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Background. Community-acquired pneumonia (CAP) is the leading cause of death in children. Identification of reliable bio-
markers offers the potential to develop a severity quantitative score to assist in clinical decision-making and improve outcomes.

Methods. A systematic review and meta-analysis was performed in PubMed and EMBASE on November 13, 2018, to examine
the association between host inflammatory biomarkers and CAP severity in children. The inclusion criteria were case—control,
cross-sectional, and cohort studies that examined candidate serum biomarkers. We extracted outcomes of interest, means, and
standardized mean differences (SMDs) of plasma and serum levels of biomarkers together with information on disease severity.
Meta-analysis was performed. This review was registered in the PROSPERO international registry (CRD42019123351).

Results. Two hundred seventy-two abstracts were identified, and 17 studies were included. Among the biomarkers evaluated,
levels of C-reactive protein (CRP; SMD, 0.63; 95% confidence interval [CI], 0.35 to 0.91), interleukin (IL)-6 (SMD, 0.46; 95% CI,
0.25 to 0.66), IL-8 (SMD, 0.72; 95% CI, 0.15 to 1.29), neutrophil count (SMD, 0.27; 95% CI, 0.07 to 0.47), and procalcitonin (SMD,
0.68; 95% CI, 0.20 to 1.15) were substantially increased in severe CAP. In contrast, IL-2 concentrations (SMD, -0.24; 95% CI, -0.45
to —0.03) were higher in nonsevere CAP. Study heterogeneity was reported to be high (I > 75%), except for IL-2, IL-5, IL-6, and
IL-12p70, which were classified as moderate (I* = 50%-74%). Only neutrophil and white blood cell counts were described by studies

exhibiting a low level of heterogeneity.
Conclusions.
tial to predict severe CAP in pediatric populations.
Keywords.

Our results suggest that host biomarkers, and especially CRP, IL-6, IL-8, and procalcitonin levels, have the poten-

biomarkers; children; inflammation; pneumonia; severity.

Community-acquired pneumonia (CAP) is the leading cause
of death in children [1]. In pediatric populations, especially in
children under 5 years old, CAP-associated mortality is sub-
stantially higher than HIV/AIDS, malaria, and measles com-
bined [1]. Severe CAP and lethal CAP are more frequent in
low-resource settings, resulting in significant disease burden
[2]. Nevertheless, such conditions are also very common in
well-developed countries in Europe and North America [3].
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These observations demonstrate that the morbimortality linked
to CAP has a devastating impact on the public health system
globally, irrespective of the economic status of the affected
populations.

Assessment of CAP severity is critical for improving site-of-
care decisions and implementation of adequate clinical man-
agement in a timely fashion [3-5]. In adults, several prognostic
scores are available for patients with pneumonia, and studies of
these models have indicated that its use may reduce broad-spec-
trum antibiotic use and decrease hospitalization among low-
risk individuals [3-5]. Unfortunately, absence of a standardized
and validated pediatric CAP severity quantitative score remains
one of the biggest challenges in the field [3-5].

The most used guidelines for the management of CAP world-
wide are from the World Health Organization (WHO) [6], the
British Thoracic Society [7], and the Pediatric Infectious Diseases
Society/Infectious Diseases Society of America [8]. Importantly,
such guidelines do not consider markers in the blood to assess
severity, but only clinical parameters. The parameters found in
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all 3 guidelines are difficulty breathing (grunting, chest retrac-
tion) and elevated respiratory rate. Other parameters are also
used, such as cyanosis, peripheral oxygen saturation <90%,
tachycardia, capillary refill time >2 seconds, and fever (temper-
ature >38.58°C). However, these parameters also have their lim-
itations and are highly dependent on the physician’s capability
to perform correct assessment [9] and consequently are not
sufficient to determine disease severity. Therefore, identifica-
tion of reliable biomarkers offers the potential to improve the
decision-making around CAP severity beyond clinical scoring
systems [3, 5].

Biomarkers of inflammation, such as white blood cell counts
(WBCs), procalcitonin (PCT), and C-reactive protein (CRP),
have been described in children as useful markers associated
with severe pneumonia [5]. Such biomarkers may be useful
in the management of patients with CAP [3, 5]. Additional
studies are necessary to test whether a panel of combined bio-
markers in addition to clinical assessment can substantially
improve the management of pediatric CAP and reduce the un-
favorable outcomes associated with this disease. Thus, a better
understanding of the utility of immune and inflammatory
markers can potentially lead to development of innovative
prediction tools that could be implemented as point-of-care
approaches to optimize clinical decisions. To contribute to ad-
vances in this field, we performed a meta-analysis examining
the association of circulating host biomarkers with disease se-
verity in pediatric CAP.

METHODS

Search Strategy

We performed a systematic literature search in the PubMed
and EMBASE medical literature databases using the following
consecutive terms in PubMed: (“Biomarkers’[MeSH]| AND
“Pneumonia’[MeSH]) AND “Child”’[MeSH]; (“cytokines”[MeSH
Terms] OR “cytokines’[All Fields] OR “cytokine”’[All
Fields]) AND (“community-acquired’[All Fields] AND
(“pneumonia”[MeSH Terms] OR “pneumonia”[All Fields])) AND
(“child”[MeSH Terms] OR “child”[All Fields] OR “children”[All
Fields]); ((“pediatrics’[MeSH Terms] OR “pediatrics”[All Fields]
OR “pediatric’[All Fields]) AND (“pneumonia’[MeSH Terms]
OR “pneumonia’[All Fields])) AND (“severity”[All Fields] AND
(“Markers”[Journal] OR “markers”[All Fields])). In EMBASE, we
used the following search: (“child”[MeSH Terms] OR “child”[All
Fields]) AND (“residence characteristics’[MeSH Terms] OR
(“residence”[All Fields] AND “characteristics’[All Fields]) OR
“residence characteristics’[All Fields] OR “community”[All
Fields]) AND “acquired”[All Fields] AND “severity”[All Fields]
AND (“pneumonia’[MeSH Terms]
Fields]). We did an additional manual search of the reference lists

OR “pneumonia’[All

from selected articles to identify eligible publications that may
not have appeared in our electronic search strategy. The search
was conducted on November 13, 2018.

The selection of the studies was divided into 4 steps: (1)
reading of the titles, (2) reading of the article abstracts, (3) eval-
uation of the full articles selected from the previous step and
inclusion of other studies present in the reference lists of the
selected articles, (4) selection of the studies to include in the
meta-analysis. Two reviewers (C.F. and PM.) independently did
the search, and any disagreement was resolved through con-
sulting a third author (M.B.A.), who was more experienced in
conducting meta-analyses.

We selected case-control, cross-sectional, and cohort studies
that examined the candidate serum biomarkers able to pre-
dict the severity of CAP in children. Studies needed to include
children (aged 0 months to 18 years). Exclusion criteria in-
cluded systematic or narrative literature reviews, letters, edi-
torials, and comments; patients with respiratory comorbidities
such as asthma and cystic fibrosis; and hospital-acquired and
ventilator-associated pneumonia. We selected studies in which
the reference standard for diagnosis of pneumonia was based
on a chest radiograph and/or clinical features. The criteria
considered for diagnosis of severity of CAP were the classifi-
cation of the British Thoracic Society, the WHO classification,
and clinical (chest x-ray, length of hospitalization, difficulty in
breathing, presence of pleural effusion/empyema, and others)
and laboratory (positive blood culture, altered markers) param-
eters. Studies that did not define the disease according to se-
verity parameters were excluded. Other exclusion criteria were
if (1) the studies were clearly not related to the theme; (2) the
studies were designed to examine the biomarkers present in
the bronchoalveolar lavage or fluids different than blood; (3)
the studies analyzed the biomarkers for diagnosis or disease
severity of pathogen-specific pneumonia; (4) the biomarker
was studied only to verify its ability to diagnose CAP, not to
predict the severity of the disease; (5) it was not possible to
obtain the full article. Articles with incomplete data were not
considered for the meta-analysis. This review was registered in
the PROSPERO International Registry (registration number:
CRD42019123351).

Quality Assessment

The quality of selected studies and potential risk of bias were
accessed with the Newcastle-Ottawa quality assessment scale
using 2 different versions: a version for cohort studies and an-
other version for cross-sectional studies [10]. Each article was
given a score in number of stars from 3 perspectives: (a) selec-
tion (maximum, 4 stars in the original version and 5 stars in the
adapted version); (b) comparability (maximum, 2 stars); and (c)
exposure/outcome (maximum, 3 stars). Thus, in the processing
of the article quality analysis, a maximum of 9 or 10 stars could
be obtained. In this way, an article quality classification was cre-
ated: 8-9/10 stars = excellent; 6-7 stars = good; 4-5 stars = fair;
0-3 stars = poor. Article quality assessment was done independ-
ently by 3 authors (C.D.E, M.CLM.C., and M.Ca.M.C.), and any
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disagreement was resolved consulting a third author (M.B.A.).
Low methodological quality was not an exclusion criterion.

Data Extraction

Data extraction was performed using a standardized model. We
recorded the following data from all studies: (1) overall charac-
teristics of the study (design, publication year, city and county
of origin); (2) sample (size, age range, inclusion and exclusion

criteria); (3) severity criteria; (4) biomarkers studied; (5) statis-
tical analyses performed, including median, interquartile range
(IQR), mean, and SD. Data were extracted by 3 authors (C.D.E,
M.CLM.C., and M.Ca.M.C.). A fourth author (M.B.A.) cross-
checked all extracted data compiled in a table (Microsoft Excel
2010), comparing them with the original data available from
the selected articles to ensure accuracy. Identified errors were
corrected.

initial search

272 papers identified in

v

- 13 duplicated

259 articles screened

A

Y

225 articles excluded after the reading
of the abstract:

- 170 wrong participants
- 31 wrong target discase
- 24 wrong design

34 full articles assessed

1 article identified from
reference list searching

Y

Y

18 articles excluded after reading in full:

- 9 wrong design
- 8 wrong target disease
- 1 article without access available

17 articles included in qualitative synthesis

Y

5 articlesexcluded from the meta-analysis:

- 4 insufficient data
- 1 wrong design

12 articles included in the meta-analysis

Figure 1.

Flowchart of the study selection process study characteristics. The characteristics of the included studies are summarized in Table 1. The majority of the studies

(n =13) were cross-sectional, and 2 of them were a secondary analysis of a previous randomized controlled trial, both using the same sample but evaluating different bio-
markers. The remaining studies included 4 cohorts, 2 of which were secondary analyses of previous cohorts.
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Data Analysis

Biomarker measurements compared between severe pneu-
monia and nonsevere pneumonia were extracted from studies
as mean + SD. Studies with data reported as median (IQR) and
mean *+ SD were calculated using methods outlined by Wan
et al. (Supplementary Table 1) [11].

Heterogeneity and the I’ statistical analyses were per-
formed using Cochran’s Q statistics across all studies, the latter
describing the percentage of variation across studies that is due
to heterogeneity, rather than chance, presented with a 95% con-
fidence interval (CI). An I? of 25%-49% was considered to rep-
resent a low level of heterogeneity, 50%-74% a moderate level,
and 75%-100% a high level. Meta-analysis of mean differences
was pooled using random (moderate and high heterogeneity)
or fixed-effects models (low heterogeneity). P < .05 was con-
sidered statistically significant.

Statistical analyses were performed using the Comprehensive
Meta-Analysis software package (version CM 2.2; Biostat,
Englewood, NJ, USA). Network meta-analyses of severe pneu-
monia were performed using the netmeta 0.9-6 package in R
(version 3.4.0).

Role of the Funding Source

There was no funding source for this study. The corresponding
author had full access to all the data in the study and had final
responsibility for the decision to submit for publication.

RESULTS

Our search identified 272 papers. After removing duplica-
tions, we assessed a total number of 259 articles. Through the
study selection process (Figure 1), 17 articles were included in
the review and 12 in the meta-analysis. All 17 studies under-
went quality assessment using the Newcastle-Ottawa quality
assessment scale.

In this systematic review, data on 3192 patients were exam-
ined, whereas 2269 were assessed in the meta-analysis. The
median number of patients with severe CAP per study (IQR)
was 43 (10-312), whereas 116 (7-387) individuals were iden-
tified as having nonsevere CAP. Nine studies were performed
in inpatient settings, 4 in emergency departments. An addi-
tional 4 studies evaluated both outpatient (for nonsevere cases)
and inpatient (for severe cases) settings. Four studies recruited
healthy subjects to compare with CAP patients: 3 at the com-
munity level, and 1 recruited healthy children who had blood
collected as part of well-child care at the hospital; these indi-
viduals were defined as controls and represented a total of 438
subjects (Table 1).

As observed in Supplementary Figure 1, the majority of
studies originated from Europe (n = 8), with Italy being the
most frequent study site (n = 4). Asia also composed a notable
part of the studies (n = 6): 2 in China, 2 in Nepal, 1 in Turkey,
and 1 in India. Only 2 studies were set in Africa—1 in Gambia

and 1 in Malawi. Just 1 study took place in South America, in
Brazil. No study was identified in North America or Oceania.

Quality Assessment

Table 2 shows quality scores for the studies, assessing risk of
bias. Twelve studies were of excellent quality, 4 had good quality,
and 1 was of fair quality (Table 2).

Potential Biomarkers of Disease Severity

Meta-analyses were not performed for some bio-

markers (copeptin, lymphocyte count, lipocalin-2, and
proadenomedullin [pro-ADM]) because the published data
were not sufficient. The authors attempted to contact the cor-
responding authors of the articles, without success. Moreover,
plasma 25-hydroxy vitamin D, serum lactate, soluble uroki-
nase plasminogen activator receptor, CCL17, CCL22, eotaxin,
G-CSF bFGF, RANTES, tumor necrosis factor alpha (TNF-a),
PDGF-BB, VEGFE, CCL17, CCL22, interleukin (IL)-17, IL-17a,
IL-9, TNFA, midregional proadenomedullin, midregional
proatrial natriuretic peptide, lymphocyte count, Strem-1,
syndecan-4, white blood cell band-forms, PA, erythrocyte sed-
imentation rate (ESR), and monocyte count each appeared in
only 1 study, making their participation in the meta-analysis
not possible (Supplementary Table 1).

Among the biomarkers evaluated and included in the meta-
analysis from the 13 studies (Figure 2), circulating levels of CRP
(standard mean difference [SMD], 0.63; 95% CI, 0.35 to 0.91),
IL-6 (SMD, 0.46; 95% CI, 0.25 to 0.66), IL-8 (SMD, 0.72; 95%
CIL, 0.15 to 1.29), and PCT (SMD, 0.68; 95% CI, 0.20 to 1.15)
and neutrophil counts (SMD, 0.27; 95% CI, 0.07 to 0.47) were
significantly increased in patients presenting with severe CAP
compared with those with nonsevere pneumonia. In contrast,
levels of IL-2 in peripheral blood (SMD, -0.24; 95% CI, -0.45 to
-0.03) were found to be higher in children with nonsevere CAP.
The other 16 markers did not show statistically significant asso-
ciations with either severe or nonsevere CAP, including WBC
count and a number of pro- and anti-inflammatory cytokines
and chemokines (Figure 2).

Heterogeneity analysis revealed that the vast majority of
the reports evaluated were not homogeneous by means of as-
sociations described and weight of the studies. As shown in
Figure 2, for most inflammatory markers, the study heteroge-
neity was reported to be high (I > 75%), except for IL-2, IL-5,
IL-6, and IL-12p70, for which heterogeneity was classified as
moderate (I* = 50%-74%). Of note, only cellular parameters
(neutrophil and WBC counts) exhibited a low level of heter-
ogeneity. The meta-analysis for each biomarker is shown in
Supplementary Figure 2.

To visualize the number of publications investigating bio-
markers in the context of severe CAP, we employed a model
adapted from a network plot (Figure 3), previously used in a
meta-analysis of clinical trials, using all the 13 studies included
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No. of Studies n, n, Total Biomarker SMD (95%CI) *% (95%CI)

2 140 482 622 CCL2/MCP-1 1.86 (-0.99 to 4.69)  99.3 (98.79 to 99.62)
2 140 481 621 CCL3/MIP-1a 1.68 (-0.67 to 4.03)  99.0 (98.05 to 99.50)
2 140 482 621 CCL4/MIP-1B ~0.55 (-2.47 0 1.37)  98.7 (97.29 t0 99.39)
8 566 1392 1958 CRP &= 0.63 (0.35 t0 0.91)  80.2 (61.62 t0 89.77)
2 140 481 621 CXCLI10/IP-10 ~0.39 (-1.85 t0 1.08)  97.8 (94.85 t0 99.10)
2 140 482 622 GM-CSF 0.006 (-1.076 tp 1.06)  96.0 (88.80 to 98.59)
2 140 482 622 IFNy u-"-n 0.08 (-0.72 0 0.91)  93.3 (78.16 to 97.96)
3 158 510 668 IL-1B ~0.26 (-0.80 10 0.28)  93.9 (85.47 10 97.41)
2 140 481 621 IL-lra 0.07 (-0.74 10 0.87)  93.0 (76.99 to 97.90)
2 140 481 621 IL-2 ~0.24 (-0.45 10-0.03)  57.8 (0.00 t0 89.98)
2 140 482 622 IL-4 ~0.01 (-0.84 0 0.82)  93.4 (78.80 to 97.99)
2 140 482 622 IL-5 0.21 (-0.01 10 0.41)  66.8 (0.00 to 92.47)
3 158 488 646 IL-6 KO 0.46 (0.25 t0 0.66)  69.0 (0.00 to 90.97)
2 140 480 620 IL-7 0.07 (-1.03t00.89) 95.1 (85.18 to 98.36)
3 140 481 621 IL-8 < 0.72(0.15 0 1.29)  85.7 (42.67 t0 96.45)
2 158 489 647 IL-10 ~0.26 (-0.80 10 0.28)  80.4 (38.29 t0 93.77)
2 140 482 622 IL-12p70 ~0.19 (-0.57 t0.0.19)  70.5 (0.00 to 93.13)
2 140 482 622 IL-13 ~0.10 (-1.00 10 0.80)  94.5 (82.91 t0 98.22)
2 140 482 622 IL-15 0.21 (-0.81t01.23) 95.7 (87.45 to 98.50)
2 311 145 456  Neutrophil L 0.27 (0.07 t0 0.47)  0.00 (0.00 t0 0.00)

4 303 358 661 PCT i”." 0.68 (0.20 t0 1.15)  83.0 (56.49 0 93.33)
3 346 280 626  WBG "f" 0.16 (-0.02 t0 0.35)  0.00 (0.00 to 95.96)

504 3 92 1 ¢ I 2 3 4 5
< >

Favors nonsevere
pneumonia

Favors severe
pneumonia

Figure 2. Summary of biomarker meta-analysis of severe pneumonia. Red coloration of the diamond represents a significant difference. Abbreviations: Cl, confidence

interval; SMD, standardized mean difference.

in the present study [12]. Using this approach, we observed that
most of the markers found herein that were associated with se-
vere CAP (CRP, PCT, IL-6, and neutrophil count) were investi-
gated by several studies and were often studied together. Thus,
these markers were more commonly studied in most of the re-
ports included in the meta-analysis.

DISCUSSION

To our knowledge, the present study is the first systematic re-
view and meta-analysis to investigate host inflammatory bio-
markers of disease in pediatric CAP. An important strength
of our study was the comprehensive search strategy, which
used detailed inclusion and exclusion criteria. Furthermore,
methodological quality was assessed in duplicate using the
Newcastle-Ottawa scale [10], which reduced the subjectivity
of the selection of studies and allowed for precise evaluation
of the risk of bias in several domains. After the application,
we noted that most studies were of excellent quality according
to the Newcastle-Ottawa scale, and there was no report that
was categorized as poor quality. Thus, we concluded that the

high quality of the selected studies resulted in a reliable meta-
analysis with reduced risk of bias.

Our analyses identified the most frequently reported host
inflammatory biomarkers in peripheral blood that were as-
sociated with CAP severity in pediatric populations. In
severe pneumonia, the activation of immune responses cul-
minates in unbalanced systemic inflammation and increased
immunopathology [13]. Such dysregulated host responses lead
to lung tissue injury and unfavorable clinical outcomes, such as
acute respiratory failure or death [13]. In this scenario, 2 cyto-
kines described to be relevant in our analyses, IL-6 and IL-8,
are found in high concentrations in the plasma of critically ill
children and generally represent hyperactivation of innate im-
mune responses [13]. In our selected articles, only 3 studied the
correlation between IL-6 and pediatric CAP severity ([14-16],
and in all of these, IL-6 was significantly higher in children with
severe pneumonia. Consistently, 2 studies evaluated IL-8, with
the same results [14, 15].

One study in children with CAP found that IL-6 was elevated
and revealed significant associations with markers of severity,
as measured by white blood cell band-forms, and unequivocal
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Figure 3. Network analysis of the frequency of articles reporting each biomarker in the context of severe CAP. Each biomarker reported in the studies evaluated is shown as
acircle. Colored circles highlight biomarkers that were significantly associated with severe CAP. The circle size is proportional to the number of patients who presented with
severe CAP and had this marker measured (see n, values). Lines connecting the circles highlight biomarkers that were studied together. The width of the lines is proportional

to the number of studies reporting each pair of biomarkers.

consolidation in chest radiographs [17]. Two studies of cyto-
kines that focused on specific etiologic agents, 1 on Mycoplasma
pneumoniae and the other on influenza HINI, verified that
IL-6 concentrations were significantly higher in children with
symptoms of severity [14, 15]. There are no additional studies
reporting IL-6 or IL-8 and its relationship with CAP severity
in children. Thus, additional studies are still needed to validate
such biomarkers as prediction tools of disease severity.

Of note, IL-8 is a well-known chemoattractant for neutro-
phils, and elevated levels in blood are linked to neutrophilia
[13]. As expected, our results reinforce the idea that augmented
neutrophil counts, probably resulting from high IL-8 levels,
hallmark severe CAP. Indeed, neutrophilia is an established cri-
terion of hospitalization in children, especially in febrile infants

[18]. However, the elevated neutrophil counts had a low pre-
dictive value in assessing the severity of the disease, as reported
by Esposito et al. [19]. Neutrophilia is a parameter that is more
often studied as a prognostic marker in other settings such as
severe asthma [20], and more evidence is warranted to establish
its utility in the context of pediatric CAP.

Whether measurements of cytokines such IL-8 and IL-6
can add value to the prediction power of neutrophil counts
in children with acute pneumonia is a topic of interest.
Interestingly, IL-6 and IL-8 were analyzed together in 2 studies
included in our analyses [14, 15], which used the same cri-
teria of clinical severity (WHO), although an additional in-
vestigation to specifically test if the 2 cytokines together with
neutrophil counts increase the predictive power of severe

10 « OFID . Fernandes et al



CAP was not performed. Importantly, it is possible that se-
vere CAP shares features of inflammation with sepsis and/
or shock, which develop later, and thus such markers could
be used as early predictive markers of these outcomes [21].
Future studies are warranted to test this hypothesis.

Another relevant biomarker identified here is CRP, an acute-
phase protein that is triggered in response to nonspecific in-
flammation and/or tissue damage [22, 23]. Production of CRP
occurs mostly in the liver and is induced by IL-6 and TNFa [22,
23]. CRP has great clinical utility, as shown by the meta-analysis
results reported here. In pediatric CAP, many studies have
shown that elevated CRP levels are associated with unfavor-
able outcomes, such as lobar consolidation, fever, long hospital
length of stay, pleural effusion, and even death [22, 24, 25]. Our
analysis showed that children with low CRP levels were at a low
risk of severe pneumonia, reinforcing the possibility of using
this marker to predict severity at admission to the emergency
department. Moreover, this biomarker is very cost-effective,
readily available, and accessible in most emergency depart-
ments [16]. Nevertheless, this biomarker does not seem to have
arole in predicting secondary outcomes (ICU admission, vaso-
pressor use, or the need for mechanical ventilation), as Lee et al.
verified in their study [26], restricting its use for the assessment
of disease severity at hospital admission.

PCT is one of the most well-studied biomarkers in the con-
text of bacterial infections in both pediatric and adult popu-
lations. Heightened levels of serum PCT suggest invasive and
bacteremic infections during hospitalization (especially in
CAP) [27]; however, the use of this biomarker is more fre-
quently reported in adults [24]. PCT has proven to be a good
predictor of sepsis, being frequently used as an indicator of
whether to continue, consider changing, or stop antibiotic
therapy [28]. Some studies have concluded that PCT is superior
to other nonspecific inflammatory markers such as CRP with
respect to diagnosis and assessment of clinical severity of bac-
terial pneumonia [19, 27, 29]. Here, we report that PCT levels
are consistently higher in children with severe CAP, thereby re-
inforcing its importance as a prognostic marker, which should
be considered for systematic implementation in the clinical
setting. Measuring PCT could reduce costs during hospitaliza-
tion by decreasing the need for multiple bacterial cultures, the
proportion of children with CAP receiving antibiotics, and the
duration of antibiotic therapy [30, 31].

Curiously, PCT and CRP were studied in combination in 2
studies included in the present meta-analysis [19, 32], but the
reported results were not sufficient to demonstrate a combined
effect; rather, the authors only tested whether 1 parameter is
a better marker than the other. In 1 study included here, per-
formed in Italy, the authors identified a significant positive cor-
relation between serum PCT levels and the main markers of
inflammation such as CRP, percentage of neutrophils, and WBC
[24]. In agreement with these findings, another study, from

South Korea, that analyzed data from 76 hospitalized patients
with CAP and 18 healthy controls demonstrated that serum
PCT levels positively correlate with values of CRP, ESR, and
WBC count [33]. These results reinforce the need for studies
analyzing if these biomarkers in combination can increase the
power to predict CAP severity.

One intriguing finding was the observation that high levels
of IL-2 in peripheral blood are robustly linked to reduced odds
of severe CAP. IL-2 has pleiotropic functions in the immune
system, including activation and proliferation of effector T cells
and induction of T-regulatory cells (Treg) that dampen the in-
tensity of immune responses [34, 35]. In a Chinese study that
examined the associations of IL-2 and IL-4 polymorphisms
and their expression with regard to the risks of asthma and
M. pneumoniae infection in children [33], it was observed that
the average concentration of IL-2 in subjects not infected with
M. pneumoniae was significantly higher than in the infected
subjects. It is already known that this bacteria can lead to an
atypical community-acquired pneumonia with predominantly
respiratory symptoms, but it can also induce autoimmune he-
molytic anemia and other diseases in the blood, gastrointestinal
tract, and skin, including pericarditis, myocarditis, nephritis,
and meningitis [36], possibly increasing morbimortality. Thus,
our meta-analysis is consistent with data from the literature in
which IL-2 appears to have a protective effect on CAP. Also, as
there are not many data from IL-2 in severe pneumonia, further
studies are still needed to strengthen this association.

The study of this cytokine is of tremendous interest in the
clinical immunology field, as the manipulation of IL-2 could di-
rectly impact the profiles of adaptive immune responses [34].
Immunotherapy using IL-2 has been employed in a number of
scenarios, such as cancer and mycobacterial infections [37, 38].
There are no published data in humans indicating that recom-
binant IL-2 therapy brings therapeutic benefits in severe CAP.

Our study has some limitations. Some studies lacked the in-
formation necessary to be properly evaluated (eg, they reported
median instead of mean values). For this reason, markers such
as pro-ADM, which has been reported as a robust marker of
severe CAP, could not be assessed. Furthermore, a high level of
heterogeneity was recorded for most studies reporting the bio-
markers analyzed here. Regardless of the heterogenous body of
studies, the paucity of published evidence in this field justifies
the importance of the present systematic investigation.

The findings of this meta-analysis show that the implemen-
tation of biomarker measures has the potential to optimize the
clinical management of children with suspected severe CAP,
adding value to the current guidelines for the diagnosis and
management of severe CAP in children. The services that have
the measurement of these biomarkers, especially CRP and PCT,
available can possibly benefit now from this feature to improve
the suspicion of severe pneumonia. This could potentially re-
duce the burden of pediatric CAP and the unnecessary use of
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antibiotics, decreasing antimicrobial resistance and improving
clinical outcomes. Still, additional planned, rigorous studies are
needed to clarify whether the evaluation of the significant bio-
markers found in our meta-analysis can be used pragmatically
in a clinical setting, mostly those that have not yet been exten-
sively studied in pediatric severe CAP, such as IL-6, IL-8, neu-
trophils, and IL-2, and the ones that could not be included in
our analysis (pro-ADM, copepetin, and lipocalin-2). It is neces-
sary to evaluate whether the measurement of these biomarkers,
alone and together, in combination with the clinical parameters,
is financially viable, if it increases the power of detection of se-
vere cases, and if its systematic application reduces occurrence
of unfavorable outcomes.

Supplementary Data

Supplementary materials are available at Open Forum Infectious Diseases
online. Consisting of data provided by the authors to benefit the reader,
the posted materials are not copyedited and are the sole responsibility of
the authors, so questions or comments should be addressed to the corre-
sponding author.
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