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Severe community-acquired pneumonia (sCAP) early in life is a leading cause of morbidity, mortality, and irreversible
sequelae. Herein, we report the clinical, etiological, and immunological characteristics of 62 children age<1 year. We
measured 27 cytokines in plasma and bronchoalveolar lavage (BAL) from 62 children age <1 year who were diagnosed
with CAP, and then, we analyzed correlations among disease severity, clinical parameters, and etiology. Of the entire
cohort, three cytokines associated with interleukin-17- (IL-17-) producing helper T cells (T, 17 cells), IL-1f, IL-6, and IL-
17, were significantly elevated in sCAP patients with high fold changes (FCs); in BAL, these cytokines were intercorrelated
and associated with blood neutrophil counts, Hb levels, and mixed bacterial-viral infections. BAL IL-1f (area under the
curve (AUC) 0.820), BAL IL-17 (AUC 0.779), and plasma IL-6 (AUC 0.778) had remarkable predictive power for sCAP.
Our findings revealed that increased local T,17 cell immunity played a critical role in the development of sCAP in
children age <1 year. T} 17 cell-related cytokines could serve as local and systemic inflammatory indicators of sCAP in this

age group.

1. Introduction rience multiple pulmonary complications, including empy-

ema, lung abscess, pneumothorax, acute respiratory-distress
Community-acquired pneumonia (CAP) is the leading cause ~ syndrome (ARDS), and chronic respiratory failure, requiring
of morbidity and mortality in children under 5 years of age  tracheostomy and prolonged mechanical ventilation [5].
[1-4]. Despite the advances made in antimicrobial therapy =~ Long-term adverse sequelae, including restrictive and
and critical care, children with severe CAP (sCAP) can expe-  obstructive lung diseases, bronchiectasis, interstitial lung
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disease, and asthma, are also common among children hospi-
talized with sCAP [6, 7].

Young age, especially < 1 year, is an additional risk factor
for sCAP [8]. A retrospective multicenter cohort study that
enrolled 16,162 children with pneumonia pointed out that
at age 2-11 months (vs. 12-59 months), elevated respiratory
rate, and weight-for-age Z-score were highly discriminative
factors for mortality [9]. Furthermore, the first few months
of life are important to promoting childhood respiratory
health; lower-respiratory-tract infection early in life can
impair lung function [10]. Consistent with the above find-
ings, in our retrospective study involving 25,564 children
ages 0-5 years diagnosed with CAP, most of the children
were age < 1 year (59.0% of all patients), and this subgroup
had the highest incidences of sCAP (70.5% of all severe
cases) and mortality (76.6% of all mortalities; unpublished
data). This prompted us to investigate the factors associated
with sCAP in this age group.

Interleukin-17- (IL-17-) producing helper T cells (T, 17
cells) play important roles in host defense against pneu-
monic and other invasive pathogens [11]. IL-17 is produced
by activated T cells that are positive for clusters of differen-
tiation 4 and 8 (CD4" and CD8" T cells), T cells, invariant
natural-killer T (iNKT) cells, type 3 innate lymphoid cells
(ILC3s), and mucosal-associated invariant T (MAIT) cells
[12, 13]. IL-6 favors T} 17 cell over regulatory T-cell (Treg)
differentiation [14] by promoting activation of transcription
3 (STAT3) [15]. IL-1b is another T, 17 cell-inducing cyto-
kine that suppresses IL-10 production [16, 17]. T;17 cell
responses are reported to be involved in the progression of
certain diseases, including autoimmune diseases [18],
chronic inflammatory diseases [19], and cancer [20]. How-
ever, the magnitude of these cytokines and their correlations
with the etiology of pneumonia during infancy have scarcely
been studied.

Neonates and infants display distinct differences in
immune cell phenotypes and functions compared with older
children and adults [21-23]. Currently, diagnosis of SCAP at
a very young age largely relies on clinical symptoms [24].
Although there were studies showing that cytokines corre-
lated to childhood pneumonia severity [25-27], most of
the studies were conducted from serum. Moreover, factors
associated with sCAP are rarely studied in patients age < 1
year. Herein, we report the clinical and etiological character-
istics of and cytokine profiles from blood and BAL taken
from 62 children age < 1 year. We also analyzed factors asso-
ciated with disease severity and the connection between
infectious pathogens and immune responses. This study
could provide insights into early prediction of severe pneu-
monia in infancy.

2. Methods

2.1. Ethics Statement. All of the procedures in this study
involving human participants were performed in accordance
with the ethical standards of the institutional and/or
national research committee, as well as with the 1964 Decla-
ration of Helsinki and its later amendments or with compa-
rable ethical standards. For the 62 children enrolled in the
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cytokine studies, we obtained signed written consent from
their parents or other legal guardians. This study was
approved by the Medical Ethics Committee of Guangzhou
Women and Children’s Medical Center (GWCMC; Guang-
zhou, China; Approval No. 2016111853).

2.2. Study Design and Cohort Assembly. From January 2017
to January 2020, we evaluated 743 patients age< 1 year
who were diagnosed with CAP at GWCMC. Exclusion cri-
teria were as follows: (1) known or suspected active tubercu-
losis, (2) severe concomitant disease (chronic pulmonary
disease, severe cardiovascular disease, neoplasia, or kidney
or liver disease), (3) primary immunodeficiency, (4)
acquired immunodeficiency syndrome (AIDS) and immu-
nosuppressive medications taken before admission, and (5)
lack of eligible data or of paired blood/bronchoalveolar-
lavage (BAL) samples. Cases were diagnosed as severe
according to the following criteria, as previously described
[24, 28]: (1) Major criteria: (a) invasive mechanical ventila-
tion; (b) fluid refractory shock; (c) acute need for noninva-
sive positive-pressure ventilation; and (d) hypoxemia
requiring fraction of inspired oxygen (FiO2) > inspired con-
centration or flow feasible in the general-care area. (2)
Minor criteria: (a) respiratory rate > World Health Organi-
zation (WHO) classification for the patient’s age; (b) apnea;
(c) increased work of breathing (e.g., retractions, dyspnea,
nasal flaring and grunting); (d) arterial-oxygen partial pres-
sure (Pa02)/FiO2 ratio < 250; (a) multilobar infiltrates; (e)
Pediatric Early Warning Score > 6; (f) altered mental status;
(g) hypotension; (h) presence of effusion; (i) comorbidities;
and (j) unexplained metabolic acidosis.

2.3. Clinical Data Collection. We retrieved information on
demographic characteristics, disease severity, and pathogens
from each patient’s electronic medical record (EMR). In the
group consisting of children age < 1 year, 21 cases were diag-
nosed with severe pneumonia, the rest (n = 41) with nonse-
vere pneumonia. From each patient, we collected blood,
induced sputum, and lung aspirate, in which we tested 18
common types of pathogens known to cause pneumonia
using standard laboratory tests: respiratory syncytial virus
(RSV), human adenovirus (HAdV), human parainfluenza
virus (HPIV), Rhinovirus (RHV), Cytomegalovirus (CMV),
influenza virus (IFV), human bokavirus (HBoV), human
metapneumovirus (HMPV), enterovirus (EV), Mycoplasma
pneumoniae (MP), Haemophilus influenzae (HI), Staphylo-
coccus aureus (SA), Streptococcus pneumoniae (SP), Pseudo-
monas aeruginosa (PA), Klebsiella pneumoniae (KP),
Moraxella catarrhalis (MC), Baumannii (BM), and Steno-
coccus maltophilia (SM).

2.4. Bronchoalveolar Lavage and Plasma Sample Collection.
We collected all plasma and BAL specimens during the
patient’s acute phase before corticosteroid treatment was
administered. All the collected BAL samples here were
SARS-CoV-2 negative. BAL samples were collected from
children with CAP via flexible fiberoptic bronchoscopy.
The surgery was performed in the Respiratory Department
of GWCMC, focusing on the most radiologically and/or
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TaBLE 1: Demographic and clinical characteristics of collected patients, median (interquartile range, 25%-75%).
Parameters All (n=62) Severe (n =21, 33.9%) Nonsevere (n =41, 66.1%) P value
Demographics
Age (month) 8 (5-10) 8 (5-10) 7.5 (5-10) 0.7666%
Sex (M), (%) 46 (74.2%) 15 (71.4%) 31 (75.6%) 0.7648*
Sign and symptoms
Fever, No. (%) 28 (45.2%) 16 (76.2%) 12 (29.3%) 0.0010°
Cough, No. (%) 57 (91.9%) 20 (95.2%) 37 (90.2%) 0.6541°
Wheezing, No. (%) 31 (50.0%) 18 (85.7%) 13 (31.7%) 0.0001*
Dyspnea, No. (%) 21 (33.9%) 17 (81.0%) 4 (9.8%) <0.0001*
Change in level of consciousness, No. (%) 8 (12.9%) 8 (38.1%) 0 (0.0%) <0.0001*
Digestive symptoms, No. (%) 10 (16.1%) 7 (33.3%) 3 (7.3%) 0.0236"
Laboratory findings*
Leukocytes (x 10°/1; normal range 5-12) 10.7 (8.4-14.3) 9.6 (7.5-14.9) 11.2 (9.4-13.6) 0.4525%
Neutrophils (x 10°/1; normal range 2.0-7.2) 3.6 (2.3-6.1) 5.4 (3.5-7.9) 3.1 (2.0-4.6) 0.0347%
Hemoglobin (g/l; normal range 105-145) 113 (103-123) 101 (92-110) 118 (107-125) <0.0001*
Platelets (x 10°/1; normal range 140-440) 390 (310-463) 335 (279-419.5) 403 (318-503) 0.0261*
ALT (U/L; normal range 9-50) 22 (18.5-35) 21.5 (19-33.5) 27 (13-49) 0.6401°
LDH (U/l; normal range 159-322) 359 (316-501) 369.5 (336-674.5) 309 (293-356) 0.0224
PCT (ng/ml; normal range <0.1) 0.10 (0.05-0.22) 0.21 (0.04-1.33) 0.09 (0.04-0.18) 0.2106*
CRP (mg/l; normal range 0.0-6.0) 14.2 (1.3-36.1) 15.7 (1.7-36.2) 4.9 (1.8-344) 0.6344%
Etiology
Single virus 19 (30.6%) 7 (33.3%) 12 (28.6%) 0.7767°
Single bacteria 13 (21.0%) 1 (4.8%) 12 (28.6%) 0.0445°
Mixed bacteria-virus 12 (19.4%) 9 (42.8%) 3 (7.1%) 0.0016°
Others/undetected 18 (29.0%) 4 (19.0%) 16 (38.1%) 0.1541°
Treatment
Antibiotics, No. (%) 35 (56.5%) 17 (81.0%) 18 (43.9%) 0.0069°
Systemic corticosteroid, No. (%) 6 (9.7%) 6 (28.6%) 0 (0.0%) 0.0009°
Outcome
Length of stay (days) 9 (4-39) 11 (8.5-18) 8 (6-10) < 0.0001°
Mortality, No. (%) 0 (0.0%) 0 (0.0%) 0 (0.0%) >0.9999"

2P value calculated by Mann-Whitney test. °P value calculated by chi-square test. “The data of laboratory findings were collected from patients with acute

exacerbation.

endoscopically affected areas. We injected warm sterile
saline (2-3 ml/kg body weight) into each affected site and
recovered it via aspiration into a suction trap as a BAL sam-
ple. Plasma samples were collected from remaining venous
blood after clinical examinations. Both types of samples were
processed concomitantly and stored in 4°C for subsequent
cytokine assays.

2.5. Cytokine Assays. We used a Bio-Plex Pro Human Cyto-
kine Standard 27-Plex magnetic-bead-based multiplex
immunoassay with a Group I-kit on a Luminex Bio-Plex
200 system (all from BioRad Laboratories, Hercules, CA,
USA) per manufacturer’s instructions in order to assay
cytokines in plasma and BAL samples. The kit included the
following cytokines: IL-1p; IL-1RA; IL-2; IL-4; IL-5; IL-6;
IL-7; IL-8; IL-9; IL-10; IL-12 (p70); IL-13; IL-15; IL-17A;
basic fibroblast growth factor (bFGF); eotaxin; granulocyte
colony-stimulating factor (G-CSF); granulocyte-macrophage
colony-stimulating factor (GM-CSF); interferon gamma

(IFN-y); interferon gamma inducible protein 10 kD (IP-10);
monocyte chemoattractant protein 1 (MCP-1); macrophage
inflammatory proteins la and 15 (MIP-1a, MIP-1J3); regu-
lated on activation, normal T cell expressed, and secreted
(RANTES); tumor necrosis factor alpha (TNF-a); platelet-
derived growth factor with two B subunits (PDGF-BB); and
vascular endothelial growth factor (VEGEF). If results were
under the limits of detection, we used the lowest detection
threshold for statistical analysis.

2.6. Statistics. All of the data were analyzed using GraphPad
Prism version 7.0 (GraphPad Software, Inc., San Diego, CA,
USA) or SPSS version 25 (IBM Corp., Armonk, NY, USA).
We calculated P values using the Wilcoxon matched-pair
signed-rank test for paired samples, the Mann-Whitney U
test for unpaired samples, and Kruskal-Wallis test for mul-
tiple comparison. Correlations were determined using
Spearman’s linear regression. P values for contingency were
determined by Fisher’s exact test. Receiver operating
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Patients aged under one with CAP

(n=743)

from january 2017 and january 2020

» Patients without eligible data (n = 26)

Patients with eligible data (n = 717)

Patients with exclusion criteria (n = 98):

—Severe concomitant disease (n = 32)

v

—Corticosteroid treatment before
admission (n = 66)

(n=1619)

Patients without exclusion criteria

Patients without the indication of

v

bronchoscope (n = 445)

Patients met with indication of
bronchoscope (n = 174)

—Patients without BAL because of their
parents or guardians’ disagree (n = 32)
—Patients were intolerance of

y

v

bronchoscope (n = 11)
—Patients without paired blood or BAL

Patients included (n = 62)

samples (n = 69)

v

Severe
n=21

Non-severe
n=41

FiGure 1: Flow chart and inclusion criteria of the study design.

characteristic (ROC) curves were constructed in SPSS to
evaluate the diagnostic accuracy of differences in cytokine
levels between sCAP and nonsevere CAP (nsCAP).

3. Results

3.1. Clinical Characteristics of Studied Cohort. Patients’ base-
line demographic and clinical characteristics and compari-
sons between subgroups (sCAP vs. nsCAP) are presented
in Table 1 and Figure 1. Overall, median (interquartile range
(IQR)) age was 8 (range, 5-10) months. Forty-six (74.2%)
patients were male. Signs and symptoms included fever
(45.2%), cough (91.9%), wheezing (50.0%), dyspnea
(33.9%), change in level of consciousness (12.9%), and diges-
tive symptoms (16.1%). Single-viral, bacterial, and mixed
bacterial-viral infections were detected in plasma and BAL
from, respectively, 19 (30.6%), 13 (21.0%), and 12 (19.4%)
of the total 62 cases. Antibiotics and systemic corticosteroids
were administered in 35 (56.5%) and 6 (9.7%) cases during

whole medication, respectively. Median length of hospital
stay was 9 (range, 4-39) days.

Twenty-one (33.9%) patients were diagnosed with sCAP.
Patients in the severe (S) group presented with significantly
more fever, wheezing, dyspnea, loss of consciousness, and
digestive symptoms (P < 0.05) than those in the nonsevere
(NS) group (Table 1). Moreover, compared with the NS
group, the S group had significantly decreased levels of blood
hemoglobin (Hb; S vs. NS, 101 (range, 92-110) vs. 118
(range, 107-125) x 10°/1; P < 0.0001) and platelet counts (S
vs. NS, 335 (range, 279-419.5) vs. 403 (range, 318-503) x
10°/1; P=0.0261) and elevated levels of lactate dehydroge-
nase (LDH; S vs. NS, 369.5 (range, 336-647.5) vs. 309
(range, 293-356) U/l; P =0.0224). Notably, a significantly
higher percentage of patients in the NS group had single-
bacterial infections (S vs. NS, 4.8% vs. 28.6%; P =0.0445).
In contrast, patients in the S group had significantly more
mixed bacterial-viral infections (S vs. NS, 42.8% vs. 7.1%; P
=0.0016). Children in the S group had longer hospital stays
and were more likely to be administered antibiotics and
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FiGure 2: Inflammatory cytokine levels in plasma and BAL from children age < 1 year (plasma, n = 62; BAL, n = 62). Cytokine levels are
presented as box plots outlined with kernel probability density. Medians and quartiles are indicated with whiskers reaching up to 1.5x
IQR. The width of the colored area represents the proportion of data (green, plasma; red, BAL). Levels of plasma and BAL cytokines
were compared in pairs using the Wilcoxon test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

corticosteroids (P < 0.05). 31 patients, including all severe
patients, were given antibiotics 1 or 2 days before flexible
fiberoptic bronchoscopy. Patients who had received antibi-
otic treatments had significantly higher cytokine profile than
those who did not receive antibiotics (data not showed). No
mortalities were reported in this cohort.

3.2. Inflammatory Cytokines Were Significantly Elevated in
BAL. We compared levels of 27 inflammatory cytokines
between paired BAL and plasma samples. Sixteen cytokines
were statistically significantly upregulated in BAL versus
plasma (Figure 2). Median concentrations of IL-1f, IL-6,
and IL-17 (T}, 17 cell polarization); IL-9 and IL-15 (T-cell
differentiation); G-CSF (myeloid-cell stimulation); IL-1RA
(immunosuppression); and IL-8 (chemokines) were signifi-
cantly increased in BAL, by > 2 logs of fold change (logFC;
Figures 2 and 3(a)). Conversely, levels of IFN-g (T,1 cell

polarization), IL-4 (T,2 cell polarization), PDGF-BB (tissue
repair), eotaxin and RANTES (chemokines), and TNF-«
(myeloid-cell stimulation) were significantly downregulated
in BAL (by > 2 logFC; Figures 2 and 3(a)).

3.3. T,,17 Cell-Related Cytokines Were Significantly Elevated
in the Severe Group. When comparing cytokine levels in
plasma samples between the S and the NS groups, we found
that three cytokines—IL-1RA (immunosuppression), IL-5
(Ty2 cell polarization), and IL-12 (T, 1 cell polarization;
Figures 3(b) and 4) were significantly upregulated (by 2
logFC). Conversely, 10 cytokines—IL-1, IL-6, and IL-17
(T},17 cell polarization); MIP-1a, MIP-13, and IL-8 (chemo-
kines); PDGF-BB and bFGF (tissue repair); and 1L-9 (T-cell
survival)—in BAL were significantly elevated (by 2 logFC;
Figures 3(c) and 4).
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3.4. T,17-Related Cytokines Were Associated with Blood
Neutrophil Count, Hemoglobin Level, and Mixed Bacterial-
Viral Infections. We further investigated the association
between T 17 cell cytokines and the clinical parameters of
the cohort. Strong intercorrelations were found between
concentrations of IL-1b and those of IL-17, IL-6, and IL-17
in BAL. Moreover, BAL IL-1b, IL-6, and IL-17 were corre-
lated positively with blood neutrophil count and negatively
with Hb (Figures 5(a) and 5(b)). No correlation was found
between plasma Ty 17 cell-related cytokines and patients’
clinical parameters.

To explore the correlation between infectious etiology
and cytokine responses, we examined the associations
between the cytokine profiles of CAP patients and viral or
bacterial infections. IL-1 was significantly upregulated in
BAL from children with mixed bacterial-viral infections
compared with those infected by either bacterial or viral

pathogens alone (Figure 6(a)). It should be noted that 11
out of 12 patients with mixed bacterial-viral infections were
infected with adenovirus. In addition, BAL IL-6 and IL-17
also trended toward upregulation in patients with mixed
bacterial-viral infections (Figure 6(a)). We observed no
changes in T} 17 cell-related cytokine levels in BAL between
single-viral and single-bacterial infections. No alterations in
serum cytokine levels were associated with mixed bacterial-
viral infections (data not shown).

We further investigated the correlations between T, 17
cell-related cytokines and individual pathogens. As shown
in Table S1, patients in the severe group had significantly
higher percentages of respiratory syncytial virus (RSV),
human adenovirus (HAdV), Pseudomonas aeruginosa
(PA), and Baumanii (BM) infections. Patients with HAdV
infections were positively correlated with all three T, 17
cell-related cytokines. Moreover, for RSV and BM



Mediators of Inflammation

Thl
N.S.
64 - S e e, 1024 - s
= 16 1 B 6d 1 . 2 NS. .
Eoaqm b2 4] RS P g
2 14 tos 14 O Py, P
[N ‘S, - iy 1177
G025l —p & & 0254, = Z. +
~0.06 A o 0064+ A =003 1 |
Th17
1024 - . 1024 - e 256 - -
) i ~ T8 3 64 s
32 s g 32 A sk sk b3
= £ o = 16 4 £E*
é‘e 2 T 2 3 v g 447 1 +
a 14tk s 14l E = | %
d - d + —‘ ' d 11 3 -
0.03 {ALL 0.03 {4k 0.25 -
Tissue repair NS
_ 32768 4 X 64 —S' o 1024 - =
g . . _*k E 6l | " r__é\ 256 - N_S "
B 102444 4 ;B 1A E T las [ ]
= a s 5 2 & =N
S R{TTIA 3 4 A oL leqwi g C
T = < < .
125} L - . /M Q 4 ¥
Q t T 1 ar v { ';1 7 |
S F ! 1{
Chemokines
220 - 1024 4 _* s 1024 - ks
ok o . 1 =
= 15 T g =2 256 v E
g 10 & E‘f 2 -f'—' 3 §° 64 4 N_S E’f
R | o Y PlEs S
= 25_:* E 14 5 16-%_; % :
— o
= o & 5 44 =
2R B 0.03 L= i =
Immunosuppress
N.S.
32768 - — 64w XS
= & ~ 164, |1
g P R s i
S 1024~ %Y E gL E]L
o M Yo} 1 -~
& 2 litis
E n iR = () =
| 'Y —
=] = = 0.06 {m==.
1 4

Non-severe plasma

B Non-severe BAL

7
Th2
o7 64 1 RS- s
NS. . 64 |
= 47 — = 16w =
g i -1 1 E 4 ? | | g 16
fé‘i l-i.s.‘ii.? 1_‘ _;'_fée L
-+ b | i I imf] « 1] g -
S 025 T 2 025 o LT
- I\ 2 0254 _‘-.
0.06 - . 0.06 {==— PR PN |
T cell growth
641 ki 1024 N.S.
~ 164 . ~ 2561 .
= Ekk = [
LT R E o owq, BE
g 2 s T2
= S G EN 0 4
Ay 0.25 4 it =
= . — = 1 |
0.06 -
= 025 === -
MoDC growth
Hk
32768 - NS, 1024 e 1024 - -
g VE L llgre e LIl
= 1024 4 o Bh 32 kS| 3 .
= BT 2 & LI FY
% - ¢ = 3 1 i :
G R24_LE ; 14 L [
“ i © oL T oo03d”
14— 0.03 ===
32768 - ey 29 NS e B g
—é = 215 i : o E -!-
2 1024 s 4 %o 510 _i‘r "j" g.‘j 1024 -? tAA
= okt & v Y :
= Pl s g
T oniteaT = 2 TS :
E : & 20 1 §
1- 275 - : 14

Severe plasma

Severe BAL

FiGureg 4: Inflammatory-cytokine levels in plasma and BAL from children < 1 year, grouped by disease severity (S, n=21; NS, n=41).
Cytokine levels are presented as box plots outlined with kernel probability density. Medians and quartiles are indicated with whiskers
reaching up to 1.5x IQR. The width of the colored area represents the proportion of data (grey, NS plasma; purple, S plasma; blue, NS
BAL; red, S BAL). P values were calculated using the Mann-Whitney U test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

infections, at least one T,17 cell-related cytokine was
elevated.

3.5. T,17 Cell-Related Cytokines Could Be Potential
Predictors of sCAP. To evaluate the diagnostic value of these
cytokines for CAP severity, we performed standard receiver
operating characteristic (ROC) curve analyses. BAL IL-1p
(area under the curve (AUC) 0.820), BAL IL-17 (AUC
0.779), and plasma IL-6 (AUC 0.778) had good predictive
value for sCAP. BAL IL-1f3 was the best analyte by which
to discriminate between sCAP and nsCAP in children
(Figure 6(b)). The optimal cut-oft points for these cytokines
were as follows: BAL IL-183, > 5.355pg/ml; BAL IL-17, >
2.52 pg/ml; and plasma IL-6, > 0.266 pg/ml. Combinations
of cytokines from BAL or plasma also had good predictive
effect for sSCAP but were not better than individual cytokines
(Fig. S1, Table 2).

4. Discussion

In this study, we investigated clinical characteristics of and
inflammatory cytokines in plasma and BALs from a cohort
of 62 pneumonia patients age < 1 year. We found that levels
of multiple inflammatory cytokines, including T,17 cell-
related cytokines (IL-1b, IL-6, and IL-17), were significantly
elevated in BAL versus plasma. Moreover, concentrations of
T, 17 cell-related cytokines in BAL were even more signifi-
cantly upregulated, by > 2-logs, in the S group versus the
NS group. T, 17 cell-related cytokines were intercorrelated,
positively correlated with blood neutrophil count, and nega-
tively correlated with Hb levels. Furthermore, elevated T, 17
cell response was associated with mixed bacterial-viral infec-
tions. In addition, we demonstrated that T} 17 cell-related
cytokines from both plasma and BAL served as good predic-
tors of SCAP in patients age < 1 year.
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T,,17 cell responses to pneumonia have been extensively
studied in a mouse model [29] as well as in humans [30].
Herein, we are the first to describe T, 17 cell involvement
as a major feature of SCAP in very young patients. The role
of IL-17 in the pathogenesis of pneumonia remains contro-
versial. Although it is important in host defense against
infections [29], it has been identified as pathological in both
acute and chronic pulmonary inflammation [31, 32]. When
IL-17 binds to its receptor IL-17R, which is mainly expressed
on epithelial cells (ECs), endothelial cells, fibroblasts, macro-
phages, and dendritic cells (DCs), downstream nuclear factor
k-light-chain-enhancer of activated B cells (NF-«B) signaling
is activated, inducing production of G-CSF and IL-8 by mac-
rophages and ECs, which subsequently promotes neutrophil
infiltration [33-35]. Consistent with these findings, we showed
that T} 17 cell-related cytokines were positively correlated with
blood neutrophil count. Although we did not directly
investigate the correlation between IL-17 and pulmonary neu-
trophils, the increase in blood neutrophil counts and percent-
ages implied that neutrophils had migrated from bone
marrow to the site of inflammation. This correlation suggested
that pulmonary T, 17 cell-related cytokines could promote
lung inflammation by excessive neutrophil recruitment. Our
previous study showed that pulmonary IL-17 was mainly pro-
duced by CD4" T (T,,17) and MAIT (MAIT17) cells in the
lungs of CAP patients [36]; those cells were locally induced
by the inflammatory pulmonary environment to produce IL-
17. Blockade of IL-1/3 and IL-6 partially attenuated IL-17 pro-
duction, suggesting that IL-1f and IL-6 supported the differ-
entiation of T} 17 and MAIT17 cells. In accordance with our
previous study, we found that the level of BAL IL-17 was pos-
itively correlated with IL-1 and IL-6 and that the correlation
was highly significant. Taking these findings as a whole, we
reasoned that pulmonary IL-17 was produced due to the
induction of local inflammatory cytokines (IL-1/3 and IL-6).

Bacterial infections are reported to be associated with
CAP severity in children [37, 38]. However, these studies

do not illustrate the effects of mixed infections on disease
severity in pediatric CAP. In this study, we showed that chil-
dren age < 1 year with sCAP had a significantly increased
proportion of mixed bacterial-viral infections. This was con-
sistent with previous studies in adult CAP patients showing
that mixed bacterial-viral infections were related to disease
severity, mortality, and complicated course [39-41]. Nota-
bly, 11 out of 12 patients with mixed bacterial-viral infec-
tions were human adenovirus positive. Similar to the
previous findings that adenovirus coinfections aggravated
mycoplasma pneumonia severity [42], our results suggested
that adenovirus-bacterial coinfections aggravated pneumo-
nia severity of children under year 1. Viral and bacterial
pathogens can both elicit host T,17 cell response. For
instance, T} 17 cell effector cytokines (IL-1f, IL-17A, and
IL-22) are upregulated in the plasma of patients with
laboratory-confirmed A (H3N2) influenza and/or HPIV
infections [43]. In a retrospective multiple-center study that
enrolled 267 laboratory-confirmed coronavirus disease 2019
(COVID-19) cases, most patients had high plasma concen-
trations of IL-6 and IL-17A [44]. Infection with SP, a major
bacterial cause of CAP, promoted pulmonary IL-17 pro-
duction in a murine model [11]. Herein, we showed that
BAL T, 17 cell-related cytokines, especially IL-13, were fur-
ther upregulated in patients with mixed bacterial-viral
infections than in those with single-type infections. We
did not find a correlation between plasma cytokine levels
and pathogen species. This supported the theory that the
immune response in the lung, but not the systemic
immune response, was more likely influenced by the types
of invading pathogens.

In our study, 33.9% of hospitalized patients developed
sCAP; these patients had higher neutrophil counts and
LDH levels and lower Hb levels and platelet counts. How-
ever, levels of C-reactive protein (CRP) and procalcitonin
(PCT), which have long been used as inflammatory indica-
tors in disease diagnosis, did not differ significantly between
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FiGUure 6: T, 17 cell-associated cytokines were elevated in mixed bacterial-viral infections and were good predictors for sCAP. (a)
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TaBLE 2: Diagnostic power of cytokine thresholds at best performance.

Predictors Cut-point (pg/ml) Sensitivity (%) Specificity (%) AUC (95% CI)

BAL IL—IIB 5.355 95.2% 73.2% 0.820 (0.706-0.934)
BAL IL-6 4.345 71.4% 82.9% 0.771 (0.638-0.905)
BAL IL-17 2.52 90.5% 61.0% 0.779 (0.662-0.896)
BAL IL-1B+ IL-6+ IL-17 0.227 85.7% 58.5% 0.781 (0.662-0.899)
Plasma IL-1f3 0.312 47.6% 90.2% 0.678 (0.555-0.800)
Plasma IL-6 0.266 76.2% 85.4% 0.778 (0.661-0.895)
Plasma IL-17 0.312 57.1% 85.4% 0.704 (0.581-0.828)
Plasma IL-l,B+ IL-6+ IL-17 0.246 71.4% 82.9% 0.747 (0.613-0.881)

the S and the NS groups. In the search for potential bio-  nsCAP. Since plasma is easier to obtain than BAL, plasma
markers for the prediction of sCAP, we found that BAL  IL-6 is the best indicator of the three. IL-6 is considered as
IL-1 (AUC 0.820), BAL IL-17 (AUC 0.779), and plasma a biomarker associated with pneumonia diagnosis and with
IL-6 (AUC 0.778) could efficiently discriminate sCAP from bacterial infection and outcome in adult and pediatric CAP
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patients [45, 46]. In this study, we proved that it is also an
effective biomarker in infant patients.

There were two major limitations of our study. First, the
small sample size of this cohort restricted our power to
include all types of clinical infections, especially mixed types.
Future work must focus on investigating the detailed varia-
tions of cytokine profiles in pneumonia caused by different
infection types. Second, because we could not obtain plasma
and BAL samples from healthy children age <1 year, this
study lacked a healthy control group. Nevertheless, we
gained solid conclusions that can help clinicians distinguish
between sCAP and nsCAP features in this age group.

Overall, we demonstrated that increased local T} 17 cell
immunity played an indispensable role in the development
of sCAP. It was not only associated with disease severity
and clinical parameters but also linked with mixed
bacterial-viral infections. This study will expand current
knowledge of sCAP in children < 1 year, which could assist
in establishing age-specific management of and therapy
for CAP.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

All authors report no conflicts of interest.

Authors’ Contributions

GL and HL conceived and supervised the project. GL, HF,
DY, PW, and XG (Xiaogiong Gu) provided patient care
and clinical assessments. DC, YL, and XG (Xiaoqiong Gu)
assisted with cohort recruitment and assembly. BL, ML,
XG (Xuanjie Guo), YL, and YX performed the experiments.
Data analysis of medical records was performed by BL, ML,
SD, and TD. ML and BL wrote the manuscript, with signif-
icant input from GL, BL, ML, HL, and HF. All of the authors
discussed and approved the manuscript. Ming Liu, Bingtai
Lu, and Huifeng Fan contributed equally. Ming Liu, Bingtai
Lu and Huifeng Fan are co-first authors.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (NSFC; Nos. 82001676 and 91842304
to BL and 82000007 to ML), the Guangzhou Basic Research
Projects from Guangzhou Municipal Science and Technol-
ogy Bureau (No. 202002030061 to GL), the Guangzhou basic
and applied basic research fund for Young Ph.D. scientists
(No. 202102020194 to ML), and the GWCMC Postdoc Fund
(Nos. 5001-3001061 to ML and 5001-3001060 to BL). We
acknowledge the children, their guardians, and the nurses
who cared for them and made this work possible.

11

Supplementary Materials

Supplementary 1. Figure S1: receiver operating characteristic
curves for combinations of plasma and BAL IL-1, IL-6, and
IL-17 in order to discriminate sCAP from nsCAP. ROC
curves for combination of IL-1f, IL-6, and IL-17 in plasma
(left panel) or BAL (right panel) for discriminating sCAP
from nsCAP.
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1b, IL-6, and IL-17) and individual pathogens.

References

[1] H. Nair, E. A. Simdes, I. Rudan et al., “Global and regional bur-
den of hospital admissions for severe acute lower respiratory
infections in young children in 2010: a systematic analysis,”
Lancet, vol. 381, no. 9875, pp. 1380-1390, 2013.

[2] I. Rudan, C. Boschi-Pinto, Z. Biloglav, K. Mulholland, and
H. Campbell, “Epidemiology and etiology of childhood pneu-
monia,” Bulletin of the World Health Organization, vol. 86,
no. 5, pp. 408-416, 2008.

[3] T.Shi, D. McAllister, K. L. O'Brien et al., “Global, regional, and
national disease burden estimates of acute lower respiratory
infections due to respiratory syncytial virus in young children
in 2015: a systematic review and modelling study,” Lancet,
vol. 390, no. 10098, pp. 946-958, 2017.

[4] Y.Li, X. Fu,]. Maetal,, “Altered respiratory virome and serum
cytokine profile associated with recurrent respiratory tract
infections in children,” Nature Communications, vol. 10,
no. 1, p. 2288, 2019.

[5] M. G. Seneff, J. E. Zimmerman, W. A. Knaus, D. P. Wagner,
and E. A. Draper, “Predicting the Duration of Mechanical
Ventilation: The Importance of Disease and Patient Character-
istics,” Chest, vol. 110, no. 2, pp. 469-479, 1996.

[6] K. Edmond, S. Scott, V. Korczak et al., “Long term sequelae
from childhood pneumonia; systematic review and meta-anal-
ysis,” PLoS One, vol. 7, no. 2, article 31239, 2012.

[7] 1. D. Johnston, D. P. Strachan, and H. R. Anderson, “Effect of
pneumonia and whooping cough in childhood on adult lung
function,” New England Journal of Medicine, vol. 338, no. 9,
pp. 581-587, 1998.

[8] Census, UBot, Statistical abstract of the United States, U.G.P.
Office, Washington, DC, 127th ed. edition, 2008.

[9] on behalf of the Clinical Information Network Author Group,
T. Tuti, A. Agweyu, P. Mwaniki, N. Peek, and M. English, “An
exploration of mortality risk factors in non-severe pneumonia
in children using clinical data from Kenya,” BMC Medicine,
vol. 15, no. 1, p. 201, 2017.

[10] D. M. Gray, L. Turkovic, L. Willemse et al., “Lung function in
African infants in the Drakenstein Child Health Study. Impact
of lower respiratory tract illness,” American Journal of Respira-
tory and Critical Care Medicine, vol. 195, no. 2, pp. 212-220,
2017.

[11] N. D. Ritchie, R. Ritchie, H. K. Bayes, T. J. Mitchell, and T. J.
Evans, “IL-17 can be protective or deleterious in murine pneu-
mococcal pneumonia,” PLoS Pathogens, vol. 14, no. 5, article
1007099, 2018.

[12] S.]J. Gurczynski and B. B. Moore, “IL-17 in the lung: the good,
the bad, and the ugly,” American Journal of Physiology-Lung


https://downloads.hindawi.com/journals/mi/2021/9955168.f1.pdf
https://downloads.hindawi.com/journals/mi/2021/9955168.f2.docx

12

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

Cellular and Molecular Physiology, vol. 314, no. 1, pp. L6-L16,
2018.

M. Dusseaux, E. Martin, N. Serriari et al., “Human MAIT cells
are xenobiotic-resistant, tissue-targeted, CD161hi IL-17-
secreting T cells,” Blood, vol. 117, no. 4, pp. 1250-1259, 2011.

A. Kimura and T. Kishimoto, “IL-6: regulator of Treg/Th17
balance,” European Journal of Immunology, vol. 40, no. 7,
pp. 1830-1835, 2010.

V. de Simone, E. Franz¢, G. Ronchetti et al., “Th17-type cyto-
kines, IL-6 and TNF-« synergistically activate STAT3 and NF-
kB to promote colorectal cancer cell growth,” Oncogene,
vol. 34, no. 27, pp. 3493-3503, 2015.

S. Revu, J. Wu, M. Henkel et al,, “IL-23 and IL-1f3 Drive
Human Th17 Cell Differentiation and Metabolic Reprogram-
ming in Absence of CD28 Costimulation,” Cell Reports,
vol. 22, no. 10, pp. 2642-2653, 2018.

C. E. Zielinski, F. Mele, D. Aschenbrenner et al., “Pathogen-
induced human T};17 cells produce IFN-y or IL-10 and are
regulated by IL-18,” Nature, vol. 484, no. 7395, pp. 514-518,
2012.

C. E. Sutton, S. J. Lalor, C. M. Sweeney, C. F. Brereton, E. C.
Lavelle, and K. H. G. Mills, “Interleukin-1 and IL-23 Induce
Innate IL-17 Production from pd T Cells, Amplifying Th17
Responses and Autoimmunity,” Immunity, vol. 31, no. 2,
pp. 331-341, 2009.

J. M. Larsen, “The immune response to Prevotella bacteria in
chronic inflammatory disease,” Immunology, vol. 151, no. 4,
pp. 363-374, 2017.

J. Deng, X. Q. Yu, and P. H. Wang, “Inflammasome activation
and Thl17 responses,” Molecular Immunology, vol. 107,
pp. 142-164, 2019.

R. Valiathan, M. Ashman, and D. Asthana, “Effects of ageing
on the immune system: infants to elderly,” Scandinavian Jour-
nal of Immunology, vol. 83, no. 4, pp. 255-266, 2016.

A. Razavi, N. Bagheri, F. Azadegan-Dehkordi et al., “Compar-
ative immune response in children and adults with H. pylori
infection,” Journal of Immunology Research, vol. 2015, Article
ID 315957, 6 pages, 2015.

C. Ma, J. Y. Park, E. A. Montgomery et al., “A comparative
clinicopathologic study of collagenous gastritis in children
and Adults,” The American Journal of Surgical Pathology,
vol. 39, no. 6, pp. 802-812, 2015.

J. S. Bradley, C. L. Byington, S. S. Shah et al., “The management
of community-acquired pneumonia in infants and children
older than 3 months of age: clinical practice guidelines by the
Pediatric Infectious Diseases Society and the Infectious Dis-
eases Society of America,” Clin Infect Dis, vol. 53, no. 7,
pp. €25-e76, 2011.

S. Saghafian-Hedengren, J. L. Mathew, E. Hagel et al., “Assess-
ment of cytokine and chemokine signatures as potential bio-
markers of childhood community-acquired pneumonia
Severity,” The Pediatric Infectious Disease Journal, vol. 36,
no. 1, pp. 102-108, 2017.

J. Haugen, R. K. Chandyo, K. A. Brokstad et al., “Cytokine con-
centrations in plasma from children with severe and non-
severe community acquired pneumonia,” PLoS One, vol. 10,
no. 9, article e0138978, 2015.

I. C. Michelow, K. Katz, G. H. McCracken, and R. D. Hardy,
“Systemic cytokine profile in children with community-
acquired pneumonia,” Pediatric Pulmonology, vol. 42, no. 7,
pp. 640-645, 2007.

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

[42]

(43]

(44]

Mediators of Inflammation

H. Fan, B. Ly, C. Cao et al., “Plasma TNESF13B and TNFSF14
function as inflammatory indicators of severe adenovirus
pneumonia in pediatric patients,” Frontiers in Immunology,
vol. 11, 2021.

Y. J. Lu, J. Gross, D. Bogaert et al., “Interleukin-17A mediates
acquired immunity to pneumococcal colonization,” PLoS
Pathogens, vol. 4, no. 9, article 1000159, 2008.

M. S. Paats, I. M. Bergen, W. E. ]. ]. Hanselaar et al., “T helper
17 cells are involved in the local and systemic inflammatory
response in community-acquired pneumonia,” Thorax,
vol. 68, no. 5, pp. 468-474, 2013.

D. Hsu, P. Taylor, D. Fletcher et al., “Interleukin-17 patho-
physiology and therapeutic intervention in cystic fibrosis lung
infection and inflammation,” Infection and Immunity, vol. 84,
no. 9, pp. 2410-2421, 2016.

Q. Li, Y. Gu, Q. Tu, K. Wang, X. Gu, and T. Ren, “Blockade of
interleukin-17 restrains the development of acute lung injury,”
Scandinavian Journal of Immunology, vol. 83, no. 3, pp. 203-
211, 2016.

J. K. Kolls and A. Linden, “Interleukin-17 family members
and inflammation,” Immunity, vol. 21, no. 4, pp. 467-476,
2004.

P. Miossec and J. K. Kolls, “Targeting IL-17 and Ty;17 cells in
chronic inflammation,” Nature Reviews Drug Discovery,
vol. 11, no. 10, pp. 763-776, 2012.

S. L. Gaffen, “Structure and signalling in the IL-17 receptor
family,” Nature Reviews Immunology, vol. 9, no. 8, pp. 556—
567, 2009.

B. Lu, M. Liu, J. Wang et al,, “IL-17 production by tissue-
resident MAIT cells is locally induced in children with pneu-
monia,” Mucosal Immunology, vol. 13, no. 5, pp. 824-835,
2020.

Z. Gilani, Y. D. Kwong, O. S. Levine et al., “A literature review
and survey of childhood pneumonia etiology studies: 2000-
2010, Clinical Infectious Diseases, vol. 54, suppl 2,
pp. $102-5108, 2012.

I. Rudan, K. L. O'Brien, H. Nair et al., “Epidemiology and eti-
ology of childhood pneumonia in 2010: estimates of incidence,
severe morbidity, mortality, underlying risk factors and causa-
tive pathogens for 192 countries,” Journal of Global Health,
vol. 3, no. 1, article 010401, 2013.

L. C. Jennings, T. P. Anderson, K. A. Beynon et al., “Incidence
and characteristics of viral community-acquired pneumonia in
adults,” Thorax, vol. 63, no. 1, pp. 42-48, 2008.

C. Cilloniz, S. Ewig, E. Polverino et al., “Microbial aetiology of
community-acquired pneumonia and its relation to severity,”
Thorax, vol. 66, no. 4, pp. 340-346, 2011.

G. Voiriot, B. Visseaux, J. Cohen et al., “Viral-bacterial coin-
fection affects the presentation and alters the prognosis of
severe community-acquired pneumonia,” Critical Care,
vol. 20, no. 1, p. 375, 2016.

J. Gao, L. Xu, B. Xu, Z. Xie, and K. Shen, “Human adenovirus
coinfection aggravates the severity of Mycoplasma pneumo-
niae pneumonia in children,” BMC Infectious Diseases,
vol. 20, no. 1, p. 420, 2020.

E. Antalis, A. Spathis, C. Kottaridi et al., “Th17 serum cyto-
kines in relation to laboratory-confirmed respiratory viral
infection: a pilot study,” Journal of Medical Virology, vol. 91,
no. 6, pp. 963-971, 2019.

D. Qi, X. Yan, X. Tang et al., “Epidemiological and clinical fea-
tures of 2019-nCoV acute respiratory disease cases in



Mediators of Inflammation

Chongqing municipality, China: a retrospective, descriptive,
multiple-center study,” Medrxiv, 2020.

[45] D. Wussler, N. Kozhuharov, M. Tavares Oliveira et al., “Clin-
ical utility of procalcitonin in the diagnosis of pneumonia,”
Clinical Chemistry, vol. 65, no. 12, pp. 1532-1542, 2019.

[46] A.G. Vasconcellos, J. Claréncio, D. Andrade, M. R. A. Cardoso,
A. Barral, and C. M. Nascimento-Carvalho, “Systemic cytokines
and chemokines on admission of children hospitalized with
community-acquired pneumonia,” Cytokine, vol. 107, pp. 1-8,
2018.

13



	Heightened Local Th17 Cell Inflammation Is Associated with Severe Community-Acquired Pneumonia in Children under the Age of 1 Year
	1. Introduction
	2. Methods
	2.1. Ethics Statement
	2.2. Study Design and Cohort Assembly
	2.3. Clinical Data Collection
	2.4. Bronchoalveolar Lavage and Plasma Sample Collection
	2.5. Cytokine Assays
	2.6. Statistics

	3. Results
	3.1. Clinical Characteristics of Studied Cohort
	3.2. Inflammatory Cytokines Were Significantly Elevated in BAL
	3.3. Th17 Cell-Related Cytokines Were Significantly Elevated in the Severe Group
	3.4. Th17-Related Cytokines Were Associated with Blood Neutrophil Count, Hemoglobin Level, and Mixed Bacterial-Viral Infections
	3.5. Th17 Cell-Related Cytokines Could Be Potential Predictors of sCAP

	4. Discussion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

