Dis. 2003, 188, 339-348.
[CrossRef] [PubMed]

Wanke-Jellinek, L.; Keegan, ].W.; Dolan, ].W.; Lederer, ].A. Characterization of lung infection-induced TCRy?
T cell phenotypes by CyTOF mass cytometry. J. Leukoc. Biol. 2016, 99, 483-493. [CrossRef] [PubMed]
Azoulay-Dupuis, E.; Mohler, ].; Bédos, ].P. Efficacy of BB-83698, a novel peptide deformylase inhibitor, in
a mouse model of pneumococcal pneumonia. Antimicrob. Agents Chemother. 2004, 48, 80-85. [CrossRef]
[PubMed]

Bédos, J.P.,; Azoulay-Dupuis, E.; Moine, P.; Muffat-Joly, M.; Veber, B.; Pocidalo, ].J.; Vallée, E. Pharmacodynamic
activities of ciprofloxacin and sparfloxacin in a murine pneumococcal pneumonia model: Relevance for drug
efficacy. J. Pharm. Exp. Ther. 1998, 286, 29-35.

Abgueguen, P.; Azoulay-Dupuis, E.; Noel, V.; Moine, P; Rieux, V.; Fantin, B.; Bedos, ].P. Amoxicillin is effective
against penicillin-resistant Streptococcus pneumonia strains in a mouse pneumonia model simulating human,
pharmacokinetics. Antimicrob. Agents Chemother. 2007, 51, 208-214. [CrossRef] [PubMed]

Moine, P.; Mazoit, ] X.; Bédos, ].P; Vallée, E.; Azoulay-Dupuis, E. Correlation between in vitro and in vivo
activity of amoxicillin against Streptococcus pneumoniae in a murine pneumonia model. J. Pharm. Exp. Ther.
1997, 280, 310-315.

Moine, P.; Mazoit, J.X. Streptococcus pneumoniae pneumonia in mice: Optimal amoxicillin dosing predicted
from a pharmacokinetic-pharmacodynamic model. J. Pharmacol. Exp. Ther. 1999, 291, 1086-1092. [PubMed]
Briles, D.E.; Nahm, M.; Schroer, K.; Davie, ].; Baker, P.; Kearney, ].; Barletta, R. Antiphosphocholine. Type 2
streptococcus pneumoniae. J. Exp. Med. 1981, 153, 694-705. [CrossRef] [PubMed]

Tessier, PR.; Kim, M.K,; Zhou, W.; Xuan, D.; Li, C.; Ye, M.; Nightingale, C.H.; Nicolau, D.P. Pharmacodynamic
assessment of clarithromycin in a murine model of pneumococcal pneumonia. Antimicrob. Agents Chemother.
2002, 46, 1425-1434. [CrossRef] [PubMed]

Bou Ghanem, E.N.; Clark, S.; Du, X.; Wu, D.; Camili, A.; Leong, ].M.; Meydani, S.N. The «-tocopherol form of
vitamin E reverses age-associated susceptibility to streptococcus pneumoniae lung infection by modulating
pulmonary neutrophil recruitment. J. Immunol. 2015, 194, 1090-1099. [CrossRef] [PubMed]

Cho, S.J.; Rooney, K.; Choi, AMK.,; Stout-Delgado, HW. NLRP3 inflammasome activation in aged
macrophages is diminished during Streptococcus pneumoniae infection. Am. J. Physiol. Lung Cell
Mol. Physiol. 2018, 314, L372-L387. [CrossRef] [PubMed]

Janesch, P; Stulik, L.; Rouha, H.; Varga, C.; Steinhduser, J.; Zerbs, M.; Nagy, E. Age-related changes in the
levels and kinetics of pulmonary cytokine and chemokine responses to Streptococcuspneumoniae in mouse
pneumonia models. Cytokine 2018, 111, 389-397. [CrossRef] [PubMed]

Williams, A.E.; José, R.J.; Brown, J.S.; Chambers, R.C. Enhanced inflammation in aged mice following
infection with Streptococcus pneumoniae is associated with decreased IL-10 and augmented chemokine
production. Am. J. Physiol. Lung Cell. Mol. Physiol. 2015, 308, L539-1L549. [CrossRef] [PubMed]

Rubins, J.B.; Charboneau, D. Effect of anesthetics on pathogenesis of experimentally induced murine
pneumococcal pneumonia. Comp. Med. 2000, 50, 292-295. [PubMed]

Majhi, A.; Kundu, K.; Adhikary, R.; Banerjee, M.; Mahanti, S.; Basu, A.; Bishayi, B. Combination therapy
with ampicillin azithromycin in an experimental pneumococcal pneumonia is bactericidal effective in down
regulating inflammation in mice. J. Inflamm. (Lond.) 2014, 11, 5. [CrossRef]

Brumshagen, C.; Maus, R.; Bischof, A.; Ueberberg, B.; Bohling, J.; Osterholzer, ].].; Ogunniyi, A.D.; Paton, J.C.;
Welte, T.; Maus, U.A. FMS-like tyrosine kinase 3 ligand treatment of mice aggravates acute lung injury in
response to Streptococcus pneumoniae: Role of pneumolysin. Infect. Immun. 2012, 80, 4281-4290. [PubMed]


http://dx.doi.org/10.1086/600870
http://dx.doi.org/10.1186/1465-9921-10-70
http://dx.doi.org/10.1111/j.1474-9726.2011.00720.x
http://dx.doi.org/10.1086/376571
http://www.ncbi.nlm.nih.gov/pubmed/12870114
http://dx.doi.org/10.1189/jlb.4A0315-115RR
http://www.ncbi.nlm.nih.gov/pubmed/26428679
http://dx.doi.org/10.1128/AAC.48.1.80-85.2004
http://www.ncbi.nlm.nih.gov/pubmed/14693522
http://dx.doi.org/10.1128/AAC.00004-06
http://www.ncbi.nlm.nih.gov/pubmed/17060515
http://www.ncbi.nlm.nih.gov/pubmed/10565828
http://dx.doi.org/10.1084/jem.153.3.694
http://www.ncbi.nlm.nih.gov/pubmed/7252411
http://dx.doi.org/10.1128/AAC.46.5.1425-1434.2002
http://www.ncbi.nlm.nih.gov/pubmed/11959578
http://dx.doi.org/10.4049/jimmunol.1402401
http://www.ncbi.nlm.nih.gov/pubmed/25512603
http://dx.doi.org/10.1152/ajplung.00393.2017
http://www.ncbi.nlm.nih.gov/pubmed/29097427
http://dx.doi.org/10.1016/j.cyto.2018.09.012
http://www.ncbi.nlm.nih.gov/pubmed/30463053
http://dx.doi.org/10.1152/ajplung.00141.2014
http://www.ncbi.nlm.nih.gov/pubmed/25595646
http://www.ncbi.nlm.nih.gov/pubmed/10894495
http://dx.doi.org/10.1186/1476-9255-11-5
http://www.ncbi.nlm.nih.gov/pubmed/23006850

Int. ]. Mol. Sci. 2019, 20, 4220 15 of 20

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Henken, S.; Bohling, J.; Martens-Lobenhoffer, J.; Paton, J.C.; Ogunniyi, A.D.; Briles, D.E.; Salisbury, V.C;
Wedekind, D.; Bode-Boger, S.M.; Welsh, T.; et al. Efficacy profiles of daptomycin for treatment of invasive
and non invasive pulmonary infections with Streptococcus pneumoniae. Antimicrob. Agents Chemother. 2010,
54,707-717.

Dommaschk, A.; Ding, N.; Tort Tarres, M.; Bittersohl, L.F.; Maus, R.; Stolper, ].; Jonigk, D.; Braubach, P.;
Lippmann, T.; Welte, T.; et al. Nasopharyngeal colonization with Streptococcus pneumoniae triggers
dendritic cell dependent antibody responses against invasive disease in mice. Eur. J. Immunol. 2017, 47,
540-551. [CrossRef]

Herbold, W.; Maus, R.; Hahn, I.; Ding, N.; Srivastava, M.; Christman, ].W.; Mack, M.; Reutershan, J.;
Briles, D.E.; Paton, J.C.; et al. Importance of CXC chemokine receptor 2 in alveolar neutrophil and exudate
macrophage recruitment in response to pneumococcal lung infection. Infect. Immun. 2010, 78, 2620-2630.
[CrossRef]

Mracsko, E.; Stegemann-Koniszewski, S.; Na, S.Y.; Dalpke, A.; Bruder, D.; Lasitschka, F.; Veltkamp, R.
A Mouse Model of Post-Stroke Pneumonia Induced by Intra-Tracheal Inoculation with Streptococcus
pneumoniae. Cereb. Dis. 2017, 43, 99-109. [CrossRef]

Kim, M.K; Zhou, W.; Tessier, PR.; Xuan, D.; Ye, M.; Nightingale, C.H.; Nicolau, D.P. Bactericidal effect and
pharmacodynamics of cethromycin (ABT-773) in a murine pneumococcal pneumonia model. Antimicrob.
Agents Chemother. 2002, 46, 3185-3192. [CrossRef] [PubMed]

Dandekar, PK.; Williams, P.; Tessier, PR.; Farrell, D.J.; Nightingale, C.H.; Nicolau, D.P. Assessment of the
efficacy of telithromycin simulating human exposures against S. pneumoniae with ribosomal mutations in
a murine pneumonia model. Int. |. Antimicrob. Agents. 2005, 25, 530-534. [CrossRef] [PubMed]
Azoulay-Dupuis, E.; Vallée, E.; Bedos, J.P.; Muffat-Joly, M.; Pocidalo, ]J.J. Prophylactic and therapeutic
activities of azithromycin in a mouse model of pneumococcal pneumonia. Antimicrob. Agents Chemother.
1991, 35, 1024-1028. [CrossRef] [PubMed]

Bergeron, Y.; Ouellet, N.; Deslauriers, A.M.; Simard, M.; Olivier, M.; Bergeron, M.G. Cytokine kinetics and
other host factors in response to pneumococcal pulmonary infection in mice. Infect. Immun. 1998, 66, 912-922.
[PubMed]

Calame, W.; Douwes-Idema, A.E.; van den Barselaar, M.T.; Mattie, H. Contribution ofalveolar phagocytes
to antibiotic efficacy in an experimental lung infection with Streptococcus pneumoniae. J. Infect. 2001, 42,
235-242. [CrossRef] [PubMed]

Feldmesser, M.; Casadevall, A. Effect of serum IgG1 to Cryptococcus neoformans glucuronoxylomannan on
murine pulmonary infection. J. Immunol. 1997, 158, 790-799.

Dolan, J.M.; Weinberg, ].B.; O’Brien, E.; Abashian, A.; Procario, M.C.; Aronoff, D.M.; Crofford, L.J.;
Peters-Golden, M.; Ward, L.; Mancuso, P. Increased lethality and defective pulmonary clearance of
Streptococcus pneumoniae in microsomal prostaglandin E synthase-1-knockout mice. Am. ]. Physiol
Lung Cell Mol. Physiol. 2016, 310, L1111-L1120. [CrossRef]

Mancuso, P.; OBrien, E.; Prano, J.; Goel, D.; Aronoff, D.M. No Impairment in hostdefense against Streptococcus
pneumoniae in obese CPEfat/fat mice. PLoS ONE 2014, 9, e106420. [CrossRef]

Yamamoto, K.; Ahyi, A.N.; Pepper-Cunningham, Z.A.; Ferrari, ].D.; Wilson, A.A.; Jones, M.R.; Quinton, L.J.;
Mizgerd, ].P. Roles of lung epithelium in neutrophil recruitment during pneumococcal pneumonia. Am. J.
Respir. Cell Mol. Biol. 2014, 50, 253-262. [CrossRef]

Suzuki, H.; Hogg, ].C.; van Eeden, S.F. Sequestration and homing of bone marrow-derived lineage negative
progenitor cells in the lung during pneumococcal pneumonia. Respir. Res. 2008, 9, 25. [CrossRef]

Winter, C.; Taut, K; Langer, F; Mack, M.; Briles, D.E.; Paton, J.C.; Maus, R.; Srivastava, M.; Welte, T.;
Maus, U.A. FMS-like tyrosine kinase 3 ligand aggravates the lung inflammatory response to Streptococcus
pneumoniae infection in mice: Role of dendritic cells. J. Immunol. 2007, 179, 3099-3108. [CrossRef] [PubMed]
Burns, T.; Abadi, M.; Pirofski, L.A. Modulation of the lung inflammatory response to serotype 8 pneumococcal
infection by a human immunoglobulin m monoclonal antibody to serotype 8 capsular polysaccharide. Infect.
Immun. 2005, 73, 4530—4538. [CrossRef] [PubMed]

Southam, D.S.; Dolovich, M.; O'Byrne, PM.; Inman, M.D. Distribution of intranasal instillations in mice:
Effects of volume, time, body position, and anesthesia. Am. J. Physiol. Lung Cell. Mol. Physiol. 2002, 282,
L.833-1.839. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/eji.201646700
http://dx.doi.org/10.1128/IAI.01169-09
http://dx.doi.org/10.1159/000452136
http://dx.doi.org/10.1128/AAC.46.10.3185-3192.2002
http://www.ncbi.nlm.nih.gov/pubmed/12234843
http://dx.doi.org/10.1016/j.ijantimicag.2005.02.014
http://www.ncbi.nlm.nih.gov/pubmed/15894464
http://dx.doi.org/10.1128/AAC.35.6.1024
http://www.ncbi.nlm.nih.gov/pubmed/1656849
http://www.ncbi.nlm.nih.gov/pubmed/9488375
http://dx.doi.org/10.1053/jinf.2001.0837
http://www.ncbi.nlm.nih.gov/pubmed/11545565
http://dx.doi.org/10.1152/ajplung.00220.2015
http://dx.doi.org/10.1371/journal.pone.0106420
http://dx.doi.org/10.1165/rcmb.2013-0114OC
http://dx.doi.org/10.1186/1465-9921-9-25
http://dx.doi.org/10.4049/jimmunol.179.5.3099
http://www.ncbi.nlm.nih.gov/pubmed/17709524
http://dx.doi.org/10.1128/IAI.73.8.4530-4538.2005
http://www.ncbi.nlm.nih.gov/pubmed/16040964
http://dx.doi.org/10.1152/ajplung.00173.2001
http://www.ncbi.nlm.nih.gov/pubmed/11880310

Int. ]. Mol. Sci. 2019, 20, 4220 16 of 20

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Wang, Y.; Jiang, B.; Guo, Y,; Li, W,; Tian, Y.; Sonnenberg, G.F,; Weiser, ].N.; Ni, X.; Shen, H. Cross-protective
mucosal immunity mediated by memory Th17 cells against Streptococcus pneumoniae lung infection.
Mucosal Immunol. 2017, 10, 250-259. [CrossRef] [PubMed]

Cohen, J.M.; Khandavilli, S.; Camberlein, E.; Hyams, C.; Baxendale, H.E.; Brown, J.S. Protective
contributions against invasive Streptococcus pneumoniae pneumonia of antibody and Th17-cell responses to
nasopharyngeal colonization. PLoS ONE 2011, 6, €25558. [CrossRef] [PubMed]

Matthias, K.A.; Roche, A.M.; Standish, A.]J.; Shchepetov, M.; Weiser, ].N. Neutrophil-toxin interactions
promote antigen delivery and mucosal clearance of Streptococcus pneumoniae. J. Immunol. 2008, 180,
6246-6254. [CrossRef] [PubMed]

Clement, C.G.; Evans, S.E.; Evans, CM.; Hawke, D.; Kobayashi, R.; Reynolds, P.R.; Moghaddam, S.J.;
Scott, B.L.; Melicoff, E.; Adachi, R.; et al. Stimulation of lung innate immunity protects against lethal
pneumococcal pneumonia in mice. Am. J. Respir. Crit. Care Med. 2008, 177, 1322-1330. [CrossRef]

Tuvim, M.].; Clement, C.G.; Huang, E.S.; Cote, G.J.; Evans, S.E,; Lei, X; Deftos, L.J.; Gagel, R.E; Dickey, B.F.
Deletion of the gene encoding calcitonin and calcitonin gene-related peptide « does not affect the outcome of
severe infection in mice. Am. J. Respir. Cell Mol. Biol. 2013, 49, 151-155. [CrossRef]

Ershler, W.B.; Hebert, ].C.; Blow, A.].; Granter, S.R.; Lynch, J. Effect of thymosin alpha one on specific antibody
response and susceptibility to infection in young and aged mice. Int. ]. Immunopharmacol. 1985, 7, 465-471.
[CrossRef]

lizawa, Y.; Kitamoto, N.; Hiroe, K.; Nakao, M. Streptococcus pneumoniae in the nasal cavity of mice causes
lower respiratory tract infection after airway bstruction. J. Med. Microbiol. 1996, 44, 490-495. [CrossRef]
Hoover, J.L.; Lewandowski, T.E; Mininger, C.L.; Singley, C.M.; Sucoloski, S.; Rittenhouse, S.A. Robust
Pneumonia Model in Immunocompetent Rodents to Evaluate Antibacterial Efficacy against S. pneumoniae,
H. influenzae, K. pneumoniae, P. aeruginosa or A. Baumannii. J. Vis. Exp. 2017, 119, e55068.

Mold, C.; Rodic-Polic, B.; Du Clos, T.W. Protection from Streptococcus pneumoniae infection by C-reactive
protein and natural antibody requires complement but not Fc gamma receptors. J. Immunol. 2002, 168,
6375-6381. [CrossRef] [PubMed]

Tokairin, Y.; Shibata, Y.; Sata, M.; Abe, S.; Takabatake, N.; Igarashi, A.; Ishikawa, T.; Inoue, S.; Kubota, I.
Enhanced immediate inflammatory response to Streptococcus pneumoniae in the lungs of mice with
pulmonary emphysema. Respirology 2008, 13, 324-332. [CrossRef] [PubMed]

Siggins, RW.; Melvan, J.N.; Welsh, D.A.; Bagby, G.J.; Nelson, S.; Zhang, P. Alcohol suppresses the
granulopoietic response to pulmonary Streptococcus pneumonia infection with enhancement of STAT3
signaling. J. Immunol. 2011, 186, 4306-4313. [CrossRef]

Chiavolini, D.; Pozzi, G.; Ricci, S. Animal Models of Streptococcus pneumoniae Disease. Clin. Microbiol. Rev.
2008, 10, 666—685. [CrossRef]

Feldman, C.; Munro, N.C.; Jeffery, PK.; Mitchell, T.].; Andrew, PW.; Boulnois, G.J.; Guerreiro, D.; Rohde, ].A.L.;
Todd, H.C.; Cole, PJ.; et al. Pneumolysin induces the salient histologic features of pneumococcal infection in
the rat lung in vivo. Am. |. Respir. Cell Mol. Biol. 1991, 5, 416-423. [CrossRef]

Smith, G.M.; Abbott, K.H. Development of experimental respiratory infections in neutropenic rats with
either penicillin-resistant Streptococcus pneumoniae or beta-lactamase-producing Haemophilus influenzae.
Antimicrob. Agents Chemother. 1994, 38, 608-610. [CrossRef]

Saladino, R.A.; Stack, A.M.; Fleisher, G.R.; Thompson, C.M.; Briles, D.E.; Kobzik 1 Siber, G.R. Development of
a model of low-inoculum Streptococcus pneumoniae intrapulmonary infection in infant rats. Infect. Immun.
1997, 65, 4701-4704.

Bakker-Woudenberg, I.A.].M.; De Jong-Hoenderop, ].Y.T.; Michel, M.F. Efficacy of antimicrobial chemotherapy
in experimental rat pneumonia: Effects of impaired phagocytosis. Infect. Immun. 1979, 25, 366-375.
Alcantara, R.B.; Preheim, L.C.; Gentry-Nielsen, M.]. Pneumolysin- induced complement depletion during
experimental pneumococcal bacteremia. Infect. Immun. 2001, 69, 3569-3575. [CrossRef]

Aslami, H.; Pulskens, W.P.; Kuipers, M.T.; Bos, A.P,; Van Kuilenburg, A.B.P.; Wanders, R.J.A.; Roelofsen, J.;
Roelofs, J.J.T.H.; Kerindongo, R.P,; Beurskens, C.].P; et al. Hydrogen Sulfide Donor NaHS Reduces Organ
Injury in a Rat Model of Pneumococcal Pneumosepsis, Associated with Improved Bio-Energetic Status.
PLoS ONE 2013, 8, €63497. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/mi.2016.41
http://www.ncbi.nlm.nih.gov/pubmed/27118490
http://dx.doi.org/10.1371/journal.pone.0025558
http://www.ncbi.nlm.nih.gov/pubmed/22003400
http://dx.doi.org/10.4049/jimmunol.180.9.6246
http://www.ncbi.nlm.nih.gov/pubmed/18424747
http://dx.doi.org/10.1164/rccm.200607-1038OC
http://dx.doi.org/10.1165/rcmb.2012-0489OC
http://dx.doi.org/10.1016/0192-0561(85)90065-7
http://dx.doi.org/10.1099/00222615-44-6-490
http://dx.doi.org/10.4049/jimmunol.168.12.6375
http://www.ncbi.nlm.nih.gov/pubmed/12055255
http://dx.doi.org/10.1111/j.1440-1843.2007.01229.x
http://www.ncbi.nlm.nih.gov/pubmed/18399852
http://dx.doi.org/10.4049/jimmunol.1002885
http://dx.doi.org/10.1128/CMR.00012-08
http://dx.doi.org/10.1165/ajrcmb/5.5.416
http://dx.doi.org/10.1128/AAC.38.3.608
http://dx.doi.org/10.1128/IAI.69.6.3569-3575.2001
http://dx.doi.org/10.1371/journal.pone.0063497
http://www.ncbi.nlm.nih.gov/pubmed/23717435

Int. ]. Mol. Sci. 2019, 20, 4220 17 of 20

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Peterson, G.E.; Silva, S.S.; Amantea, S.L.; Miorelli, P.; Sanches, P.; Kulczynski, J.; Roesch, E.; Fraga, J.C.
Accuracy of Complement Activation Product Levels to Detect Infected Pleural Effusion in Rats. Pediatric
Pulmonol. 2017, 52, 757-762. [CrossRef] [PubMed]

van den Boogaard, FE.; Hofstra, ].].; Van 't Veer, C.; Levi, M.M.; Roelofs, ].].T.H.; Van der Poll, T.; Schultz, M.].
Feasibility and Safety of Local Treatment with Recombinant Human Tissue Factor Pathway Inhibitor in a Rat
Model of Streptococcus pneumoniae Pneumonia. PLoS ONE 2015, 10, e0127261. [CrossRef] [PubMed]
Candiani, G.; Abbondi, M.; Borgonovi, M.; Williams, R. Experimental lobar pneumonia due to
penicillin-susceptible and penicillin-resistant Streptococcus pneumoniae in immunocompetent and
neutropenic rats: Efficacy of penicillin and teicoplanin treatment. ]. Antimicrob. Chemother. 1997, 39,
199-207. [CrossRef] [PubMed]

Kuikka, A.; Syrjanen, ]J.; Renkonen, O.V.; Valtonen, V.V. Pneumococcal bacteraemia during a recent decade.
J. Infect. 1992, 24, 157-168. [CrossRef]

Davis, C.C.; Mellencamp, M.A; Preheim, L.C. A model of pneumococcal pneumonia in chronically intoxicated
rats. J. Infect. Dis. 1991, 163, 799-805. [CrossRef]

Mellencamp, M.A.; Preheim, L.C. Pneumococcal pneumonia in a rat model of cirrhosis: Effects of cirrhosis
on pulmonary defense mechanisms against Streptococcus pneumoniae. J. Infect. Dis. 1991, 163, 102-108.
[CrossRef]

Hoover, J.L.; Singley, C.M.; Elefante, P.; DeMarsh, P.; Zalacain, M.; Rittenhouse, S. Reducing antibacterial
development risk for GSK1322322 by exploring potential human dose regimens in nonclinical efficacy studies
using immunocompetent rats. Antimicrob. Agents Chemother. 2017, 61, €00959-17. [CrossRef]

Smith, G.M.; Slocombe, B.; Abbott, K.H.; Mizen, L.W. Activity of amoxicillin-clavulanate against
penicillin-resistant Streptococcus pneumoniae in an experimental respiratory infection model in rats.
Antimicrob. Agents Chemother. 1998, 42, 813-817. [CrossRef]

Leung, L.S.; Szal, E.G.].; Drachman, R.H. Increased susceptibility of splenectomized rats to infection with
Diplococcus pneumoniae. J. Infect. Dis. 1972, 126, 507-513. [CrossRef]

Alcantara, R.B.; Preheim, L.C.; Gentry, M.]. Role of pneumolysin’s complement-activating activity during
pneumococcal bacteremia in cirrhotic rats. Infect. Immun. 1999, 67, 2862-2866. [PubMed]

Gullstrand, P; Alwmark, A.; Schalen, C. Effect of steroids on the outcome of penicillin treatment in
pneumococcal sepsis in splenectomized rats. Surgery 1982, 91, 222-225. [PubMed]

Offenbart, K.; Christensen, P; Gullstrand, P.; Prellner, K.; Seger, R.A. Treatment of pneumococcal
postsplenectomy sepsis in the rat with human gamma-globulin. J. Surg. Res. 1986, 40, 198-201. [CrossRef]
linuma, H.; Okinaga, K. Prevention of pneumococcal bacteremia by immunization with type 6 pneumococcal
capsular polysaccharide vaccine in splenectomized rats. J. Infect. Dis. 1989, 160, 66-75. [CrossRef] [PubMed]
Mapara, M.; Thomas, B.S.; Bhat, K.M. Rabbit as an animal model for experimental research. Dent. Res. .
2012, 9, 111-118.

Ganzinger, U.; Haslberger, A. Pharmacokinetics of cephalosporins in normal and septicemic rabbits.
Antimicrob. Agents Chemother. 1985, 28, 473-477. [CrossRef]

Spence, S. The Dutch-Belted rabbit: An alternative breed for developmental toxicity testing. Birth Defects Res.
B Dev. Reprod. Toxicol. 2003, 68, 439-448. [CrossRef]

Tuomanen, E.; Rich, R.; Zak, O. Induction of pulmonary inflammation by components of the pneumococcal
cell surface. Am. Rev. Respir. Dis. 1987, 135, 869-874. [CrossRef]

Charles, PE.; Piroth, L.; Desbiolles, N.; Lequeu, C.; Martin, L.; Portier, H.; Chavanet, P. New model
of ventilator-associated pneumonia in immunocompetent rabbits. Crit. Care Med. 2002, 30, 2278-2283.
[CrossRef]

Piroth, L.; Martin, L.; Coulon, A.; Lequeu, C.; Duong, M.; Buisson, M.; Portier, H.; Chavanet, P. Development
of a new experimental model of penicillin-resistant Streptococcus pneumoniae pneumonia and amoxicillin
treatment by reproducing human pharmacokinetics. Antimicrob. Agents Chemother. 1999, 43, 2484-2492.
[CrossRef]

Yershov, A.L.; Jordan, B.S.; Guymon, C.H.; Dubick, M.A. Relationship between the inoculum dose of
Streptococcus pneumoniae and pneumonia onset in a rabbit model. Eur. Respir. ]. 2005, 25, 693-700.
[CrossRef] [PubMed]


http://dx.doi.org/10.1002/ppul.23666
http://www.ncbi.nlm.nih.gov/pubmed/28474458
http://dx.doi.org/10.1371/journal.pone.0127261
http://www.ncbi.nlm.nih.gov/pubmed/25992779
http://dx.doi.org/10.1093/jac/39.2.199
http://www.ncbi.nlm.nih.gov/pubmed/9069540
http://dx.doi.org/10.1016/0163-4453(92)92850-I
http://dx.doi.org/10.1093/infdis/163.4.799
http://dx.doi.org/10.1093/infdis/163.1.102
http://dx.doi.org/10.1128/AAC.00959-17
http://dx.doi.org/10.1128/AAC.42.4.813
http://dx.doi.org/10.1093/infdis/126.5.507
http://www.ncbi.nlm.nih.gov/pubmed/10338492
http://www.ncbi.nlm.nih.gov/pubmed/6895802
http://dx.doi.org/10.1016/0022-4804(86)90151-4
http://dx.doi.org/10.1093/infdis/160.1.66
http://www.ncbi.nlm.nih.gov/pubmed/2732517
http://dx.doi.org/10.1128/AAC.28.4.473
http://dx.doi.org/10.1002/bdrb.10040
http://dx.doi.org/10.1164/arrd.1987.135.4.869
http://dx.doi.org/10.1097/00003246-200210000-00016
http://dx.doi.org/10.1128/AAC.43.10.2484
http://dx.doi.org/10.1183/09031936.05.00091904
http://www.ncbi.nlm.nih.gov/pubmed/15802345

Int. ]. Mol. Sci. 2019, 20, 4220 18 of 20

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Cabellos, C.; MacIntyre, D.E.; Forrest, M.; Burroughs, M.; Prasad, S.; Tuomanen, E. Differing roles for
platelet-activating factor during inflammation of lung and subarachnoid space. The special case of
Streptococcus pneumoniae. J. Clin. Investig. 1992, 90, 612-618. [CrossRef] [PubMed]

Idanpaan-Heikkila, I.P.; Simon, M.; Zopf, D.; Vullo, T.; Cahill, P.; Sokol, K.; Tuomanen, E. Oligosaccharides
interfere with the establishment and progression of experimental pneumococcal pneumonia. J. Infect. Dis.
1997, 176, 704-712. [CrossRef] [PubMed]

Croisier, D.; Chavanet, P.; Lequeu, C.; Ahanou, A.; Nierlich, A.; Neuwirth, C.; Piroth, L.; Duong, M.;
Buisson, M.; Portier, H. Efficacy and pharmacodynamics of simulated human-like treatment with levafloxacin
on experimental pneumonia induced with penicillin-resistant pneumococci with various susceptibilities to
fluoroquinolones. . Antimicrob. Chemother. 2002, 50, 349-360. [CrossRef] [PubMed]

Piroth, L.; Desbiolles, N.; Mateo-Ponce, V.; Martin, L.; Lequeu, C.; Charles, PE.; Portier, H.; Chavanet, P. HMR
3647 human-like treatment of experimental pneumonia due to penicillin-resistant and erythromycin-resistant
Streptococcus pneumoniae. |. Antimicrob. Chemother. 2001, 47, 33—42. [CrossRef] [PubMed]

Croisier, D.; Etienne, M.; Bergoin, E.; Charles, P.E.; Lequeu, C.; Piroth, L.; Portier, H.; Chavanet, P. Mutant
selection window in levofloxacin and moxifloxacin treatments of experimental pneumococcal pneumonia in
a rabbit model of human therapy. Antimicrob. Agents Chemother. 2004, 48, 1699-1707. [CrossRef] [PubMed]
Croisier-Bertin, D.; Piroth, L.; Charles, P.E.; Larribeau, A.; Biek, D.; Ge, Y.; Chavanet, P. Ceftaroline versus
Ceftriaxone in a Highly Penicillin-Resistant Pneumococcal Pneumonia Rabbit Model Using Simulated
Human Dosing. Antimicrob. Agents Chemother. 2011, 7, 3557-3563. [CrossRef] [PubMed]

Guckian, J.C.; Morrey, B.E; Kirby, H.B. Role of lysosomes and cathepsin inhibitor in plasma during
pneumococcal infection. J. Infect. Dis. 1970, 122, 290-302. [CrossRef] [PubMed]

Guckian, J.C. Role of metabolism in pathogenesis of bacteremia due to Diplococcus pneumoniae in rabbits.
J. Infect. Dis. 1973, 127, 1-8. [CrossRef]

Guckian, J.C. Coagulopathy in experimental sepsis with Streptococcus pneumoniae in rabbits: Effect of drug
therapy and splenectomy. J. Infect. Dis. 1976, 134, 150-157. [CrossRef]

Coln, D.; Horton, J.; Ogden, M.; Williams, S. Clearance of pneumococcal organisms after repair of injured
spleens. J. Pediatr. Surg. 1983, 18, 280-281. [CrossRef]

Horton, J.; Ogden, M.E.; Williams, S.; Coln, D. The importance of splenic blood flow in clearing pneumococcal
organisms. Ann. Surg. 1982, 195, 172-176. [CrossRef] [PubMed]

Meurens, F.; Summerfield, A.; Nauwynck, H.; Saif, L.; Gerdts, V. The pig: A model for human infectious
diseases. Trends Microbiol. 2012, 20, 1. [CrossRef] [PubMed]

Summerfield, A. Special issue on porcine immunology: An introduction from the guest editor. Dev. Comp.
Immunol. 2009, 33, 265-266. [CrossRef] [PubMed]

Swindle, M.M.; Makin, A.; Herron, A.].; Clubb FJJr Frazier, K.S. Swine as models in biomedical research and
toxicology testing. Vet. Pathol. 2012, 49, 344-356. [CrossRef]

McLaughlin, R.E; Tyler, W.S.; Canada, R.O. A study of the subgross pulmonary anatomy of various mammals.
Am. ]. Anat. 1961, 108, 149-165. [CrossRef]

Marquette, C.H.; Wermert, D.; Wallet, F.; Copin, M.C.; Tonnel, A.B. Characterization of an animal model of
ventilator-acquired pneumonia. Chest 1999, 115, 200-209. [CrossRef]

Luna, C.M,; Sibila, O.; Agusti, C.; Torres, A. Animal models of ventilator-associated pneumonia. Eur. Respir.
J. 2009, 33, 182-188. [CrossRef]

Marquette, C.H.; Mensier, E.; Copin, M.C.; Desmidt, A.; Freitag, L.; Witt, C.; Petyt, L.; Ramon, P. Experimental
models of tracheobronchial stenoses: A useful tool for evaluating airway stents. Ann. Thorac. Surg. 1995, 60,
651-656. [CrossRef]

Wermert, D.; Marquette, C.H.; Copin, M.C.; Wallet, F; Fraticelli, A.; Ramon, P.; Tonnel, A.B. Influence
of pulmonary bacteriology and histology on the yield of diagnostic procedures in ventilator-acquired
pneumonia. Am. |. Respir. Crit. Care Med. 1998, 158, 139-147. [CrossRef]

Luna, C.M.; Bruno, D.A.; Garcia-Morato, J.; Mann, K.C.; Risso Patrén, J.; Sagardia, J.; Absi, R.; Garcia
Bottino, M.; Marchetti, D.; Famiglietti, A.; et al. Effect of linezolid compared with glycopeptides in
methicillin-resistant Staphylococcus aureus severe pneumonia in piglets. Chest 2009, 135, 1564-1571.
[CrossRef] [PubMed]


http://dx.doi.org/10.1172/JCI115900
http://www.ncbi.nlm.nih.gov/pubmed/1322943
http://dx.doi.org/10.1086/514094
http://www.ncbi.nlm.nih.gov/pubmed/9291319
http://dx.doi.org/10.1093/jac/dkf131
http://www.ncbi.nlm.nih.gov/pubmed/12205059
http://dx.doi.org/10.1093/jac/47.1.33
http://www.ncbi.nlm.nih.gov/pubmed/11152429
http://dx.doi.org/10.1128/AAC.48.5.1699-1707.2004
http://www.ncbi.nlm.nih.gov/pubmed/15105123
http://dx.doi.org/10.1128/AAC.01773-09
http://www.ncbi.nlm.nih.gov/pubmed/21576444
http://dx.doi.org/10.1093/infdis/122.4.290
http://www.ncbi.nlm.nih.gov/pubmed/5504711
http://dx.doi.org/10.1093/infdis/127.1.1
http://dx.doi.org/10.1093/infdis/134.2.150
http://dx.doi.org/10.1016/S0022-3468(83)80101-8
http://dx.doi.org/10.1097/00000658-198202000-00009
http://www.ncbi.nlm.nih.gov/pubmed/7055394
http://dx.doi.org/10.1016/j.tim.2011.11.002
http://www.ncbi.nlm.nih.gov/pubmed/22153753
http://dx.doi.org/10.1016/j.dci.2008.07.014
http://www.ncbi.nlm.nih.gov/pubmed/18771684
http://dx.doi.org/10.1177/0300985811402846
http://dx.doi.org/10.1002/aja.1001080203
http://dx.doi.org/10.1378/chest.115.1.200
http://dx.doi.org/10.1183/09031936.00046308
http://dx.doi.org/10.1016/0003-4975(95)00460-3
http://dx.doi.org/10.1164/ajrccm.158.1.9710061
http://dx.doi.org/10.1378/chest.08-2169
http://www.ncbi.nlm.nih.gov/pubmed/19141525

Int. ]. Mol. Sci. 2019, 20, 4220 19 of 20

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Goldstein, I.; Wallet, F.; Nicolas-Robin, A.; Ferrari, F.; Marquette, C.H.; Rouby, ]J.]. Lung deposition and
efficiency of nebulized amikacin during Escherichia coli pneumonia inventilated piglets. Am. J. Respir. Crit.
Care Med 2002, 166, 1375-1381. [CrossRef] [PubMed]

Sibila, O.; Agusti, C.; Torres, A.; Baquero, S.; Gando, S.; Patrén, ].R.; Morato, J.G.; Goffredo, D.H.; Bassi, N.;
Luna, C.M. Experimental Pseudomonas aeruginosa pneumonia: Evaluation of the associated inflammatory
response. Eur. Respir. ]. 2007, 30, 1167-1172. [CrossRef] [PubMed]

De Greeff, A.; Van Selm, S.; Buys, H.; Harders-Westerveen, ].F.; Tunjungputri, R.N.; De Mast, Q.; Van der
Ven, A ].; Stockhofe-Zurwieden, N.; De Jonge, M.1.; Smith, H.E. Pneumococcal colonization and invasive
disease studied in a porcine model. BMC Microbiol. 2016, 16, 102. [CrossRef] [PubMed]

Shak, J.R.; Cremers, A.].; Gritzfeld, ].E,; De Jonge, M.I.; Hermans, PW.; Vidal, J.E.; Klugman, K.P; Gordon, S.P.
Impact of experimental human pneumococcal carriage on nasopharyngeal bacterial densities in healthy
adults. PLoS ONE 2014, 9, €98829. [CrossRef] [PubMed]

Tunjungputri, RN.; De Jonge, M.I.; De Greeff, A.; van Selm, S.; Buys, H.; Harders-Westerveen, J.F.;
Stockhofe-Zurwieden, N.; Urbanus, R.T.; De Groot, P.G.; Smith, H.E.; et al. Invasive pneumococcal disease
leads to activation and hyperreactivity of platelets. Thrombosis Res. 2016, 144, 123-126. [CrossRef] [PubMed]
Philipp, M.T.; Doyle, L.A.; Martin, D.S.; Plauché, G.B.; Phillippi-Falkenstein, K.M.; Bohm, R.P, Jr. A rhesus
macaque model of Streptococcus pneumoniae carriage. J. Med. Primatol. 2012, 41, 60-66. [CrossRef]
[PubMed]

Proctor, M.; Manning, P.J. Production of immunoglobulin A protease by Streptococcus pneumoniae from
animals. Infect. Immun. 1990, 58, 2733-2737.

McNeely, T.B.; Staub, J.M.; Rusk, C.M.; Blum, M.]J.; Donnelly, J.J. Antibody responses to capsular
polysaccharide backbone and O-acetate side groups of Streptococcus pneumoniae type 9V in humans
and rhesus macaques. Infect. Immun. 1998, 66, 3705-3710. [PubMed]

Nelson, S.; Happel, K.I.; Zhang, P.; Myers, L.; Dufour, ].P; Bagby, G.J. Effect of bacterial pneumonia on
lung simian immunodeficiency virus (SIV) replication in alcohol consuming SIV-infected rhesus macaques.
Alcohol Clin. Exp. Res. 2013, 37, 969-977. [CrossRef]

Berendt, R.F; Long, G.G.; Walker, ].S. Influenza alone and in sequence with pneumonia due to Streptococcus
pneumoniae in the squirrel monkey. J. Infect. Dis. 1975, 132, 689—-693. [CrossRef] [PubMed]

Philipp, M.T.; Purcell, J.E.; Martin, D.S.; Buck, WR,; Plauché, G.B.; Ribka, E.P.; DeNoel, P.; Hermand, P.;
Leiva, L.E.; Bagby, G.J.; et al. Experimental infection of rhesus macaques with Streptococcus pneumoniae:
A possible model for vaccine assessment. J. Med. Primatol. 2006, 35, 113-122. [CrossRef] [PubMed]

Kraft, B.D.; Piantadosi, C.A.; Benjamin, A.M.; Lucas, ].E.; Zaas, A K.; Betancourt-Quiroz, M.; Woods, C.W.;
Chang, A.L.; Roggli, V.L.; Marshall, C.D.; et al. Development of a novel preclinical model of pneumococcal
pneumonia in nonhuman primates. Am. J. Respir. Cell Mol. Biol. 2014, 50, 995-1004. [CrossRef] [PubMed]
Reyes, L.F,; Restrepo, M.I.; Hinojosa, C.A.; Soni, N.J.; Shenoy, A.T.; Gilley, R.P,; Gonzalez-Juarbe, N.; Noda, ].R.;
Winter, V.T.; de la Garza, M.A.; et al. A Non-Human Primate Model of Severe Pneumococcal Pneumonia.
PLoS ONE 2016, 11, €0166092. [CrossRef] [PubMed]

Jones, E.E.; Alford, P.L.; Reingold, A.L.; Russell, H.; Keeling, M.E.; Broome, C.V. Predisposition to invasive
pneumococcal illness following parainfluenza type 3 virus infection in chimpanzees. . Am. Vet. Med. Assoc.
1984, 185, 1351-1353.

Szentiks, C.A.; Kondgen, S.; Silinski, S.; Speck, S.; Leendertz, EH. Lethal pneumonia in a captive juvenile
chimpanzee (Pan troglodytes) due to human-transmitted human respiratory syncytial virus (HRSV) and
infection with Streptococcus pneumoniae. . Med. Primatol. 2009, 38, 236-240. [CrossRef] [PubMed]

Reyes, L.F,; Restrepo, M.I;; Hinojosa, C.A.; Soni, N.J.; Anzueto, A.; Babu, B.L.; Gonzalez-Juarbe, N.;
Rodriguez, A.-H,; Jimenez, A.; Chalmers, ].D.; et al. Severe Pneumococcal Pneumonia Causes Acute Cardiac
Toxicity and Subsequent Cardiac Remodeling. Am. J. Respir. Crit. Care Med. 2017, 196, 609-620. [CrossRef]
Dalli, J.; Kraft, B.D.; Colas, R.A.; Shinohara, M.; Fredenburgh, L.E.; Hess, D.R.; Chiang, N.; Welty-Wolf, K.;
Choi, A.M.; Piantadosi, C.A.; et al. The Regulation of Proresolving Lipid Mediator Profiles in Baboon
Pneumonia by Inhaled Carbon Monoxide. Am. J. Respir. Cell Mol. Biol. 2015, 53, 314-325. [CrossRef]


http://dx.doi.org/10.1164/rccm.200204-363OC
http://www.ncbi.nlm.nih.gov/pubmed/12406838
http://dx.doi.org/10.1183/09031936.00053607
http://www.ncbi.nlm.nih.gov/pubmed/17804447
http://dx.doi.org/10.1186/s12866-016-0718-3
http://www.ncbi.nlm.nih.gov/pubmed/27276874
http://dx.doi.org/10.1371/journal.pone.0098829
http://www.ncbi.nlm.nih.gov/pubmed/24915552
http://dx.doi.org/10.1016/j.thromres.2016.06.016
http://www.ncbi.nlm.nih.gov/pubmed/27322088
http://dx.doi.org/10.1111/j.1600-0684.2011.00512.x
http://www.ncbi.nlm.nih.gov/pubmed/21967372
http://www.ncbi.nlm.nih.gov/pubmed/9673252
http://dx.doi.org/10.1111/acer.12070
http://dx.doi.org/10.1093/infdis/132.6.689
http://www.ncbi.nlm.nih.gov/pubmed/811714
http://dx.doi.org/10.1111/j.1600-0684.2006.00164.x
http://www.ncbi.nlm.nih.gov/pubmed/16764668
http://dx.doi.org/10.1165/rcmb.2013-0340OC
http://www.ncbi.nlm.nih.gov/pubmed/24328793
http://dx.doi.org/10.1371/journal.pone.0166092
http://www.ncbi.nlm.nih.gov/pubmed/27855182
http://dx.doi.org/10.1111/j.1600-0684.2009.00346.x
http://www.ncbi.nlm.nih.gov/pubmed/19239572
http://dx.doi.org/10.1164/rccm.201701-0104OC
http://dx.doi.org/10.1165/rcmb.2014-0299OC

Int. ]. Mol. Sci. 2019, 20, 4220 20 of 20

140. Shinohara, M.; Kibi, M.; Riley, LR.; Chiang, N.; Dalli, J.; Kraft, B.D.; Piantadosi, C.A.; Choi, A.M.; Serhan, C.N.
Cell-cell interactions and bronchoconstrictor eicosanoid reduction with inhaled carbon monoxide and
resolvin D1. Am. . Physiol Lung Cell. Mol. Physiol. 2014, 307, L746-L757. [CrossRef]

141. Fredenburgh, L.E.; Kraft, B.D.; Hess, D.R.; Harris, R.S.; Wolf, M.A_; Suliman, H.B.; Roggli, V.L.; Davies, ].D.;
Winkler, T.; Stenzler, A.; et al. Effects of inhaled CO administration on acute lung injury in baboons with
pneumococcal pneumonia. Am. J. Physiol Lung Cell. Mol. Physiol. 2015, 309, L834-L846. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1152/ajplung.00166.2014
http://dx.doi.org/10.1152/ajplung.00240.2015
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Search Strategy and Selection Criteria 
	Mouse Models of Pneumococcal pneumonia 
	Mouse and Pneumococcal Strains 
	Routes of Infection 
	Particular Models of Pneumococcal Pneumonia in Mice 

	Rat Models 
	Rabbit Models 
	Swine Models 
	Non-Human Primates 
	Conclusions 
	References

