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In recent decades there have been multiple pathogens, viruses and bacteria,

which have emerged as causal agents of pneumonia affecting adults, albeit less

frequently, to children. For the purposes of this article we have classified emerging

pathogens as follows: True emerging, to pathogens identified for the very first

time affecting human population (SARS-CoV-1, SARS-CoV-2, MERS-CoV, avian

influenza, and hantavirus); Re-emerging, to known pathogens which circulation was

controlled once, but they have reappeared (measles, tuberculosis, antimicrobial resistant

bacteria such as CA-MRSA, Mycoplasma pneumoniae, Acinetobacter baumannii,

Pseudomonas aeruginosa, Stenotrophomonas maltophilia, and new serotypes of

post-vaccine pneumococcal); and finally, those that we have called old known with

new presentations, including common pathogens that, in particular condition, have

changed their form of presentation (rhinovirus, and non-SARS coronavirus). We will

review for each of them their epidemiology, forms of presentation, therapy, and prognosis

in children compared to the adult with the aim of being able to recognize them to establish

appropriate therapy, prognostics, and effective control measures.

Keywords: pneumonia - clinical features andmanagement, children, emerging respiratory pathogens, re-emerging

respiratory pathogens, COVID - 19

INTRODUCTION

Children are not exempt from developing pneumonia from emerging pathogens like adults. The
consequences, the likelihood of becoming infected and the prognosis will depend on the pathogen,
incidence, and other risk factors. Over the past decades several microbiological agents, including
viruses and bacteria that compromise the lower respiratory tract have emerged (Figure 1).

For the purposes of this reviewwe have classified emerging pathogens into three categories:True
emerging pathogens, to pathogens identified for the very first time affecting human population;
Re-emerging, to known pathogens which circulationwas controlled once, but they have reappeared
or have developed significant antimicrobial resistance; and finally, those that we have called old

known with new presentations, including pathogens that have always been present but in which
new forms of respiratory involvement have been identified, other than those classically known
so far.

In the first category we will discuss emerging new coronaviruses such as SARS-CoV-1, SARS-
CoV-2, MERS-CoV, avian influenza and hantavirus (Andes virus). In the group of reemerging we
will see the respiratory manifestations in children caused by measles, tuberculosis, bacteria with
new developed antimicrobial resistances, new serotypes of post-vaccine pneumococcal; and in the
old knownwith new behavior we will see rhinovirus and coronavirus (HCoV-NL63, HCoV-HKU1).
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FIGURE 1 | Timeline of epidemics and pandemics involving the lower respiratory tract during the last two decades.

Traditional diagnostic methods, especially for viral respiratory
pathogens, do not include many of these new agents so
the possibility of identifying the etiology in episodes of low
respiratory infections in children reaches 50% (1).

The objective of this review is to bring forward these
respiratory pathogens, although with low frequency in children,
which are certainly important to recognize to establish
prognostics, appropriate therapy, and effective control measures.
We do not include in this review certain pathogens, even though
they were identified in the last 20 years, nowadays we know
their behavior and it is possible to identify them with routine
laboratory tests such as human metapneumovirus.

TRUE EMERGING PATHOGENS

Severe Acute Respiratory Syndrome
Coronaviruses (SARS-CoV-1, MERS-CoV,
SARS-CoV-2)
Coronaviruses are viruses with a single strand of RNA
with positive polarity belonging to four genera: alpha, beta,
gamma, and delta coronavirus. Human coronaviruses that have
traditionally been responsible for the common cold or mild
respiratory infections are HCOV-229E, HCoV-OC43, HCoV-
NL63, and HCoV-HKU1. In the year 2003, the first coronavirus
capable of producing a serious respiratory involvement with high
mortality was identified, SARS-CoV-1, causing SARS and later, in
the years to come MERS-CoV and recently in 2019 SARS-CoV-
2, all belonging to beta coronaviruses and genetically closer to
each other than to the traditional human coronaviruses (2), with
zoonotic origin, probably bats. These coronaviruses are highly
pathogenic and have high mortality when they infect humans
(Figure 2).

Severe Respiratory Syndrome (SARS)
This syndrome with respiratory failure was identified in 2002 by
outbreaks of severe pneumonia in southern China. In February

2003, the World Health Organization (WHO) reported an
emerging disease with severe respiratory involvement. Quickly
and in collaborative work, the causal agent was identified as
a new coronavirus called SARS Coronavirus (3, 4), which was
transferred fromwild animal species to humans. The virus spread
rapidly affecting 32 countries with more than 8,000 cases and
916 deaths between 2003 and 2004 with nearly 10% case fatality
rate (CFR). Infection in children during the SARS outbreak was
uncommon, ∼6% of cases in the Hong Kong outbreak and less
than 5% in China were under the age of 18 and most of them
were infected within their household (5). No transmission was
documented in schools. Overall mortality was around 15% where
older adults and people with associated comorbidity were most
at risk of death. In pediatric age, adolescents were the ones who
had the highest risk of serious illness (6). The epidemic ended
abruptly in July 2003 and just isolated cases were documented in
humans until 2004.

Clinical Manifestations
After an incubation period of 5 to 10 days, the most common
form of presentation in children was fever, dry cough, and runny
nose. It differed from adults in whom the most common form
of presentation was fever, cough, and dyspnea, associated with
myalgias, headache, and shivers. However, adolescents over the
age of 12 developed similar symptoms to adults, more severe
lung involvement and hypoxia with oxygen requirement (7).
No child had wheezing, lymphadenopathies, or visceromegaly
(8). Laboratory tests highlighted the presence of lymphopenia
in up to 64% of hospitalized children, with elevation of
LDH and CPK. Lymphopenia as well as odynophagia and
neutrophilia at admission, were identified as predictive factors of
extensive lung involvement and severity (8, 9). Lymphopenia and
thrombocytopenia were more common in children >12 years
compared to < 12 years who had rather reactive thrombocytosis.
Radiological changes in the lungs of hospitalized patients were
observed in 55% of children. These changes consisted mainly
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FIGURE 2 | Number of cases of Severe Acute Respiratory Syndrome (SARS) caused by emerging coronaviruses worldwide from 2003 to 2020. SARS (purple), MERS

(red), and COVID-19 (yellow) cases until December 21, 2020. Size of circles is proportional to the number of cases (range: 0–23,886,000 cases).

of consolidations (46%) and ground glass opacification (GGO),
usually in peripheral locations. Multifocal consolidations were
observed in 22%, followed by peribronchial thickening in 14%.
Only 1 patient out of a total of 62 had pleural effusion and none
showed interstitial pattern (10). In the long term, 34% of children
in follow-up had both functional and radiological long-term
abnormalities, however, the children were asymptomatic (9).

Diagnosis
SARS diagnosis was made in cohorts of children who met the
clinical definition and had epidemiological links, using PCR.
Only 48% had positive PCR taken within the first 8 days of
symptoms and in 16% the virus was isolated by culture from
upper airway samples. The sensitivity of diagnostic methods
did not vary depending on the age or severity of the picture.
Seroconversion occurred in nearly 100% of children studied
within 21 days of onset of symptoms, being as early as 8 days.
At 4 to 6 months of follow up most of the children still had
positive antibodies although the titles had decreased by more
than half (8).

Treatment
Almost all children received ribavirin as part of treatment and
85% of those hospitalized received steroids. Those over the age
of 12 were also given methylprednisolone due to the highest
frequency of most severe cases in this age group (8).

Prognosis
No deaths were described within the pediatric group with SARS,
the risk of serious illness was much lower than in adult patients,

except in those over 12 years of age where clinical and radiological
manifestations and severity approach adults. In the long term, it
is described that a quarter of children had muscle weakness and
transient hair loss but with full recovery after a few months (8).

Middle East Respiratory Syndrome (MERS)
MERS-CoV was first isolated from a patient in Saudi Arabia in
2012. Since then and until September 2019, more than 2,500
cases and more than 860 deaths have been identified. The CFR of
MERS globally reaches 34.4% (11) and has affected 27 countries,
mainly in the Middle East (Figure 2). It is thought it has been
transmitted from camels to humans. This virus continues to
circulate to these days, with low frequency.

The incidence in children ismuch lower than in adults. During
the epidemic, 38 pediatric cases have been reported and 3 deaths
have occurred. In the Saudi Arabia’s cohort with 1,791 cases, 30
correspond to pediatric cases (1.7%), and most of them were
exposed to a household case (12).

Clinical Manifestations
After an incubation period of 5 to 7 days (2–14 days), the most
common symptoms in adults are fever, dry cough, myalgias,
shivers, arthralgia followed by dyspnoea. Asymptomatic or
oligosymptomatic infection is estimated to reach 25–50% of
infected individuals. Risk factors for serious illness include age
>65, high fever, thrombocytopenia, and lymphopenia as well as
the presence of comorbidities such as immunosuppression. In
these cases, the risk of mortality is very high (13).
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In children the infection is milder than in adults with cough
being the predominant symptom (14). In the Saudi Arabia’s
pediatric cohort, including 30 cases, 3 deaths have occurred:
a 9-month-old infant with nephrotic syndrome, a 2-year-old
with cystic fibrosis, and a 15-year-old adolescent. The average
age of children was 11 years (0–17 years) and 80% of them
were over the age of 10. The infection was asymptomatic in
43% (10/23) of patients. Hospitalization reached 50% (12/24)
of children. In this cohort the frequency of hospitalization and
complications in children was significantly lower than in adults
but there was not statistically significant difference in mortality.
However, the fatality rate in children is about 8%, much lower
than described for adults. In the Thabet’s series, that accounts
for 14 pediatric cases and 2 deaths, they observed that severe
cases of MERS in children had the same presentation as in adults
with multiple organ failure and acute renal failure (15). The
radiological changes described in the 3 children with the most
serious disease, were bilateral diffuse chest infiltrations.

Diagnosis
Like SARS, the diagnosis is based on upper respiratory PCR
and later, by the presence of MERS-CoV antibodies (13). The
duration of viral excretion in children, especially asymptomatic
ones, that could represent an important source for community
transmission is unknown (12). Facing a child with low respiratory
infection and epidemiological criteria such as travel to theMiddle
East or contact with someone who has traveled to that area,
MERS should be studied as a possible causal agent.

Treatment
Different antiviral therapies have been attempted in adults to
treat MERS such as ribavirin, lopinavir-ritonavir, remdesivir,
interferon alfa, convalescent plasma but none of them have been
studied in randomized clinical trials. The use of corticosteroids
does not appear to be indicated inMERS andmay even delay viral
clearance in critically ill patients (16). None of these therapies
have been evaluated in children.

COVID 19
This emerging infection is caused by the latest identified
coronavirus, SARS-CoV-2, and it is currently in progress.
COVID 19 was decreed pandemic by WHO in March 2020
and since its inception in China at the end of 2019, has
affected nearly every country and caused more than 100 million
cases worldwide and more than 2.3 million deaths (Figure 2).
COVID19 has become the most severe pandemic in the last 100
years comparable to Spanish influenza in 1918 (17).

SARS-CoV-2 would apparently have been passed on to
humans from its natural reservoir, the bats, but the intermediary
species has not been discovered yet. Since the description of
the first cases in China in 2019, it has demonstrated its rapid
adaptation to human beings, capable of infecting them easily
with a high rate of person-to-person transmission. Its incubation
period is on average 3 to 5 days with a range between 2 and
14 days. It is transmitted mainly by respiratory droplets and
fomites. Aerosol transmission has not been completely ruled
out and might play a role in certain situations such as enclosed

environments and from severe patients under procedures such as
intubation, ventilatory support, airway aspiration, etc.

Although it affects all age groups, children become infected
much less frequently than adults and with less severity,
corresponding to ∼2% of the total COVID19 cases (18).
Most children become infected within their households. Risk
factors for a serious infection are age >65 years, presence
of comorbidities such as diabetes, chronic kidney failure,
hypertension, obesity, immunosuppression. Overall mortality is
2.2% reaching up to 25% mortality in risk groups (17, 19).

In hospitalized adults described in Richardson’s series, 14%
required intensive care (ICU) management, 12% mechanical
ventilation, and 21% died of COVID19 (20). Risk factors for
severity were male gender and the presence of comorbidities such
as high blood pressure, obesity, and diabetes. The incidence of
disease in children is much less common with 0.8 to 1.7% of all
patients in different series. The median age in the different series
varies between 7 and 11 years. There is no significant difference
by sex (21, 22). Initially during the pandemic, it was thought that
children did not become seriously ill, however more evidence has
accumulated showing that children may require intensive care by
∼2 to 6% (22). The age group at higher risk is infants <1 year,
who may have severe disease in about 11% of them, compared to
3% of adolescents (22, 23). However, COVID19 overall mortality
in children is very low, <0.1% compared to 34% of fatality in
people over 80. The most described comorbidities in children are
chronic lung diseases (but not asthma), cardiovascular disease,
and immunosuppression.

Clinical Manifestations
Children with COVID19 have mainly fever (70%), which
is shorter in duration compared to adults, and dry cough
(60%). The presence of dyspnea is less common than in
adults. In children, gastrointestinal symptoms are more frequent.
Progression to severe illness was observed between 0.5 and 2%
and required admission to ICU (21, 22).

The chest X ray in children was abnormal up to 49.1% even
some of them being asymptomatic (23). Pulmonary involvement
in CT scan described by Simoni et al. in a systematic review,
which brought together 166 children, showed mostly bilateral
infiltration, between 57 and 75%, and a peripheral distribution
between 12.5 and 51.7% (24). The presence of GGO was the
most common finding in children with pulmonary involvement,
followed by the combination of GGO and consolidation
according to different series (24, 25). Predominance of lower
lobes and upper lobes has been described according to different
series suggesting that in children there is not a clear pattern of
pulmonary involvement location. The halo sign was frequently
observed in children, between 12.5 and 50%, being a rare
presentation in adults (25). Pleural effusion and interstitial
involvement are rare findings, as is air bronchogram and
interlobular thickening. Alterations in pulmonary CT have been
observed in asymptomatic children or with mild manifestations.
In newborn abnormal radiological findings were described in
48% but specific lesions were not as frequent as in older children;
4% had GGO, 20%, unilateral patchy infiltration and 12%
bilateral involvement (23).
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Complications
Children develop a severe lung infection with low frequency
unlike adults. However, a complication, formerly known as
pediatric inflammatory multisystem syndrome (PIMS) and later
on named as Multisystem inflammatory Syndrome in Children
(MIS-C), has been described in children who presented with
shock and a hyper-inflammatory state like observed in Kawasaki
disease and is temporarily associated with SARS-Cov-2 infection.
The average age of presentation in a Chilean series including 27
children, was 6 years, 52% male. Fever was the most common
symptom and gastrointestinal manifestations such as diarrhea,
abdominal pain, and vomiting were present in 63% of cases.
Around 67% of children had at least one Kawasaki disease
criterion. Alterations in heart function were observed in 31%
of children and 60% required ICU management (26). This
syndrome tends to be later on the disease’s stages. Frequently
COVID PCR is negative and specific antibodies are positive in
children with this type of complication.

Diagnosis
Diagnosis in the acute phase is made by nasopharyngeal PCR and
by serology in the following days 80% of children negativize PCR
in the upper respiratory tract between 1 and 15 days of onset of
symptoms and 6% persist positive for up to 1 month (27).

Treatment
Treatment in children will depend on the severity of the
disease. Only symptoms relief treatment is indicated for mild
to moderate cases. In cases of severe respiratory involvement,
supportive therapy with oxygen administration and ventilatory
support when required is the main pillar. Clinical trials to
study different treatments for children have not been done.
Remdesivir and dexamethasone can be used in the case of severe
respiratory symptoms. Hydroxychloroquine, lopinavir/ritonavir,
ribavirin have not shown efficacy in the management of patients
with severe COVID19 (27). For systemic hyperinflammatory
syndrome, treatment like Kawasaki disease with intravenous
immunoglobulin and steroids has been proposed (28).

Avian Influenza
Two are the avian influenza viruses that have caused big
outbreaks in humans in the last 15 years: influenza A H5N1
and influenza A H7N9. They share the same natural reservoir,
wild and domestic birds, and have a low transmission capacity to
humans but with serious lung compromise and high mortality.

The H5N1 avian influenza virus was first identified in birds by
the death of geese in 1996 and the cases in humans were described
for the first time in Guangdong, China in 1997. This outbreak
was controlled with the slaughter of thousands of poultry. It re-
emerges again in 2003 and since then, presents in seasonal waves
during winter months being the last major wave of circulation in
late 2014 and early 2015 (29). To date, 862 cases and 455 deaths
with CFR close to 50% have been reported in 16 countries. The
last human case diagnosed was in October 2020, in a 1-year-
old infant in Laos (30). The H7N9 virus, second in importance
in human cases, has a low pathogenicity in birds, first appeared
in 2013, in Shanghai and since then 5 waves of human cases

have occurred in China, the most intense being in 2017. In
the latter wave the appearance of high pathogenic strains were
documented. The last documented human case was in March
2019, an 81-year-old man in China. To date it accumulates 1568
laboratory-confirmed human cases and at least 613 deaths, with
an overall mortality of 39% (31).

Birds are the main reservoir of influenza A virus. The H5N1
influenza virus emerged as a virus of high pathogenicity, that is,
capable of producing great morbidity and mortality among birds,
and when infects humans, which do not constitute its natural
host, also causes serious lung involvement and high mortality.
The H7N9 virus is a low pathogenic virus for birds, therefore
it is very difficult to recognize it before cases in humans occur.
The way of transmission is mainly from poultry or domestic
birds to humans, but human-to-human transmission has also
been identified in a much smaller proportion and sustained
person to person transmission has not been described so far.
The incubation period is longer than seasonal influenza being
between 2 and 8 days but can reach up to 17 days. The influenza
virus binds by its hemagglutinin molecule to the sialic acid
receptor located in the airway epithelium. The human influenza
virus has a higher affinity to the sialic acid-α 2,6 galactose
receptor. The natural receptor of avian viruses is the sialic acid-
α 2,3 galactose molecule found in the bird’s airway. In humans,
both receptors are present, the upper airway mainly contains the
α 2,6 galactose while the lungs have α 2,3 galactose and sialic acid-
α 2,6 galactose. Mutations in avian virus hemagglutinin promote
the binding of avian virus to human influenza receptors in the
airway. The H5N1 virus preferably binds to the α 2,3 galactose
receptor, while H7N9 can bind both (32).

H5N1 infections are concentrated in a young population
under the age of 40, while cases of H7N9 are grouped in
persons over 50 years of age, probably due to the existence of
oligosymptomatic or asymptomatic cases in children, which are
not reported. There is a male gender predominance in H7N9
infection while in H5N1 there are no differences between sex.
Different studies indicate the existence of a larger number of
undetected mild cases of H7N9 due to a major proportion of
asymptomatic cases. This suggests a more widespread genetic
adaptability and higher susceptibility of humans to this virus
and therefore with greater potential pandemic risk than H5N1.
Influenza H5N1 has a higher frequency of clustered cases and a
mortality somewhat higher than H7N9 (33, 34).

Clinical Manifestations
In a study series of 193 children with H5N1 the main symptom
was fever. In children under 5 years of age, rhinorrhea was second
in frequency after fever followed by vomiting and tachypnea.
In older groups, the frequency of myalgia, odynophagia, and
headache was higher. Tachypnea was equally common in all
groups. Productive cough was more common in adolescents
reaching 26%, than in younger children. Mortality was close to
50% and was higher in the adolescent group between 12 and 17
years old (80%) compared to children under 5 years of age whose
mortality was 27% (35).

Upon admission to the hospital, which occurs on average
on the fifth day of illness, all children showed abnormalities
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in chest X-ray. Initial changes were interstitial infiltrates that
rapidly progressed to diffuse alveolar infiltrate with segmental
distribution and air bronchograms mainly in the lower areas
(36). No patients had pleural effusion, pneumothorax, or hilar
lymphadenopathy. Patients with severe illness develop diffuse
alveolar damage with progression in hours to adult respiratory
distress syndrome. The laboratory highlights leukopenia with
lymphopenia, thrombocytopenia, and transaminase elevation as
a poor prognostic factor.

Clinical manifestations in children with H7N9 avian influenza
are little described considering thatmost of the descriptions come
from hospitalized patients. Because children are hospitalized less
frequently than adults there is not much information about the
clinical manifestation in them. Infection in children is most
often mild or asymptomatic. The most common symptoms
are high fever, cough followed by expectoration and dyspnea
(37). Chest X-ray and CT Scan in several adults show alveolar
involvement of GGO ormultifocal consolidation, uni or bilateral,
which progresses in extension rapidly in the first 2 weeks
of onset of symptoms. CT compared to chest X-ray show
greater compromise, becoming more sensitive in detecting lung
damage (38).

Diagnosis
Diagnosis of avian influenza is made by specific PCR. Diagnostic
tests of human influenza are not able to detect zoonotic influenza
viruses so clinical suspicion based on clinical manifestation and
epidemiology are relevant.

Treatment
The treatment of avian influenza is mainly based on antiviral
drugs, neuraminidase inhibitors such as oseltamivir, peramivir,
and zanamivir, which should be initiated immediately after
clinical suspicion without diagnostic confirmation, given the
severity of these infections (39). Oseltamivir is approved for
use in children over 2 weeks of age, so it is the treatment of
choice in children. However, it has been documented strains
resistant to this drug considered the fundamental pillar of
treatment (40). The duration of therapy, based on expert
opinion, should be longer than for seasonal influenza, 10 days
compared to 5 days, considering zoonotic influenza viruses have
higher viral loads and longer viral replication. H5N1 and H7N9
viruses are adamantans resistant. Nitazoxanide, an antiviral that
blocks the maturation of viral hemagglutinin, has shown in
vitro to be effective against adamantine- and neuraminidase
inhibitors resistant influenza viruses. It has synergistic effect
with neuraminidase inhibitors in vitro (41). One study showed
clinical efficacy in patients treated with 600mg nitazoxanide
twice daily for 5 days, in time to reduce symptomatology and
in reducing the viral load of influenza, compared to placebo
(42). Further studies are needed to confirm its effectiveness
but could be an alternative to resistant strains in children as
it is approved to be used over 1 year of age. The use of
corticosteroids in patients with severe influenza H7N9 infection
showed increased mortality at 30 and 60 days, so its use is not
recommended (43).

Hantavirus
Hantavirus infection can be divided into the one that occurs
in the Old World and is mainly presented as a hemorrhagic
syndromewith renal failure, and the one of theNewWorld whose
clinical manifestation is Cardiopulmonary syndrome (HCPS). It
is this latest one that we will refer to in this article.

Hantavirus infection was first documented in the
United States in 1993 when cases of people with acute respiratory
failure and shock appeared. The identified virus was called Sin
Nombre virus (SNV). Subsequently, the same clinical entity was
recognized in Argentina and Brazil in 1993 and 1994 respectively.
Later, Chile diagnosed the first case in 1995 (Figure 3). Although
hantavirus infection is currently endemic in many countries
of the Americas, it is considered an emerging virus, capable of
causing severe respiratory involvement, from which we are still
learning its clinical course and treatment, and which must be
suspected in patients with severe lung compromise associated
with cardiogenic shock.

HCPS is produced in the Americas by different types of
hantaviruses, in the USA is SNV, Argentina and Chile Andes
virus (ANDV), in Brazil Laguna Negra virus or Castelo Do
Sonhos virus, among others. The natural reservoir are wild
rodents, which are specific to each type of hantaviruses and
it is transmitted by inhalation of aerosolized viral particles
from rodent feces and urine. Person to person transmission in
ANDV has been confirmed and evidence still under investigation
suggests possible transmission through breast milk (44–47).
Children have the same risk factors of becoming infected as
adults such as exposure to contaminated areas by wild rodent
fluids. However, for ANDV the presence of a household member
with hantavirus infection is also a risk factor given its rare but
confirmed person to person transmission of this viral type.

Given the transmission through inhalation of viral particles
from the feces or urine of wild rodents, most cases occur
in young men during work activities in rural areas and 25%
are associated with recreational activities. Other identified risk
factors for infection include caring, sexual partner and sleeping
with an infected person.

Mortality varies between hantaviruses. SNV, ANDV,
Araraquara, and Juquitiba are responsible for the most severe
manifestations with case fatality rates ranging from 25 to 40%.
Hantaviruses in Panama (Choclo virus) and Paraguay (Laguna
Negra) have a lower CFR of 10 and 15% respectively, causing
milder infections (48).

In the Chilean series of cases, including 997 cases of ANDV,
from the first cases identified in 1995 to 2016, children account
for 18.6% of cases and the CFR of this group <15 years is 31%,
lower than people of 45 to 59 years who have a CFR of 42.8%
(49). Approximately 60 cases are reported on average annually in
Chile, with an average incidence of 0.3/100,000 inhabitants in the
last 20 years, with most cases concentrated during the summer
months (50).

Clinical Manifestations
After an incubation period, which for ANDV virus is between
7 and 39 days with a median of 19 days, and for SNV the
maximum incubation period can be up to 17 days, the patient
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FIGURE 3 | Numbers of New World Hantaviruses confirmed cases in the Americas. Size of circles is proportional to the number of cases (range 6–2032 cases).

complains of non-specific symptoms such as fever, headache,
myalgias, arthralgias. After this prodromal period, the patient
develops cardiopulmonary syndrome about 5 days after onset
of symptoms, starting with respiratory symptoms such as cough
and dyspnea and progressing rapidly to acute non-cardiogenic
pulmonary edema caused by increase of capillary leakage
associated to cardiogenic shock, which is the main cause of death

(48). In cases of human-to-human transmission the incubation
period ranges from 12 to 29 days (44–46). The median between
onset of symptoms and death is 5 days in the Reyes series (49). In
a study of 32 infected Brazilian children showed similar clinical
manifestations to adults identifying the two phases, prodromal,
with non-specific symptoms and the cardiopulmonary syndrome
phase, where cough (46.9%) and dyspnea (59.4%) appears; 59.4%
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FIGURE 4 | Chest X-ray showing diffuse interstitial and alveolar infiltrates in a

newborn with Hantavirus infection.

of these children were hospitalized and the CFR was 34.4%,
like was described by Reyes (51). In countries such as Barbados
where hantavirus infection is milder, the infection in children can
occur as a non-specific febrile syndrome mistaken for arbovirus
infections such as dengue (52).

The laboratory findings include thrombocytopenia in 94.7%,
hemoconcentration in 63.1%, left shift leukocytosis in 47.3%, and
atypical lymphocytes in 26.3% (51).

Typical radiological findings in children include interstitial
infiltrate in the initial stage followed by alveolar infiltrate,
bilateral, compatible with pulmonary edema. Pleural effusion
may also be observed during the cardiorespiratory phase by
increasing capillary permeability (Figure 4).

Diagnosis
The method of choice is the determination of hantavirus-specific
IgM and IgG antibodies, which are present at the time of onset of
symptoms of cardiopulmonary syndrome phase. There is a cross-
reaction between the different hantaviruses so it is not possible
to determine the type by antibodies. The sensitivity of serology
decreases during the prodromal period, so a negative result at this
stage does not rule out the diagnosis of hantavirus infection.

PCR can detect viremia 5 to 15 days before seroconversion and
onset of symptoms of HCPS (44). For this reason, it is the method
of choice for the monitoring of close contacts of confirmed cases,
to be able to diagnose infection early on, even before symptoms
appear, to start early with support measures to infected contacts.
It can also be used for the diagnosis of patients in its acute phase
due to its higher sensitivity, although its availability is low.

Treatment
The main treatment is the relief of symptoms and the use
of support measures in a critically ill patient, such as oxygen
therapy, use of vasoactive drugs, different types of ventilatory
support including the use of ECMO in the most severe cases.

There is no specific antiviral therapy as in vitro efficacy
of antivirals such as ribavirin has not been demonstrated
in vivo. The use of convalescent plasma was shown to
decrease CFR significantly, although it did not reach statistical
significance (53). This is the standard therapy today in Chile
for hospitalized patients with ANDV infection. Corticosteroids
are not beneficial and should not be used to treat hantavirus
cardiopulmonary syndrome.

Tables 1 and 2 are a summary and show a comparison
between these true emerging diseases.

RE-EMERGING PATHOGENS

Measles
Measles is a highly contagious viral infectious disease, with an
estimated R0 of 12–18, which could be higher according to recent
literature (54). The CFR reaches 5% but can rise to 30% when
health service is not accessible or under humanitarian crises
(55). Since the global introduction of the measles vaccine in
the 1960s, the burden of the disease has decreased considerably
worldwide. Despite the vaccine having an excellent efficacy and
immunogenicity, some outbreaks continue to be seen around the
world. However, during the last few years, these outbreaks have
becomemore frequent, particularly in Africa and some European
countries (56, 57). The patients were children and adolescents
unvaccinated or with incomplete vaccination. The main risk
factor for an outbreak is a low measle vaccination coverage,
leaving a larger percentage of the population susceptible to the
infection. Lack of vaccination can be due to a low coverage
in an entire country, but it also occurs in countries with high
vaccination coverage, which have groups of people with no access
to healthcare, religious or philosophical beliefs who choose not to
vaccinate their children (56–58). These outbreaks are controlled
with emergency vaccination campaigns, educational, political,
and technical assessments (59). To achieve measles elimination
and to obtain herd immunity is essential to reach a 95% of
vaccination coverage worldwide (60).

Clinical Manifestations
Measles is transmitted by droplet but also by small aerosolized
particles favorizing contagiousness (61). After 7–14 days of
incubation, the prodromal period appears characterized by high
fever along with conjunctivitis, coryza and cough, which lasts 2–
4 days. One or two days later, an oral mucosa involvement is
observed with small white lesions at the level of the first molar
known as Koplik spots, pathognomonic of measles. Then an
erythematous morbilliform exanthema begins on the face and
then spreads to the trunk and extremities. Symptoms usually
last 7 days, and sometimes a fine scaling follows the rash (55).
Measles can complicate with bacterial infection as otitis media
or tracheitis, but can compromise any other organ presenting
diarrhea, hepatitis, myocarditis, or less frequently central nervous
system involvement (subacute sclerosing panencephalitis) (61).

Respiratory compromise, particularly pneumonia, is the
most common severe complication and is responsible for
hospitalization and death among children with measles (62).
Pneumonia can be produced by other viral infections as
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TABLE 1 | Comparison of epidemiological, clinical, and radiological features between major emerging pneumonia in children.

Disease Epidemiology Clinical features Radiology

MERS - Middle East

- <2% cases are children

- 80% cases are > 10 yo

- Less severe than adults

- Main symptom is cough

Bilateral diffuse infiltrations

COVID19 - < 2% cases are children

- Median age 7–11 yo

- Severe disease more frequent in < 1 yo,

respiratory comorbidities

and immunosuppresion

- Mild disease

- Main symptoms are fever and dry cough

- MIS-C is the main complication

- Bilateral infiltration

- Bilateral ground-glass opacities

and consolidation

Avian influenza

H5N1 - Present in China, South East Asia

- Affects mainly population lesss 40 yo

- Severe disease in children

- Main symptoms are fever, rhinorrhea,

vomiting, tachypnea

- Leukopenia, lymphopenia,

thromocytopenia

Diffuse alveolar infiltrate, air

bronchograms in lower areas

H7N9 - Present in China

- Greater transmission in children

compared to H5N1

- High proportion of asymptomatic and

mild disease.

- Fever, cough

Bilateral ground-glass opacities and

consolidation

Hanta cardio

pulmonary syndrome

(HCPS)

- The Americas

- ANDV < 20% cases in children

- Main symptoms are fever, mialgia, cough

- Severity varies regarding to type of

Hantavirus

- Thromocytopenia, hemoconcentration

- HCPS is the main complication

- Interstitial infiltrate in the initial stage.

- Followed by alveolar infiltrate,

bilateral, compatible with

pulmonary edema.

TABLE 2 | Comparison of diagnosis, treatment and prognosis between major emerging pneumonia in children.

Disease Diagnosis Treatment Prognosis

MERS - PCR and serology - Antivirals

- Convalescent plasma

- Not steroids

- Less hospitalization

- CFR 8% in children with comorbidities

COVID19 - PCR in early stage

- Serology after the first week

- Symptoms relief

- Supportive therapy

- Remdesivir

- Dexamethasone

MIS-C:

- IV Immunoglobuline plus steroids

- 2–6% hospitalization

- CFR <0.1%

Avian influeza

H5N1 - PCR - Oseltamivir - Overall CFR 50%

- 80% in adolescents

- 27% < 5 yo

H7N9 - PCR - Oseltamivir

- Not steroids

- CFR <3%

Hanta cardio pulmonary

syndrome

(HCPS)

- Hantavirus specific IgM-IgG - Support measures

- Convalescent plasma

- Not steroids

- ANDV, Laguna Negra, Castelo dos Sonhos,

Sin Nombre CFR 31%

adenovirus or rhinovirus, bacterial secondary infection, or
measles alone (63, 64). Early in the course of the illness, after
2–7 days of fever and presence of rash, patients can evolve with
dry cough and dyspnea. Young children characteristically present
with bronchiolitis. In a recent measles epidemic developed
in Italy, 30 (17%) young adults hospitalized with measles
presented pneumonia, all of them unvaccinated (64). Five
of them developed severe respiratory failure and two died.
Having pneumonia was associated with thrombocytopenia and
leukopenia. Most frequent findings in chest CT were bilateral
lesions as centrilobular nodules and ground-glass opacity.

Treatment
Management of measles pneumonia is based on supportive
measure. The role of antibiotics is still controversial. A review
suggests, with poor evidence, a benefit of using antibiotics to
prevent bacterial superinfection such as pneumonia or otitis
media (65). Because cough is often dry, difficult the possibility
to obtain bacterial culture and empiric antibiotics frequently
are added in severe pneumonia or when secondary bacterial
pneumonia is suspected by radiology (62, 64). Regarding vitamin
A, there is still lacking evidence to prove it benefice reducing
pneumonia associated mortality in children older than 2 years
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old, but the WHO recommend it use even in well-nourished
children (66, 67). There is not sufficient evidence to support zinc
supplementation as it has not demonstrated any effect on clinical
outcome of children with measles (68).

Pulmonary Tuberculosis
Tuberculosis (TB) is an infectious disease caused byMycobacteria
tuberculosis that has had a major impact on public health along
the history of humanity. However, with hygiene improvement,
social and economic development, production of appropriate
drugs therapies and preventive measures, the incidence of
this disease has significantly decreased, particularly in high-
income countries (69). On the contrary, in low and middle-
income countries, tuberculosis continues to be a leading cause
of morbidity and mortality, with 44% of TB cases in South-
East Asia, 25% in Sub-Saharan Africa, 18% in Western Pacific,
and 8.2% in Eastern Mediterranean (70, 71). In 2019, the WHO
estimated that 10 million people were ill with TB, with 1.2 million
deaths among HIV-negative individuals and 208.000 among
HIV-infected subjects (70). Regarding age distribution, 12% of
total cases, and 16% of death from TB were in children under
15 years old, without gender predominance (70).

Few decades ago, tuberculosis re-emerged due to
multifactorial causes, increasing its incidence in some countries
and slowing its decline in others. The HIV epidemic left
this population susceptible to mycobacterial infection, which
increased the incidence of TB particularly in Sub-Saharan
Africa and South East Asia (70, 72). Tuberculosis is the major
cause of morbidity and mortality in HIV infected individuals,
being the most common cause of hospital admission in this
population (72). On the other hand, the increase in the mobility
of population allowed the disease to reappear in places where
incidence was low, as in Western Europe (73). Frequently,
migrants are exposed to over-crowded facilities, poor hygiene
conditions and inadequate access to health care systems
increasing their risk of infection and appearance of multidrug
resistant TB (MDR-TB). The appearance of these resistant
mycobacteria has made the treatment and eradication of the
disease difficult. The WHO estimates that 3.3% of new TB
cases and 18% of cases already treated were MDR-TB, and the
countries with the highest prevalence are India, China, and
Russian Federation (70). Among the pediatric population is
estimated that 3% of infected children have MDR-TB (74).
Finally, the development of new therapies such as anti-TNF,
which leave the host highly susceptible to mycobacterial
infection, have reflected a reappearance of this infection,
particularly in high-income countries (75).

Clinical Manifestations
Tuberculosis infection in children is most frequently
asymptomatic. Younger children are at a highest risk to
present a symptomatic disease (76). When symptoms occur,
they usually begin 1 to 6 months after primary infection but can
appear several months after. Non-specific symptoms are often
seen such as failure to thrive, and less frequently fever, night
sweats or chills. Intrathoracic involvement is the most common
manifestation, with enlarged lymphadenopathy or pulmonary

lesions (77). Persistent cough, wheezing, or dyspnea can be
present and be confused with viral or bacterial pneumonia.
Pulmonary involvement varies with age; adolescents can present
with typically childhood manifestation but also with a cavitary
phenotype as seen in adults (77). Children under 5 years old
are at a higher risk to present a disseminated disease with
compromise of other organs, such as lymphadenopathies, CNS
and osteoarticular, among others.

Radiological findings in pulmonary TB are non-specific,
but intrathoracic lymphadenopathy, airway compression, air-
space disease, and less often military nodules and cavitation
(78). CT is more sensitive to identify lymphadenopathy and
parenchymal compromise. Further research should evaluate the
role of magnetic resonance imaging and ultrasound for the
diagnostic of intrathoracic TB.

Diagnosis
As clinical and radiologic manifestation are poorly specific,
pulmonary TB diagnosis in children is challenging. Moreover,
children usually have a low bacillary load, which, added to the low
sensitivity of diagnostic techniques and the difficulty in sampling,
complicates the identification of mycobacteria. A recent meta-
analysis demonstrates a lower positivity in smears from children,
particularly those younger than 4 years old, compared to adults
(79). Mycobacterial culture is the gold-standard for TB diagnosis
but is a time-consuming technique and its sensitivity can be as
low as 7–40% in children (77).

A recent meta-analysis showed that molecular technique as
Xpert MTB/RIF performed in expectorated, induced sputum or
gastric lavage has a higher sensitivity compared to microscopy.
However, this rapid confirmatory method is still less sensitive
than the culture, so a negative test does not rule out the infection
(80). To improve the sensitivity of this method, repeated
sampling is recommended in the pediatric population (77).
Regarding screening tests to evaluate evidence of exposure to
mycobacteria, IGRAs have a high specificity, particularly in BCG-
vaccinated children, and sensitivity above 90% in children older
than 2 years old. Nonetheless, a negative result in a symptomatic
child never rules out the infection (81).

Treatment
For the management of pulmonary TB in children, the WHO
recommends a regimen of 2 months of three drugs (isoniazid,
pyrazinamide, and rifampin) and 4 months of two drugs
(isoniazid and rifampin), with exception of extensive pulmonary
disease, living in settings with high prevalence of HIV or
isoniazid resistance or in HIV-infected children (82). In these
scenarios, a regimen of four drugs (isoniazid, pyrazinamide,
rifampin, and ethambutol) and two drugs for another 4 months
(isoniazid and rifampin) is recommended. When MDR-TB is
suspected, it is essential to confirm the diagnosis, with culture
and rapid drugs susceptibility testing as molecular tests (Xpert
MTB/RIF). Regimens of 4 to 5 drugs (as fluoroquinolones,
linezolid, clofazimine, ethambutol, among others) for 9 to 18
months or shorter regimens including an intravenous drug are
recommended (74).
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Bacteria With New Developed
Antimicrobial Resistances
Community-Acquired Methicillin-Resistant

Staphylococcus Aureus (CA-MRSA)

Pathophysiology
S. aureus has many virulence factors that help it to instigate
colonization, evade host-immune responses, cause tissue injury,
and disseminate to other organs. In establishing infection, S.
aureus expresses surface proteins that mediate adherence and
impair local defenses, while later in the infection secreted
exotoxins disrupt epithelial barriers and immune cell function
responses, thereby facilitating tissue invasion (83).

Although it has long been recognized as an important cause
of necrotizing pneumonia (NP), the interest in this pathogen was
renewed by recent studies linking strains expressing the virulence
factor, Panton-Valentine leukocidin (PVL), with severe forms of
this disease in previously healthy children and adults (84–86).
In many cases these PVL-producing isolates were also MRSA
strains. PVL is a pore-forming exotoxin, which activates and then
destroys immune cells, such as neutrophils, potentially releasing
damaging proteases into the surrounding tissues (87, 88). Of
concern, a multi-center French study (89) involving 50 cases
of necrotizing pneumonia caused by PVL-producing strains of
S. aureus in children and adults aged between 1 month to 78
years, reported a CFR of 56%. Factors associated with mortality
were hemoptysis, erythematous rash within 24 h of admission
and peripheral blood leukopenia <3.0 × 106/L. However, this
was a non-comparative study, and it is therefore difficult to infer
whether PVL contributed to pathogenicity.

Indeed, whether PVL itself is responsible for the pathological
changes seen in NP is controversial. In part, this is because
PVL has a strong cell and species specificity, behaving differently
in various cell cultures and experimental models. For example,
neutrophils from humans and rabbits are very sensitive to
the effects of PVL in vitro, while those from monkeys and
mice are highly resistant (89). Moreover, while a systematic
review and meta-analysis found a strong association between
PVL producing strains of S. aureus and skin and soft tissue
infections, no such association was seen for invasive infections,
including pneumonia (90). However, this review include only a
small study in children from China, which compared cases of
methicillin-resistant (MRSA) community acquired pneumonia
(CAP) and no significant differences in the proportions of PVL-
positive (3/22) and -negative (3/33) strains progressing to NP
were found (91). Similarly, linking necrotizing pneumonia with
MRSA is also controversial. Many of the observational studies
reporting an association between invasive disease and MRSA are
from the US, where the PVL-producing USA300 MRSA clone
predominates, while in Europe, Australia and elsewhere, there
are many different MRSA strains circulating (92). Furthermore, a
recent case-control study of 133 French children and adults with
PVL-positive strains of S. aureus necrotizing pneumonia, found
no evidence for increased clinical severity in those with MRSA
infections (93). Consequently, there are substantial gaps in our
knowledge concerning the pathogenesis of S. aureus necrotizing
pneumonia and it is likely that other cytotoxins may play an

important role. Indeed, attention has been focused recently
on other pore-forming toxins including alpha-hemolysin (or
α-toxin), with its proposed mechanisms of action including
activating the NLRP3 inflammasome, resulting in severe alveolar
necrosis, and inducing platelet-neutrophil aggregation, which
leads to further tissue destruction (94).

Community-associated MRSA (CA-MRSA) and healthcare-
associated MRSA (HA-MRSA) isolates are distinct entities on
a molecular level although the terminology is loosely used in
the literature. MRSA infections that arise outside the hospital
setting are conventionally labelled as “community-acquired” or
“community-onset.” These can be caused by both the newly
emerged CA-MRSA strains as well as HA-MRSA strains that have
“escaped” from hospital via colonized patients. Conversely, in
areas where the prevalence of CA-MRSA is high, nosocomial
infections are increasingly due to CA-MRSA (95).

Infections due to CA-MRSA were first reported in the
early 1980s in aboriginal communities living in the Kimberley
region of Western Australia (96, 97). The Australian Group
on Antimicrobial Resistance in its 2006 Staphylococcus aureus
Program (98) reported an 87% increase in the number of
community-onset S. aureus infections due to MRSA in Australia.
CA-MRSA clones accounted for 56.7% of all MRSA and 8.8%
of all S. aureus isolated. Multilocus sequence type 93-MRSA-IV
(Queensland strain) was the most frequently isolated CA-MRSA
clone. The CA-MRSA as a cause of CAP in children and healthy
adults is reported more frequently, mainly in case reports and
small case series (99, 100).

Clinical Manifestation
The combined actions of many virulence factors enable
Staphylococcus aureus to cause disease (101, 102). Depending
on these factors and on the immune status of the host, S.
aureus can cause diseases ranging from superficial skin infections
to deep infections such as osteomyelitis, septic shock, and
necrotizing pneumonia. Staphylococcal necrotizing pneumonia
can affect young, immunocompetent patients (103). This disease,
characterized by leukopenia, hemoptysis, and extensive necrosis
of the lung tissue, is caused by S. aureus strains that produce
PVL (104).

Treatment
Recommended therapy for CA-MRSA pneumonia includes
vancomycin, linezolid, or clindamycin for 7–21 days. For
necrotizing pneumonia, clindamycin with rifampin, vancomycin
with rifampin, linezolid with rifampin or vancomycin with
clindamycin have been successful in longer duration completing
up to 4 weeks of treatment.

Mycoplasma Pneumoniae
M. pneumoniae is a common pathogen that causes CAP
in children. The proportion of pneumonia caused by M.
pneumoniae in different studies ranged from 20 to 40% (105).
Increasing numbers of refractory or severe M. pneumoniae
pneumonia cases have been reported worldwide, especially in
Asia (106). Previous studies have shown that refractory M.
pneumoniae pneumonia is associated with prolonged fever,
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high levels of C-reactive protein, airway hypersecretion, and
consolidation on chest imaging (107). It has been confirmed
that the excessive immune response of the host plays an
important role in the development of refractory M. pneumoniae
pneumonia (108). In this context, corticosteroids have been
suggested as an immunomodulator for downregulating the
overactive host immune reaction. Previous research confirmed
that coinfection with viruses and bacteria led to more severe
disease in children with refractory M. pneumoniae pneumonia
(109). In general, viral coinfection rates in children with
M. pneumoniae pneumonia ranged from 10 to 30% (110).
A recent study done in Shanghai showed 56% coinfection
and infection by drug-resistant M. pneumoniae. The viral
coinfection was more common in patients younger than 3 years
old. Adenovirus coinfection and drug-resistant M. pneumoniae
infection occurred significantly more commonly in patients with
refractoryM. pneumoniae pneumonia (111).

Macrolide-resistantM. pneumoniae infectionmay also play an
important role in the occurrence and development of refractory
M. pneumoniae pneumonia (112). Overuse of macrolides may
contribute to macrolide resistance, and thereafter, an increase
in macrolide-resistant M. pneumoniae pneumonia. Mutations
at position 2063 or 2064 domain V in the 23S rRNA gene
are related to macrolide resistance (113). Some Chinese series
reported a rate of drug-resistant M. pneumoniae around 70
to 90%; however, macrolide resistance is less common in the
US and European countries, where the macrolide-resistant
M. pneumoniae prevalence is below 30% (114). Maybe that
relatively high mutation rate in China is probably related to
excessive exposure to macrolides for respiratory infections in
outpatients, especially in children. A study from Japan reported
that the macrolide-resistance rate decreased to 59.3% in 2014
and 43.6% in 2015 from the highest macrolide-resistance rate
of 81.6% in 2012 (115), may be attributed to the decrease in
the use of oral macrolides. In Japan, tosufloxacin was approved
for pediatric used in macrolide-resistant M. pneumoniae
(MRMP) pneumonia; however minocycline or doxycycline were
significantly more effective in achieving defervescence within
24 h and in decreasing numbers ofM. pneumoniaeDNA copies 3
days after initiation (116).

Macrolide-resistant M. pneumoniae pneumonia shows
persistent fever and/or no radiological regression to
macrolide antibiotics and may even progress to severe and
complicated pneumonia.

Treatment
In children with drug-resistant M. pneumoniae pneumonia,
tetracyclines (doxycycline, minocycline) have shown excellent
efficacy (117). Because of adverse reactions, tetracyclines are
contraindicated in pregnant women and children under 8 years
old. However, previous studies showed that short and limited
courses of treatment (less than 6 courses, 6 days per course)
caused insignificant tooth discoloration in children under 5 years
old. Delayed effective antimicrobial treatment is associated with
prolonged and/or more severe disease. Thus, the appropriate
prescription of antibiotics, as well as the rapid and accurate
diagnosis ofM. pneumoniae pneumonia is important.

Gram-Negative Multiresistant Bacterias
In this article, we will review the main resistant gram negative
pathogens causing pneumonia: Acinetobacter baumannii,
Pseudomonas aeruginosa, and Stenotrophomonas maltophila. All
of them are responsible mainly for nosocomial pneumonia.

Acinetobacter Baumannii
Acinetobacter baumannii is a major cause of nosocomial
pneumonia in certain geographic areas affecting mainly
debilitated patients, with prolonged hospitalization and broad-
spectrum antimicrobials treatments (118). A. baumannii is
mainly transmitted via hands of healthcare workers or fomites
(119). However, the airborne route also plays an important role
in spreading A. baumannii. Inappropriate empirical treatment
has clearly been associated with increased mortality in A.
baumannii pneumonia. A. baumannii spreads rapidly and
possesses an extraordinary capability to develop resistance to
almost all antibiotics (120). A. baumannii has innate resistance
mechanisms against multiple antimicrobials on its core genome.
Moreover, this pathogen easily acquires new resistances by
diverse mobile elements. These include enzymatic inactivation,
alteration of bacterial targets, permeability barriers, or active
efflux pumps. Carbapenemsmay not be considered the treatment
of choice in areas with high rates of carbapenem-resistant A.
baumannii. Nowadays, polymyxins are the antimicrobials with
the greatest level of activity in-vitro. Colistin is the antimicrobial
most widely used although polymyxin B is associated with less
renal toxicity. However, lung concentrations of polymyxins are
suboptimal in a substantial proportion of patients. Regarding
nebulized antibiotics, it seems reasonable to use in patients who
are non-responsive to systemic antibiotics or A. baumannii
isolates with colistin minimum inhibitory concentrations
close to the susceptibility breakpoints. Cefiderocol, a novel
cephalosporin active against A. baumannii, may represent an
attractive therapeutic option if ongoing clinical trials confirm
preliminary results (118). However, well-designed, randomized
controlled trials must be conducted to comprehensively evaluate
the effectiveness and safety of nebulized antibiotics for the
treatment of A. baumannii pneumonia.

Pseudomonas Aeruginosa
Nosocomial pneumonia due to P. aeruginosa is associated
with considerable morbidity, prolonged hospitalization,
increased costs, and mortality. P. aeruginosa is one of the
few pathogens independently associated with increased
mortality among patients with sepsis or pneumonia in the
ICU setting (121). The mortality associated with P. aeruginosa
pneumonia is further increased when inappropriate initial
antibiotic therapy is prescribed, usually due to the presence of
multidrug-resistant (MDR) pathogens. The overall impact of
P. aeruginosa pneumonia on clinical outcomes and healthcare
costs underscores the importance of this nosocomial infection.
In recent study assessing the multinational burden and specific
risk factors associated with P. aeruginosa-CAP, 3193 patients
were enrolled in 54 countries with confirmed diagnosis of
CAP who underwent microbiological testing at admission.
The prevalence of P. aeruginosa and antibiotic-resistant P.
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aeruginosa-CAP was 4.2 and 2.0%, respectively. The rate of P.
aeruginosa CAP in patients with prior infection/colonization
due to P. aeruginosa and at least one of the three independently
associated chronic lung diseases (tracheostomy, bronchiectasis
and/or very severe chronic obstructive pulmonary disease) was
67%. In contrast, the rate of P. aeruginosa-CAP was 2% in
patients without prior P. aeruginosa infection/colonization and
none of the selected chronic lung diseases. The multinational
prevalence of P. aeruginosa-CAP was low (122). A recent
retrospective cohort study in adults showed that almost 31%
of patients with P. aeruginosa pneumonia were infected with
MDR strains. In multivariable analyses, independent predictors
of MDR P. aeruginosa included age, diabetes mellitus and ICU
admission. MDR strains, heart failure, increasing age, mechanical
ventilation, and bacteremia were independently associated with
in-hospital mortality (123).

Among pediatric patients, this organism is prevalent in
pediatric intensive care units (PICU), and its incidence as
a nosocomial lung infection has doubled over the last three
decades (124). P. aeruginosa is intrinsically resistant to several
antimicrobial agents, and it can acquire resistance to many
others. In recent years, the frequency of multidrug-resistant
MDR strains of P. aeruginosa is increasing, especially in
nosocomial infections and PICU-acquired infections (125), and
these infections increase mortality, morbidity, and hospital costs.
The mortality of children with P. aeruginosa infection ranges
from 20 to 50% in Chinese reports (126) and 33 to 61% (127)
in other populations.

Among the new antibiotics approved for P. aeruginosa
are: ceftolozane/tazobactam for extended spectrum β-lactamases
(ESBL) P. aeruginosa and meropenem/vaborbactam for AmpC
β-lactamases P. aeruginosa (128).

Stenotrophomonas Maltophilia
Stenotrophomonas maltophilia is a commensal and an emerging
pathogen earlier noted in broad-spectrum life-threatening
infections among the vulnerable, but more recently as a
pathogen in immunocompetent individuals (129). In addition,
S. maltophilia has emerged as an important pathogen that
induces nosocomial infections (130). S. maltophilia is a non-
fermentative, gram-negative bacilli and causes severe infectious
diseases, such as pneumonia, bacteremia, skin and soft-tissue
infection, urinary tract infection, and meningitis (131). Recently,
the frequency of infection reported worldwide is quite alarming.
S. maltophilia accounts for about 3.7% (n = 10,000) in hospital
discharges (132). A recovery rate of 3.3% in S. maltophilia
infections was reported in the US (124). The mortality rate due
to S. maltophilia infection was 36.6% found in a large study
(133) and 25–51% in a multi-center study (134). Pathogenesis
is by colonization, rather than infection, which is often
accompanied by tissue invasion (135). The most important risk
factors for S. maltophilia infection in neonates and infants are
invasive procedures; previous exposure to antibiotics, such as
carbapenem and aminoglycoside; and prolonged hospitalization
(136). The duration of hospitalization before the onset of the
Stenotrophomonas clinical symptoms is an important factor in
nosocomial infection. The duration of hospitalization before

the onset of S. maltophilia bacteremia ranges from 11.5 to 24
days (137, 138). Neonate and infants have low immunity, and
often have severe and uncontrollable symptoms after infection.
S. maltophilia is intrinsically resistant to many antibiotics,
including carbapenems and aminoglycosides which are used
empirically for nosocomial infection (130). Therefore, early
identification and appropriate treatment are important.

Treatment
S.maltophilia is intrinsically resistant to Beta-lactams
(penicillins, cepahosporins, aztreonam, and carbapenems) due
to chromosomal metallo-beta lactamase and extended-spectrum
beta lactamases (ESBLs) production.

Treatment of choice includes trimethoprim-
sulfamethoxazole, levofloxacin, minocycline and ceftazidime.
Therapy should be guided by in vitro susceptibility results.

Other Re-emerging Bacteria
Streptococcus Pneumoniae
WHO reported that pneumonia accounts for 16% of all deaths
of children under 5 years old, killing around 1 million children
in 2015, with the most common cause of bacterial pneumonia
being S. pneumoniae (139). S. pneumoniae was estimated to be
responsible for 341,029 deaths of children younger than 5 years in
195 countries in 2016 (140). Serotype 1 has been predominantly
responsible for empyema in a study from UK, although, there
is no information about the most frequent serotypes found in
pneumonia in this country (141). In a recent review of 197
bacterial and fungal pathogens detected in single case reports and
case series, S. pneumoniae accounts for 116 (59%) of necrotizing
pneumonia (142).

Pneumococci possess multiple virulence factors (143),
including its polysaccharide capsule, cell surface proteins, the
cell wall, and pneumolysin, a pore-forming toxin (144). Of
these, the most important is the polysaccharide capsule, of
which there are at least 98 different serotypes, each capable
of shielding the organism from the immune system (145).
Individual serotypes vary in their capacity to colonize, cause
local or invasive disease, and express antibiotic resistance genes
(143). Serotypes also vary geographically and change over time,
perhaps in response to local ecological competitive pressures
from other organisms cohabiting the nasopharyngeal space, as
well as selection pressures from antibiotics and PCVs (146).

Vaccines and antibiotics are considered the most effective
methods against S. pneumoniae. Pneumococcal immunization
was powered by WHO to prevent S. pneumoniae infections.
A reduction in CAP in more than 40% after introduction of
pneumococcal conjugate vaccine (PCV7) has been reported
(147). Recent data on serotypes identified in bacteremia
pneumonia in children from Italy since the introduction of
PCV7, found serotypes 1 and 19A to be the most common (148).
In children under 2 years, all trials have consistently shown a
decrease in radiologically-confirmed pneumonia from 23% in the
Philippines using PCV11 (149), to 37% in the Gambia with PCV9
(150), and 23.4% in California with PCV7 (151). This effect is
most striking in the first year in these three studies. A Cochrane
systematic review found a pooled vaccine efficacy for PCV11 of
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27% for reduction of radiographically-confirmed pneumonia in
children <2 years and 6% for clinical pneumonia (152).

Before the implementation of PCVs, a few pneumococcal
serotypes (mainly serotypes 1, 3, 5, 7F, 14, and 19A) were
implicated in proven pneumococcal pneumonia and empyema
in children (153). The implementation of PCV7 led to a transient
reduction in the frequency of CAP (154), rapidly followed
by an increase in CAP with pleural effusion and empyema
(155), mainly due to serotypes 1 and 7F, and an increase in
frequency of serotype 19A, all non-PC7 serotypes. When PCV13,
which included these additional serotypes, replaced PCV7,
the frequency of both CAP and empyema greatly decreased
worldwide (156).

Serotypes 3 and 19A were most closely associated with
pneumococcal necrotizing pneumonia. Serotype 3 has a very
thick capsule, which strongly resists opsono-phagocytosis and
induces a marked inflammatory response, including an intense
neutrophilic infiltration with suppurative necrosis (157). In
contrast, serotype 19A strains have greater invasive potential,
may have a growth advantage over other pneumococcal serotypes
in normally sterile sites, and are often resistant to multiple
antibiotics (158).

However, with a recent increase in its frequency due to highly
invasive non-PCV13 serotypes in Europe, and in pneumococcal
meningitis in France, the serotype replacement has raised
concerns about the long-term outcome of PCV13 use beyond 5
years after its implementation (156).

OLD KNOWN WITH NEW PRESENTATIONS

Rhinovirus
Rhinovirus infections are seen worldwide and during all year,
with a peak in spring (159). There are 3 species and more
than 100 serotypes, so even if the immune response is cross
reactive, reinfection is frequent (159). Classically rhinovirus
infects the upper respiratory epithelium manifesting as a
common cold. Otitis media and rhinosinusitis can also be seen
in rhinovirus infection and can be complicated with bacterial
coinfection. But, with the development of molecular techniques,
it was demonstrated that asymptomatic infection could happen
(160). Asymptomatic infection seems to be more frequent in
younger children.

Clinical Manifestation
Rhinovirus infection can also compromise lower respiratory
tract, as bronchiolitis in younger children. Exacerbation of
obstructive symptoms can be observed in asthmatic subjects with
rhinovirus infection. However, other factors are involved in the
development of wheezing in these children, as the inflammatory
response, the virus serotypes, among others (161). Otherwise,
community acquired pneumonia are also described in rhinoviral
infection. A recent Brazilian study demonstrated that in children
hospitalized with radiographically diagnosed pneumonia, 43%
presented at least one virus and among them rhinovirus was
the most frequently detected (162). Importantly, rhinovirus
was associated with mild pneumonia, contrarily to respiratory
syncytial virus or influenza infection that were associated with

more severe cases. It is not uncommon to find concomitantly a
second virus with rhinovirus detection, raising the problem of the
role that each virus has in the disease (160).

In the last years, with the increased number of
immunocompromised patients and the development of
neonatology, rhinovirus has acquired a new pathogenic role
producing severe pneumonia and even death in some high-risk
patients. Patients with cancer or undergoing hematopoietic stem
cell transplant receiving corticosteroids or immunosuppressive
drugs are at a high risk of developing severe viral pneumonia
with prolonged viral shedding (163). These immunosuppressed
patients with rhinovirus infection present variable symptoms
and severity, but the disease is associated with high morbidity,
reaching a mortality rate close to 10% (164). Another group at
high risk of severe pneumonia are preterm infants. Two series
of preterm infants with rhinovirus infection showed that the
majority had respiratory signs such as cough, apnea, or even
respiratory distress, requiring respiratory assistance (165, 166).

Special attention is necessary in hospital settings, as
nosocomial outbreaks are described and are associated with
increased morbidity in high-risk patients (165, 167).

Treatment
Management of rhinovirus pneumonia is supportive. The
use of pegylated interferon-α2A and ribavirin to control
viral replication is described only in case report, without
systematic studies (168). Prevention of this infection in high-
risk patients is crucial to avoid morbidity and mortality in these
particular populations.

Coronavirus
Four species of coronavirus exist, but human coronavirus
belong only to two of them (alphacoronavirus as HCoV-229E
and HCoV-NL63 and betacoronavirus as HCoV-OC43, HCoV-
HKU1, SARS-CoV-1, MERS-CoV, and SARS-CoV-2) (160). Even
though coronavirus circulates globally and throughout the year,
some of them are more detected in winter as HCoV-229E,
meanwhile others, such as HCoV-NL63, are transmitted more
in early summer (169). As influenza viruses, they have human
and animal reservoirs. When animal coronavirus is transmitted
to humans, an epidemic or pandemic of a new coronavirus can
develop with the potential to produce a severe acute respiratory
syndrome, as in the novel SARS-CoV-2 (169).

Clinical Manifestation
As rhinovirus, “non-SARS” coronaviruses cause common cold
and upper respiratory infection. However, lower tract infection
has also been related with coronavirus infection. In Thailand,
a study detected up to 5.9% of coronavirus infection (229E,
OC43, N63, and HKU1) in healthy children hospitalized with
community-acquired viral pneumonia (170). Interestingly, in
2.1% of asymptomatic children was also identified coronavirus
infection. Similar results were observed in a recent study,
identifying coronavirus infection in 9% of children hospitalized
with respiratory tract infection (73% of which were lower
tract infection) and 10% of asymptomatic controls (171). But
higher viral load obtained in symptomatic children supports the
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role of coronavirus in these respiratory tract infections. Mean
hospitalization rate of children younger than 1 year old with low
respiratory tract infection and coronavirus detection was 2.8 per
1000 children. Frequently, co-viral detection was identified.

More severe diseases are observed in immunocompromised
individuals. A recent study found 2 main risk factors associated
with severe low respiratory tract infection: immunocompromised
status and viral coinfection (172). Neonatal coronavirus infection
has also been associated with increased morbidity, presenting
bradycardia and oxygen supplementation (173). These results
were observed in a context of nosocomial outbreak, highlighting
the importance of prevention and identification of patients at
high-risk to develop severe pneumonia.

Treatment
Until now, there is no specific antiviral treatment, only
supportive care.

CONCLUSION

Several emerging pathogens have been described in recent
years, with SARS-CoV-2 being responsible for the latest
pandemic COVID19. Children are affected just like
adults, although the frequency, severity and mortality
differ from them in many cases, depending on the
causal agent.

Vaccination has been an important ally in reducing
the risk of re-emergence pathogens such as measles and
pneumococcal infections, however low vaccination coverage
and the emergence of serotypes not included in vaccines have
favored their re-emergence, with children being the most affected
age group.

The antimicrobial resistance, mainly due to unregulated or
indiscriminate use of antimicrobials, has led to the emergence
of pathogens, mainly in hospital settings, capable of causing
pneumonia in children with greater severity due to the delayed
onset of effective therapy against these pathogens.

Finally, pathogens that have emerged de novo affect children
apparently in a lower proportion and less severity than in
adults, especially those over 60 years old, who are the most
seriously compromised. Avian influenza H5N1 and ANDV in the
hantavirus group, are however the exception which cause severe
infections with high mortality over 20% in children.

Proper use of antimicrobials and childhood vaccination are
and will continue to be highly effective strategies in reducing the
risk of pneumonia-causing pathogens in children. Similarly, the
rapid international response in identifying emerging infections,
the ability to diagnose, sequence and characterize these new
pathogens with potential pandemic have been able to contain
outbreaks in most of them, even though for COVID19
containment hope is placed on vaccines developed in an
incredible short period of time to achieve pandemic control.

Being aware to suspect any of the pathogens discussed
here in children, depending on their epidemiological conditions
and clinical characteristics, will allow a rapid diagnosis and
timely treatment, essential conditions to reduce the risk of
complications and mortality from these emerging pathogens.
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