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Abstract

Background

Acute chest syndrome (ACS) is an acute complication in SCD but its effects on lung function
are not well understood. Inflammation is a key component of SCD pathophysiology but with
an unclear association with lung function. We hypothesized that children with ACS had
worse lung function than children without ACS and aimed to investigate the association of
lung function deficits with inflammatory cytokines.

Methods

Patients enrolled in a previous 2-year randomized clinical trial who had consented to future
data use, were enrolled for the present exploratory study. Patients were categorized into
ACS and non-ACS groups. Demographic and clinical information were collected. Serum
samples were used for quantification of serum cytokines and leukotriene B4 levels and pul-
monary function tests (PFTs) were assessed.

Results

Children with ACS had lower total lung capacity (TLC) at baseline and at 2 years, with a sig-
nificant decline in forced expiratory volume in 1 sec (FEV1) and mid-maximal expiratory flow
rate (FEF25-75%) in the 2 year period (p = 0.015 and p = 0.039 respectively). For children
with ACS, serum cytokines IL-5, and IL-13 were higher at baseline and at 2 years compared
to children with no ACS. IP-10 and IL-6 were negatively correlated with PFT markers. In mul-
tivariable regression using generalized estimating equation approach for factors predicting
lung function, age was significantly associated FEV1 (p = 0.047) and ratio of FEV1 and
forced vital capacity (FVC)- FEV1/FVC ratio (p = 0.006); males had lower FEV1/FVC (p =
0.035) and higher TLC (p = 0.031). Asthma status was associated with FEV1 (p = 0.017)
and FVC (p = 0.022); history of ACS was significantly associated with TLC (p = 0.027).
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Conclusion

Pulmonary function abnormalities were more common and inflammatory markers were ele-
vated in patients with ACS, compared with those without ACS. These findings suggest air-
way inflammation is present in children with SCD and ACS, which could be contributing to
impaired pulmonary function.

Introduction

The pathophysiological processes in sickle cell disease (SCD) are multicellular and multi-facto-
rial [1-6]. Pulmonary complications cause significant morbidity and mortality in children and
adults with SCD [7-10]. Acute chest syndrome (ACS), an acute complication in SCD [11], is
frequently precipitated by pulmonary infections and inflammation, and complicated by factors
such as fat emboli to the lungs, pulmonary infarction, hypoventilation from pain and regional
atelectasis [7]. A range of pulmonary function test (PFT) abnormalities have been described in
SCD including obstructive defects, airway hyper-responsiveness, restrictive defects and diffu-
sion defects [12-18]. The consequences of ACS on future lung function have not been well char-
acterized, with contradictory reports of an association of ACS with a decline in lung function
[19-23]. Asthma is a well-known comorbidity in SCD [24-28]. However, PFT deficits in SCD
are seen irrespective of asthma status [29], with poorly understood underlying mechanisms.

The role of inflammatory mediators is increasingly recognized in the pathogenesis of SCD
complications, in concert with HbS polymerization-vaso-occlusion and hemolysis-endothelial
dysfunction [29, 30]. Some preliminary data from animal studies separately investigating effects
of ischemia reperfusion injury and allergic sensitization on pulmonary inflammation, and a
handful of human studies have elucidated pathways involving NKT cell activation, Th1l (TNFa,
IFN-v, IP-10, Th-17), Th2 (IL-4, IL-5, IL-13) and monocytic (IL-6 and monocyte chemotactic
protein) inflammation [18, 29, 31]. Th2 inflammatory cytokines are classically associated with
asthma and atopy. The inflammatory chemokine interferon-gamma inducible protein (IP-10),
also known as C-X-C motif chemokine ligand 10 (CXCL10), is a biomarker associated with sev-
eral inflammatory disorders and associated with respiratory infections [32]. In a previous study,
we investigated inflammatory patterns in children with SCD and history of asthma and ACS, in
comparison to non-SCD controls with classic allergic asthma and demonstrated elevated Thl
(TNFa, and IP-10), Th2 (IL-4) and monocytic markers in the SCD cohort and an inverse rela-
tionship between lung function and Th1 markers (IP-10 and TNFa) [18]. It is not known if air-
way inflammation and lung function deficits in SCD are secondary to underlying systemic
inflammation or a result of pulmonary injury following ACS or allergic diseases.

With the present exploratory study, using PFT data and serum samples collected from a
cohort of patients from a previous clinical trial of vitamin D therapy in children with SCD
(VIDAS) [33], we hypothesized that a history of ACS in children with SCD is associated with
pulmonary inflammation and lung function deficits. We further hypothesized that lung func-
tion worsens over time for patients with ACS and reviewed data from the 2-year follow up
period in the ViDAS clinical trial after adjusting for the clinical trial intervention.

Methods
Study population

The study population consisted of a subset of patients from a 2-year clinical trial study at the
Sickle Cell Clinic at Morgan Stanley Children’s Hospital, Columbia University Irving Medical
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Center (CUIMC), that investigated the effects of monthly high dose Vitamin D3 (100,000 IU/
month- Arm A) and standard dose (12,000 [U/month- Arm B) to prevent respiratory compli-
cations, including respiratory infections, asthma exacerbations and ACS [33]. Both groups had
reduced respiratory events at 2 years with no difference between groups. In the current explor-
atory study, we used serum samples and PFT data from 55 study participants (age 318 years,
26 males) who had consented to future studies. This study was approved by the Human Sub-
jects Research Office and Institutional Review Board at CUIMC and consent was waived. We
collected demographic and baseline clinical characteristics including age, sex, BMI, ethnicity,
type of sickle cell disease, history of ACS, asthma, allergic rhinitis, eczema, family history of
asthma, and use of hydroxyurea, from medical records review. Patients were categorized in
ACS and non-ACS groups based on clinical information provided at baseline. None of the
children in the non-ACS group developed ACS during the 2-year ViDAS clinical trial study
period.

Study procedures

Quantification of serum cytokines. Serum levels of Th1 inflammation (IFN-y, TNFa, IP-
10, Th-17), Th2 inflammation (IL-4, IL-5, IL-13), and monocyte activation (MCP-1, and IL-6)
were measured using Milliplex human cytokine/Chemokine/Growth factor magnetic bead
panel A (MilliporeSigma, St. Louis, MO) and the Luminex 200 platform (Luminex Corp, Aus-
tin, TX). The samples were processed according to the manufacturer’s instructions and the
cytokine concentrations were quantitated by the Luminex xPONENT v3.1 and MILLIPLEX
Analyst v5.

Pulmonary function tests. PFTs that were performed as part of the ViDAS trial included
spirometry [forced expiratory volume in 1 second (FEV1), forced vital capacity (FVC), forced
expiratory flow rate at 25-75% (FEF25-75%), ratio of FEV1 and FVC (FEV1/FVC)] lung vol-
ume measurements (total lung capacity (TLC), residual volume (RV)], diffusing capacity of
the lungs for carbon monoxide (D; CO), and fractional exhaled nitric oxide (FeNO). PFTs
were performed at baseline and annually for 2 years. Baseline and 2 year PFT's were used for
the current analysis.

Statistical analysis

The comparison of demographic, clinical characteristics and PFTs between the ACS group
and the non-ACS group was performed using Wilcoxon rank sum test for continuous vari-
ables and Fisher’s exact test for categorical variables. All cytokine levels were log10 trans-
formed. Wilcoxon signed rank test was used to compare cytokines and PFT's from baseline
and 2-year follow up for ACS and non-ACS groups separately. Spearman’s rank correlation
was used to investigate the correlation between cytokines levels and PFT parameters. Multivar-
iable linear regression models were performed to evaluate the association between differences
in PFT parameters and inflammatory markers between baseline and 2 years after adjustment
for the intervention (Vitamin D supplementation). The generalized estimating equation
(GEE) approach with identity link and working independence correlation structure was used
to investigate the effect of ACS and other factors on lung function at baseline and 2 years. The
covariates that were significant at the significance level of 0.05 in the univariable analysis (age
and FEV1/FVC; asthma and FVC, FEV1; ACS and TLC; randomization and FVC) and addi-
tional known confounders were used in the multivariable GEE model. The covariates included
age, sex, ACS, asthma, hydroxyurea, inflammatory patterns and lung function and treatment
arms. Additional sensitivity analysis with SCD genotype as a covariate was done. Variables

PLOS ONE | https://doi.org/10.1371/journal.pone.0283349 March 30, 2023 3/12


https://doi.org/10.1371/journal.pone.0283349

PLOS ONE

Sickle cell and lung inflammation

with p-value < 0.05 were considered significant. Analysis was performed using R 4.0 and SAS
9.4 (Cary, NC).

Results

The baseline demographic characteristics of 55 children, randomized to two treatment arms in
the ViDAS trial are shown in Table 1. At baseline, 40 patients (72.7%) had history of ACS, 15
(27.3%) had asthma, and 6 (10%) had allergic rhinitis. Thirty-eight (71.7%) children were on
hydroxyurea. There were no differences in demographical and clinical characteristics between
ACS and non-ACS groups.

For participants with PFT data (n = 54), 26.9% had obstructive defects (FEV1/FVC <80%)
at baseline and 35.2% at 2 years (p = 0.012). A restrictive lung defect (TLC <80%) was present
in 48.6% and 62.8% of participants at baseline and at 2 years (p = 0.049) respectively. Changes
in PFT parameters from baseline to 2 years for the ACS and non-ACS groups were significant
for a decline in FEV1 (p = 0.015) and FEF25-75% (p = 0.039) in the ACS group compared to
the non-ACS group (Table 2). This significant decline in FEF25-75% (p = 0.007) was particu-
larly noted in patients with multiple episodes of ACS (defined as more than one episode) com-
pared to a single episode of ACS (Table 3). FEV1 and DLCO were also lower in patients with
multiple ACS episodes at 2 years though not statistically significant (p = 0.079 and p = 0.090
respectively). For the ACS group, TLC was lower at baseline (ACS, 77.50 [61.00, 114.00] vs
non-ACS 95.00 [69.00, 134.00], p = 0.034), and at 2 years (ACS, 76.00 [61.00, 130.00] vs non-
ACS, 85.50 [69.00, 104.00], p = 0.055) (Supplemental Table 1a and 1b in S1 Table).

At baseline, for children with ACS, IL5 (ACS, 0.59 [-0.41, 1.89] vs non-ACS, 0.34 [-0.31,
1.11], p = 0.028) and IL-13 (ACS 1.01 [0.05, 2.03] vs non-ACS: 0.05 [0.05, 1.65], p = 0.024) lev-
els were higher (Fig 1). IP-10 was higher for children with ACS, but did not reach statistical

Table 1. Demographic characteristics at baseline.

ALL Non-ACS group ACS group

N =55 N =15 (27.3%) N =40 (72.7%) p-value
Age at enrollment (years), mean + SD 9.58 +3.85 9.47 +4.93 9.62 + 3.44, 0.783
Male, n (%) 26 (47.3) 5(33.3) 21 (52.5) 0.239
BMI*, median [min, max] 17.12 [11.65, 28.79] 18.60 [12.77, 28.79] 16.85 [11.65, 24.96] 0.320
Ethnicity, n (%) 28 (50.9) 9 (60.0) 19 (47.5) 0.547
Hispanic
Type of sickle cell (%) 0.221
HbSS 47 (85.5) 11(73.3) 36 (90.0)
HbSC 5(9.1) 2(13.3) 3(7.5)
HbSB Th 2(3.6) 1(6.7) 1(2.5)
HbS/HPFH 1(1.8) 1(6.7) 0 (0.0)
Eczema, n (%) 3(5.5) 1(6.7) 2 (5.0) 1.000
Allergic rhinitis, n (%) 6(10.9) 2(13.3) 4(10) 0.660
Asthma, n (%) 16 (29.1) 3(20.0) 13 (32.5) 0.510
Family history of asthma, n (%) 12 (21.8) 3(20.0) 9(22.5) 1.000
Hydroxyurea* 38 (71.7) 8 (61.5) 30 (75.0) 0.480
Vitamin D* 17.35+£8.72 17.93 £ 8.80 17.13 £ 8.79 0.779
Randomization, n (%) 0.547
arm A—100,000 IU/month 27 (49.1) 6 (40.0) 21 (52.5)
arm B—12,000 IU/month 28 (50.9) 9 (60.0) 19 (47.5)
*n=54,tn=53
BMI, body mass index; SD, standard deviation
https://doi.org/10.1371/journal.pone.0283349.t001
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Table 2. Descriptive statistics of changes of PFT parameters from baseline to 2 years for ACS vs. non- ACS groups.

Parameters n Non-ACS ACS Wilcoxon rank sum test p-value
Median [min, max] Median [min, max]
FVC % predicted 51 2.00 [-4.00, 16.00] -1.00 [-21.00, 17.00] 0.078
FEV1% predicted 51 2.00 [-9.00, 18.00] -3.00 [-23.00, 7.00] 0.015
FEV1/FVC 51 0.00 [-10.00, 5.00] -2.50 [-24.00, 13.00] 0.386
FEF25-75% predicted 45 0.50 [-14.00, 38.00] -10.00 [-109.00, 42.00] 0.039
TLC % predicted 33 0.00 [-51.00, 4.00] -2.00 [-25.00, 12.00] 0.758
DLCO adj for Hb (ml/min’lmmHg’l) 28 4.50 [-26.00, 20.00] 1.50 [-41.00, 40.00] 0.780
KCO adj for Hb (ml/min'mmHg 'L™) 30 4.00 [-28.00, 24.00] 7.00 [-38.00, 29.00] 0.507

ACS, acute chest syndrome; FVC, forced vital capacity; FEV1, forced expiratory volume in 1 second; FEF25-75%, forced expiratory flow rate at 25-75% flow; TLC, total
lung capacity; DLCO adj for Hb, diffusing capacity of the lung for carbon oxide adjusted for hemoglobin; KCO, carbon monoxide transfer coefficient

https://doi.org/10.1371/journal.pone.0283349.t002

significance (vs ACS 2.09 [1.62, 2.70] vs non-ACS: 2.04 [1.50, 2.29], p = 0.067). Fig 2 shows the
difference in these cytokine levels for ACS vs non-ACS groups at 2 years, with elevated IL-5
(ACS, 0.54 [-0.11, 1.40] vs non-ACS, 0.29 [-0.26, 1.12], p = 0.029), IL-13 (ACS 1.15 [0.05, 2.07]
vs no ACS: 0.55 [0.05, 1.57], p = 0.046) and TNF (ACS, 1.08 [0.33, 1.95] vs non-ACS: 0.91
[0.33, 1.61], p = 0.017) in patients with ACS. There were no significant changes in individual
cytokine levels from baseline to 2 years for patients with ACS vs no ACS (S1 Fig).

Linear regression model for the association between changes of FVC, FEV1, and TLC with
changes of inflammatory markers, using treatment arms as a covariate for the ACS group
(Table 4) showed IP10 to be inversely associated with FVC (coefficient: -10.75, p = 0.05). IL-6
was inversely associated with FVC and positively associated with FEV1/FVC but did not reach
statistical significance, (coefficient: -5.97 and 5.46, p = 0.06).

To investigate the association of ACS and lung function, multivariable GEE modeling with
natural link and working independence correlation structure was used along with investiga-
tion of other confounding predictors, including, age, sex, asthma, hydroxyurea, and treatment
arms. Age was significantly associated FEV1 (-0.881, 95%CI: (-1.75, -0.014), p = 0.047) and
FEV1/FVC (-0.611, 95%CI: (-1.043, -0.179), p = 0.006). Compared to females, males had sig-
nificantly lower FEV1/FVC (-3.42, 95%CI: (-6.60, -0.24), p = 0.035) and higher TLC (8.54,
95%CI: (0.758, 16.3), p = 0.031). Asthma status was significantly associated with FEV1 (-8.98,
95%CI: (-16.38, -1.58), p = 0.017) and FVC (-8.850, 95%CI: (-16.4, -1.25), p = 0.022); history of
ACS was significantly associated with TLC (-10.9, 95%CI: (-20.5, -1.24), p = 0.027); and

Table 3. Descriptive statistics of changes of PFT parameters from baseline to 2 years for single ACS and multiple episodes of ACS.

Parameters n Single ACS episode Multiple ACS episodes Wilcoxon rank sum test p-value
Median [min, max] Median [min, max]
FVC % predicted 38 -1.00 [-21.00, 17.00] -1.00 [-11.00, 15.00] 0.988
FEV1% predicted 38 0.00 [-12.00, 7.00] -4.00 [-23.00, 6.00] 0.079
FEV1/FVC 38 0.00 [-14.00, 13.00] -3.00 [-24.00, 5.00] 0.155
FEF25-75% predicted 35 -1.00 [-43.80, 42.00] -13.50 [-109.00, 1.00] 0.007
TLC % predicted 26 1.50 [-24.00, 12.00] -5.00 [-25.00, 1.00] 0.114
DLCO adj for Hb (ml/min’lmmHg’l) 20 7.50 [-41.00, 40.00] -4.50 [-28.00, 13.00] 0.090
KCO adj for Hb (ml/min 'mmHg 'L™") 23 6.50 [-38.00, 29.00] 9.00 [-6.00, 26.00] 0.549

ACS, acute chest syndrome; FVC, forced vital capacity; FEV1, forced expiratory volume in 1 second; FEF25-75%, forced expiratory flow rate at 25-75% flow; TLC, total
lung capacity; DLCO adj for Hb, diffusing capacity of the lung for carbon oxide adjusted for hemoglobin; KCO, carbon monoxide transfer coefficient

https://doi.org/10.1371/journal.pone.0283349.t003
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Fig 1. Cytokine levels at baseline for ACS vs non-ACS groups. Boxplots of TNFa, IP-10, IL-5, IL-6 and IL-13 at 2 years for two ACS groups (non-ACS:
n = 15; ACS: n = 40) with p-value obtained from Wilcoxon rank sum test.

https://doi.org/10.1371/journal.pone.0283349.9001

treatment arm was significantly associated with FVC (-6.879, 95%CI: (-13.49, -0.272),

p = 0.041) (Table 5). Additional sensitivity analysis with genotype as a covariate demonstrated
that the magnitude of the association between history of ACS and TLC was slightly diminished
likely due to reduced power (S2 Table). Age became a predictor for TLC.

Discussion

We compared lung function parameters and inflammatory markers in children with SCD with
and without ACS.TLC was significantly lower for children with ACS at baseline and at 2 year
follow up. Patients with ACS also showed changes in flow rates over a 2-year period, which
was particularly seen in children with multiple episodes of ACS. Elevated concentrations of IL-
5 and IL-13, which persisted at 2 years along with elevated TNFa at 2 years, suggested that Th1l
and Th2 markers are elevated with ACS. There was a trend towards elevated IP10 for children
with ACS at baseline. Changes in IP10 negatively correlated with changes in FVC for patients
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Fig 2. Cytokine levels at 2 years for ACS vs non-ACS groups. Boxplots of TNFa, IP-10, IL-5, IL-6 and IL-13 at 2 years for two ACS groups (non-ACS:
n = 15; ACS: n = 40) with p-value obtained from Wilcoxon rank sum test.

https://doi.org/10.1371/journal.pone.0283349.9002
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Table 4. Relationship of cytokines and PFT parameters for ACS group.

Log10 transformed Cytokines(pg/ml)/ FvC FEV1 FEV1/FVC TLC
Estimate(p-value) Estimate(p-value) Estimate(p-value) Estimate(p-value)

TNFa 0.92 (0.85) 0.34 (0.93) 0.61 (0.89) 3.43 (0.67)

IL-5 0.50 (0.90) 2.18 (0.45) 1.12 (0.75) -1.49 (0.85)

IL-6 -5.97 (0.06) -0.34 (0.89) 5.46 (0.06) 3.16 (0.57)

IP-10 -10.75 (0.05) -4.83 (0.26) 6.43 (0.20) 7.09 (0.41)

IL-13 -1.94 (0.51) -0.69 (0.76) 2.47 (0.35) 2.27 (0.63)

Linear regression model for the association between changes of FVC, FEV1, FVC, TLC and changes of inflammatory markers with treatment as covariates for the ACS
group.
e.g., change of FVC = b0 + b1*trt + b2*change of log10(TNFa) + error. The table shows the estimates of b2 for different PFT parameter outcomes and different

biomarkers.

https://doi.org/10.1371/journal.pone.0283349.t1004

with ACS. Multivariable modeling found ACS to be a predictor of TLC. Taken together these
findings suggest that inflammatory markers are elevated in patients with ACS, and ACS was a
predictor for low lung function, particularly TLC.

A decline in lung function over time in children with SCD has been previously reported in
several studies [12, 13, 22, 34]. In the study by Cohen et al., previous episodes of ACS did not
predict future pulmonary function or morbidity [20]. Patients with recurrent ACS had lower
lung function parameters than patients without ACS in the study by Knight-Madden et al.
[21], which align with our findings of lung function decline with multiple episodes of ACS.
Our study patients also showed a decrease in FVC over 2 years in the ACS group but this was
not statistically significant (p = 0.078). A similar pattern of decreased FVC but not TLC was
also seen in a small group of patients in the study by Cohen et al. [20]. Cohen et al. suggest that
this could be secondary to airway disease, scattered closing of diseased airways at variable rates
and volume de-recruitment. For our study, we can also speculate that changes in TLC may
take longer, and a 2-year interval might be insufficient to capture a significant difference. A
change in FVC may be considered a harbinger of the changes in other lung volumes such as

Table 5. Multivariable GEE model for predictors of lung function parameters.

Outcome FEV1 FVC FEV1/FVC TLC

Variable Coefficient (95%CI) |p-value | Coefficient (95%CI) p-value |Coefficient (95%CI) |p-value |Coefficient (95%CI) |p-value
Age at enrollment (years) | -0.881 (-1.75,-0.014) | 0.047 -0.331(-1.17, 0.506) 0.438 -0.611(-1.043,-0.179) | 0.006 1.032(-0.237, 2.30) 0.111
Sex 0.629(-5.40, 6.65) 0.838 1.75(-4.62,8.12) 0.590 -3.42(-6.60, -0.24) 0.035 8.54(0.758, 16.3) 0.031
Male Reference Reference Reference Reference

Female

Asthma -8.98(-16.38, -1.58) 0.017 -8.850(-16.4, -1.25) 0.022 -0.311(-3.95, 3.33) 0.867 -3.01(-11.5,5.52) 0.489
Y Reference Reference Reference Reference

N

H/o ACS -0.830(-7.908, 6.248) | 0.818 -0.607(-8.56, 7.34) 0.881 -0.464(-4.52, 3.60) 0.823 -10.9(-20.5, -1.24) 0.027
Y Reference Reference Reference Reference

N

Hydroxyurea 0.330(-6.42, 7.08) 0.924 1.01(-6.28, 8.30) 0.786 -0.278 (-4.15, 3.59) 0.888 0.465 (-9.23, 9.35) 0.992
Y Reference Reference Reference Reference

N

Randomization -5.55(-11.88, 0.772) 0.085 -6.879 (-13.49, -0.272) | 0.041 1.18(-1.98, 4.34) 0.465 2.46(-10.6, 5.67) 0.555
A Reference Reference Reference Reference

B

GEE model with identity link and independence correlation structure to predict PFT parameters using age, sex, ACS, asthma, hydroxyurea and treatment arms

https://doi.org/10.1371/journal.pone.0283349.t005
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TLC. Also, data for spirometry parameters was available for a larger sample of our patients
than those who had lung volumes and thus was more powered to reflect changes over the
2-year period.

Few previous studies have correlated lung function deficits and inflammatory markers in
SCD [18, 35]. Similar to findings in our previous study of an inverse relationship between IP-
10 and FVC [18], the present study showed changes in IP-10 to be negatively correlated with
FVC changes for patients with ACS. IP-10 is the ligand of CXCR3 found on T lymphocytes
(Thl), natural killer (NK) cells and eosinophils, and secreted by several cells such as mono-
cytes, endothelial cells, adipose tissue, and fibroblasts [32, 36]. Our findings of associations of
IP-10 with FVC, suggest a role of interferon gamma inducible chemokine responses in accor-
dance with the murine study by Wallace et al. [37]. Patients in our ACS group showed elevated
levels of IL-5, IL-13, and additionally, IL-6, a marker of monocytic inflammation, tended to
negatively influence changes in FVC and FEV1 in patients with ACS. At least one mouse
model investigating the effects of ova sensitization in SCD mice has demonstrated elevated
inflammatory cytokines including IL-5, IL-13 and IL-6 [38], a similar inflammatory stimulus
may be ongoing in our patients with ACS. Elevated monocytic inflammation in SCD has been
established in several human and animal studies [38-41]. Elevated serum and sputum IL-6 has
been reported in SCD patients at steady state and particularly with history of ACS [42, 43].
Due to relatively few patients with asthma and allergic rhinitis, the potential impact of allergic
sensitization could not be investigated further in our study.

There have only been a handful of human investigations studying underlying inflammatory
pathways and lung disease in patients with SCD [29]. Our study is novel as it attempts to connect
lung function changes with inflammatory mediators, in children with SCD and ACS. Inflamma-
tion appears to be at the crux of SCD complications [30]. Identification of specific inflammatory
pathways can inform and direct future interventional studies for management of SCD.

Asthma has been frequently reported as a comorbidity in SCD [24-28]. The diagnosis of
asthma in SCD can be challenging given overlapping features of wheezing during ACS, use of
bronchodilators in ACS, and misinterpretation of lower airway obstruction and airway hyper-
responsiveness seen in SCD as asthma [25, 29, 44, 45]. A subset of our patients had asthma
(28.6%), which is in the range of the estimated prevalence of 17-28% in SCD and within the
range of asthma prevalence among African American children [29]. Asthma was recorded
based on physician diagnosis. Patients with asthma had slightly lower FEV1 but no significant
difference in other PFT parameters, including FeNO (results not reported). In our multivariate
model, asthma predicted FEV1 and FVC. Our reported prevalence of asthma could have been
an overestimate secondary to lower FEV1 and FVC.

In our multivariate model, age was negatively related to FEV1 and FEV1/FVC as can be
expected with the natural course of decline in lung function. Males had lower FEV1/FVC and
higher TLC which is likely secondary to gender based differences in the biological and
mechanical properties of the lungs, and the concept of dysanapsis [46]. Higher lung volumes
in males compared to females can impact flow rates, as these relate with airway size and lung
volumes. Lower volumes characterized by less elastic recoil, drive equal pressure points further
upstream, limiting airflow at higher flow rates and thus with higher FEV1/FVC ratios (seen in
females).

The limitations of this study are its exploratory nature, small sample size and the potential
effects of an intervention in the clinical trial that may have influenced cytokine levels and lung
function. Vitamin D therapy has been shown to have a beneficial effect on reducing asthma
exacerbations and respiratory infections [47, 48]. The postulated mechanism of action is
through T lymphocyte mediated immune-modulation [49, 50]. Further, the literature sup-
ports evidence that cytokine levels are transitory with temporal variation. The number of
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patients with asthma and allergic rhinitis in this study was too small to derive meaningful con-
clusions. Another limitation of the study was the absence of T-lymphocyte quantification from
peripheral blood mononuclear cells (PBMCs). A future prospective study can help to follow
levels of cytokines over time along with PMBC analysis and relationship with changes in lung
function. Quantification of airway biomarker levels in exhaled breath condensate can addi-
tionally help to delineate the inflammatory process in the airways. We further, did not have
any data on vaping or tobacco exposure history for our patients to assess their impact on lung
function, and this should be considered for future studies. Another limitation is the potential
of generalizability of our results given that 50% of our patients were of Hispanic ethnicity. In
the US, SCD occurs among about 1 out of every 365 Black or African-American births and
among 1 out of every 16,300 Hispanic-American births, thus making Hispanic Americans the
second largest ethnic/racial group with SCD in the US. Additionally, the majority of the popu-
lation we serve are from Caribbean countries who often have African American ancestry. SCD
is also very prevalent in many other Latin American countries. We also chose to not report on
race, which is now accepted as a social construct rather than a biological construct.

Our present findings strengthen the association of ACS with lung function deficits and
indicate that inflammatory mediators may be responsible. The current practice has been to
associate most patients with SCD who have lung function defects and pulmonary involvement
or ACS, with having asthma and managing them with standard asthma medications. A rela-
tionship of ACS with IFN induced cytokines such as IP10 and monocyte driven inflammation
involving IL-6, is a step towards understanding airway inflammation in SCD patients follow-
ing ACS, and its relationship with lung function changes. With more insight into the underly-
ing mechanisms of ACS in SCD leading to pulmonary injury, future therapeutic targets can be
directed toward more specific disease mechanisms.

Supporting information

S1 Table. S1A Table: Descriptive statistics of PFT parameters at baseline for two ACS group.
S2B Table: Descriptive statistics of PFT parameters at 2 years for two ACS group.
(DOCX)

S2 Table. Sensitivity analysis -multivariable GEE model for predictors of lung function
parameters with SCD genotype and other covariates. GEE model with identity link and
independence correlation structure to predict PFT parameters using age, sex, ACS, asthma,
hydroxyurea, treatment arms and SCD genotype. Others for genotype include HbSC, HbSB
Th + and HbS/HPFH.

(DOCX)

S1 Fig. Change in cytokine levels from baseline to 2 years for ACS vs non-ACS groups. Box-
plots for changes of TNFa, IP-10, IL-5, IL-6 and IL-13 from baseline to 2 years with p-value
obtained from Wilcoxon rank sum test for comparison of changes of two groups.

(TIF)

S1 Data.
(CSV)

Acknowledgments

This publication was supported by the Biomarkers Core Laboratory at the Irving Institute for
Clinical and Translational Research, home to Columbia University’s Clinical and Translational
Science Award.

PLOS ONE | https://doi.org/10.1371/journal.pone.0283349 March 30, 2023 9/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283349.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283349.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283349.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283349.s004
https://doi.org/10.1371/journal.pone.0283349

PLOS ONE

Sickle cell and lung inflammation

Author Contributions

Conceptualization: Aliva De, Gary M. Brittenham, Meyer Kattan, Margaret T. Lee.
Data curation: Aliva De, Sanford Williams.

Formal analysis: Yujing Yao, Zhezhen Jin.

Funding acquisition: Aliva De.

Investigation: Aliva De, Margaret T. Lee.

Methodology: Aliva De, Stephanie Lovinsky-Desir, Margaret T. Lee.

Project administration: Aliva De, Margaret T. Lee.

Resources: Aliva De, Margaret T. Lee.

Supervision: Margaret T. Lee.

Validation: Stephanie Lovinsky-Desir, Margaret T. Lee.

Writing - original draft: Aliva De, Stephanie Lovinsky-Desir, Margaret T. Lee.
Writing - review & editing: Aliva De, Gary M. Brittenham, Meyer Kattan, Margaret T. Lee.

References

1. Piel FB, Steinberg MH, Rees DC. Sickle Cell Disease. N Engl J Med. 2017 Apr 20; 376(16):1561-73.
https://doi.org/10.1056/NEJMra1510865 PMID: 28423290

2. Manwani D, Frenette PS. Vaso-occlusion in sickle cell disease: pathophysiology and novel targeted
therapies. Blood. 2013 Dec 5; 122(24):3892-8. https://doi.org/10.1182/blood-2013-05-498311 PMID:
24052549

3. Hebbel RP. Adhesion of sickle red cells to endothelium: myths and future directions. Transfus Clin Biol
J Soc Francaise Transfus Sang. 2008 Mar; 15(1-2):14-8. https://doi.org/10.1016/j.tracli.2008.03.011
PMID: 18501652

4. Hofstra TC, Kalra VK, Meiselman HJ, Coates TD. Sickle erythrocytes adhere to polymorphonuclear
neutrophils and activate the neutrophil respiratory burst. Blood. 1996 May 15; 87(10):4440-7. PMID:
8639806

5. Zhang D, Xu C, Manwani D, Frenette PS. Neutrophils, platelets, and inflammatory pathways, at the
nexus of sickle cell disease pathophysiology. Blood. 2016 Jan 12; https://doi.org/10.1182/blood-2015-
09-618538 PMID: 26758915

6. Frenette PS. Sickle cell vaso-occlusion: multistep and multicellular paradigm. Curr Opin Hematol. 2002
Mar; 9(2):101-6. https://doi.org/10.1097/00062752-200203000-00003 PMID: 11844991

7. Miller AC, Gladwin MT. Pulmonary complications of sickle cell disease. Am J Respir Crit Care Med.
2012 Jun 1; 185(11):1154—65. https://doi.org/10.1164/rccm.201111-2082CI1 PMID: 22447965

8. Platt OS, Brambilla DJ, Rosse WF, Milner PF, Castro O, Steinberg MH, et al. Mortality in sickle cell dis-
ease. Life expectancy and risk factors for early death. N Engl J Med. 1994 Jun 9; 330(23):1639—44.
https://doi.org/10.1056/NEJM199406093302303 PMID: 7993409

9. Klings ES, Wyszynski DF, Nolan VG, Steinberg MH. Abnormal pulmonary function in adults with sickle
cell anemia. Am J Respir Crit Care Med. 2006 Jun 1; 173(11):1264-9. https://doi.org/10.1164/rccm.
200601-1250C PMID: 16556694

10. Khoury RA, Musallam KM, Mroueh S, Abboud MR. Pulmonary complications of sickle cell disease.
Hemoglobin. 2011; 35(5-6):625-35. https://doi.org/10.3109/03630269.2011.621149 PMID: 21973051

11.  Vichinsky EP, Neumayr LD, Earles AN, Williams R, Lennette ET, Dean D, et al. Causes and outcomes
of the acute chest syndrome in sickle cell disease. National Acute Chest Syndrome Study Group. N
Engl J Med. 2000 Jun 22; 342(25):1855-65. https://doi.org/10.1056/NEJM200006223422502 PMID:
10861320

12. Koumbourlis AC, Lee DJ, Lee A. Longitudinal changes in lung function and somatic growth in children
with sickle cell disease. Pediatr Puimonol. 2007 Jun; 42(6):483-8. https://doi.org/10.1002/ppul.20601
PMID: 17469146

PLOS ONE | https://doi.org/10.1371/journal.pone.0283349 March 30, 2023 10/12


https://doi.org/10.1056/NEJMra1510865
http://www.ncbi.nlm.nih.gov/pubmed/28423290
https://doi.org/10.1182/blood-2013-05-498311
http://www.ncbi.nlm.nih.gov/pubmed/24052549
https://doi.org/10.1016/j.tracli.2008.03.011
http://www.ncbi.nlm.nih.gov/pubmed/18501652
http://www.ncbi.nlm.nih.gov/pubmed/8639806
https://doi.org/10.1182/blood-2015-09-618538
https://doi.org/10.1182/blood-2015-09-618538
http://www.ncbi.nlm.nih.gov/pubmed/26758915
https://doi.org/10.1097/00062752-200203000-00003
http://www.ncbi.nlm.nih.gov/pubmed/11844991
https://doi.org/10.1164/rccm.201111-2082CI
http://www.ncbi.nlm.nih.gov/pubmed/22447965
https://doi.org/10.1056/NEJM199406093302303
http://www.ncbi.nlm.nih.gov/pubmed/7993409
https://doi.org/10.1164/rccm.200601-125OC
https://doi.org/10.1164/rccm.200601-125OC
http://www.ncbi.nlm.nih.gov/pubmed/16556694
https://doi.org/10.3109/03630269.2011.621149
http://www.ncbi.nlm.nih.gov/pubmed/21973051
https://doi.org/10.1056/NEJM200006223422502
http://www.ncbi.nlm.nih.gov/pubmed/10861320
https://doi.org/10.1002/ppul.20601
http://www.ncbi.nlm.nih.gov/pubmed/17469146
https://doi.org/10.1371/journal.pone.0283349

PLOS ONE

Sickle cell and lung inflammation

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

MacLean JE, Atenafu E, Kirby-Allen M, MacLusky IB, Stephens D, Grasemann H, et al. Longitudinal
decline in lung volume in a population of children with sickle cell disease. Am J Respir Crit Care Med.
2008 Nov 15; 178(10):1055-9. https://doi.org/10.1164/rccm.200708-12190C PMID: 18776149

Boyd JH, DeBaun MR, Morgan WJ, Mao J, Strunk RC. Lower airway obstruction is associated with
increased morbidity in children with sickle cell disease. Pediatr Pulmonol. 2009 Mar; 44(3):290-6.
https://doi.org/10.1002/ppul.20998 PMID: 19205057

Lunt A, McGhee E, Robinson P, Rees D, Height S, Greenough A. Lung function, transfusion, pulmonary
capillary blood volume and sickle cell disease. Respir Physiol Neurobiol. 2016 Feb 1; 222:6—-10. https://
doi.org/10.1016/j.resp.2015.11.006 PMID: 26592148

Leong MA, Dampier C, Varlotta L, Allen JL. Airway hyperreactivity in children with sickle cell disease. J
Pediatr. 1997 Aug; 131(2):278-83. https://doi.org/10.1016/s0022-3476(97)70166-5 PMID: 9290616

Ozbek OY, Malbora B, Sen N, Yazici AC, Ozyurek E, Ozbek N. Airway hyperreactivity detected by
methacholine challenge in children with sickle cell disease. Pediatr Pulmonol. 2007 Dec; 42(12):1187—
92. https://doi.org/10.1002/ppul.20716 PMID: 17960821

De A, Agrawal S, Morrone K, Zhang J, Bjorklund NL, Manwani D, et al. Airway Inflammation and Lung
Function in Sickle Cell Disease. Pediatr Allergy Immunol Pulmonol. 2019 Sep 1; 32(3):92—102. https://
doi.org/10.1089/ped.2019.1014 PMID: 31559108

Koumbourlis AC. Lung function in sickle cell disease: An elusive relationship. Pediatr Pulmonol. 2016
Jul; 51(7):665-7. https://doi.org/10.1002/ppul.23399 PMID: 26991792

Cohen RT, Strunk RC, Rodeghier M, Rosen CL, Kirkham FJ, Kirkby J, et al. Pattern of Lung Function Is
Not Associated with Prior or Future Morbidity in Children with Sickle Cell Anemia. Ann Am Thorac Soc.
2016 Aug; 13(8):1314-23. https://doi.org/10.1513/AnnalsATS.201510-7060C PMID: 27300316

Knight-Madden JM, Forrester TS, Lewis NA, Greenough A. The impact of recurrent acute chest syn-
drome on the lung function of young adults with sickle cell disease. Lung. 2010 Dec; 188(6):499-504.
https://doi.org/10.1007/s00408-010-9255-2 PMID: 20644948

Lunt A, McGhee E, Sylvester K, Rafferty G, Dick M, Rees D, et al. Longitudinal assessment of lung func-
tion in children with sickle cell disease. Pediatr Pulmonol. 2015 Dec 22; https://doi.org/10.1002/ppul.
23367 PMID: 26694220

Koumbourlis AC. Acute Chest Syndrome, Asthma, and Lung Function in Sickle Cell Disease. Which Is
the Chicken, and Which Is the Egg? Ann Am Thorac Soc. 2016 Aug; 13(8):1212—4.

Boyd JH, Moinuddin A, Strunk RC, DeBaun MR. Asthma and acute chest in sickle-cell disease. Pediatr
Pulmonol. 2004 Sep; 38(3):229-32. https://doi.org/10.1002/ppul.20066 PMID: 15274102

Field JJ, DeBaun MR. Asthma and sickle cell disease: two distinct diseases or part of the same pro-
cess? Hematol Educ Program Am Soc Hematol Am Soc Hematol Educ Program. 2009;45-53. https://
doi.org/10.1182/asheducation-2009.1.45 PMID: 20008181

Glassberg JA, Chow A, Wisnivesky J, Hoffman R, Debaun MR, Richardson LD. Wheezing and asthma
are independent risk factors for increased sickle cell disease morbidity. Br J Haematol. 2012 Nov; 159
(4):472-9. https://doi.org/10.1111/bjh.12049 PMID: 22966893

Ross JGC, Bernaudin F, Strunk RC, Kamdem A, Arnaud C, Hervé M, et al. Asthma is a distinct comor-
bid condition in children with sickle cell anemia with elevated total and allergen-specific IgE levels. J
Pediatr Hematol Oncol. 2011 Jul; 33(5):€205—208. https://doi.org/10.1097/MPH.0b013e31820db7b1
PMID: 21617566

Yadav A, Corrales-Medina FF, Stark JM, Hashmi SS, Carroll MP, Smith KG, et al. Application of an
Asthma Screening Questionnaire in Children with Sickle Cell Disease. Pediatr Allergy Immunol Pulmo-
nol. 2015 Sep 1; 28(3):177-82. https://doi.org/10.1089/ped.2015.0515 PMID: 26421214

De A, Manwani D, Rastogi D. Airway inflammation in sickle cell disease-A translational perspective.
Pediatr Pulmonol. 2018 Jan 4. https://doi.org/10.1002/ppul.23932 PMID: 29314737

Sundd P, Gladwin MT, Novelli EM. Pathophysiology of Sickle Cell Disease. Annu Rev Pathol. 2019 Jan
24; 14:263-92. https://doi.org/10.1146/annurev-pathmechdis-012418-012838 PMID: 30332562

Field JJ, Majerus E, Ataga K, Vichinsky EP, Schaub R, Mashal R, et al. NNKTT120, an anti-iNKT cell
monoclonal antibody, produces rapid and sustained iNKT cell depletion in adults with sickle cell dis-
ease. PloS One. 2017; 12(2):e0171067. https://doi.org/10.1371/journal.pone.0171067 PMID:
28152086

Hayney MS, Henriquez KM, Barnet JH, Ewers T, Champion HM, Flannery S, et al. Serum IFN-y-
induced protein 10 (IP-10) as a biomarker for severity of acute respiratory infection in healthy adults. J
Clin Virol Off Publ Pan Am Soc Clin Virol. 2017 May; 90:32—7.

Lee MT, Kattan M, Fennoy |, Arpadi SM, Miller RL, Cremers S, et al. Randomized phase 2 trial of
monthly vitamin D to prevent respiratory complications in children with sickle cell disease. Blood Adv.
2018 08; 2(9):969-78. https://doi.org/10.1182/bloodadvances.2017013979 PMID: 29712666

PLOS ONE | https://doi.org/10.1371/journal.pone.0283349 March 30, 2023 11/12


https://doi.org/10.1164/rccm.200708-1219OC
http://www.ncbi.nlm.nih.gov/pubmed/18776149
https://doi.org/10.1002/ppul.20998
http://www.ncbi.nlm.nih.gov/pubmed/19205057
https://doi.org/10.1016/j.resp.2015.11.006
https://doi.org/10.1016/j.resp.2015.11.006
http://www.ncbi.nlm.nih.gov/pubmed/26592148
https://doi.org/10.1016/s0022-3476%2897%2970166-5
http://www.ncbi.nlm.nih.gov/pubmed/9290616
https://doi.org/10.1002/ppul.20716
http://www.ncbi.nlm.nih.gov/pubmed/17960821
https://doi.org/10.1089/ped.2019.1014
https://doi.org/10.1089/ped.2019.1014
http://www.ncbi.nlm.nih.gov/pubmed/31559108
https://doi.org/10.1002/ppul.23399
http://www.ncbi.nlm.nih.gov/pubmed/26991792
https://doi.org/10.1513/AnnalsATS.201510-706OC
http://www.ncbi.nlm.nih.gov/pubmed/27300316
https://doi.org/10.1007/s00408-010-9255-2
http://www.ncbi.nlm.nih.gov/pubmed/20644948
https://doi.org/10.1002/ppul.23367
https://doi.org/10.1002/ppul.23367
http://www.ncbi.nlm.nih.gov/pubmed/26694220
https://doi.org/10.1002/ppul.20066
http://www.ncbi.nlm.nih.gov/pubmed/15274102
https://doi.org/10.1182/asheducation-2009.1.45
https://doi.org/10.1182/asheducation-2009.1.45
http://www.ncbi.nlm.nih.gov/pubmed/20008181
https://doi.org/10.1111/bjh.12049
http://www.ncbi.nlm.nih.gov/pubmed/22966893
https://doi.org/10.1097/MPH.0b013e31820db7b1
http://www.ncbi.nlm.nih.gov/pubmed/21617566
https://doi.org/10.1089/ped.2015.0515
http://www.ncbi.nlm.nih.gov/pubmed/26421214
https://doi.org/10.1002/ppul.23932
http://www.ncbi.nlm.nih.gov/pubmed/29314737
https://doi.org/10.1146/annurev-pathmechdis-012418-012838
http://www.ncbi.nlm.nih.gov/pubmed/30332562
https://doi.org/10.1371/journal.pone.0171067
http://www.ncbi.nlm.nih.gov/pubmed/28152086
https://doi.org/10.1182/bloodadvances.2017013979
http://www.ncbi.nlm.nih.gov/pubmed/29712666
https://doi.org/10.1371/journal.pone.0283349

PLOS ONE

Sickle cell and lung inflammation

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Ivankovich DT, Braga JAP, Lanza F de C, Solé D, Wandalsen GF. Lung Function in Infants with Sickle
Cell Anemia. J Pediatr. 2019 Apr 1; 207:252—4. https://doi.org/10.1016/j.jpeds.2018.11.036 PMID:
30559026

Knight-Madden J, Vergani D, Patey R, Sylvester K, Hussain MJ, Forrester T, et al. Cytokine levels and
profiles in children related to sickle cell disease and asthma status. J Interferon Cytokine Res Off J Int
Soc Interferon Cytokine Res. 2012 Jan; 32(1):1-5. https://doi.org/10.1089/jir.2011.0030 PMID:
21916607

Biochemical characterization of a gamma interferon-inducible cytokine (IP-10). J Exp Med. 1987 Oct 1;
166(4):1084-97. https://doi.org/10.1084/jem.166.4.1084 PMID: 2443596

Wallace KL, Marshall MA, Ramos SI, Lannigan JA, Field JJ, Strieter RM, et al. NKT cells mediate pul-
monary inflammation and dysfunction in murine sickle cell disease through production of IFN-gamma
and CXCR3 chemokines. Blood. 2009 Jul 16; 114(3):667—76. https://doi.org/10.1182/blood-2009-02-
205492 PMID: 19433855

Pritchard KA, Feroah TR, Nandedkar SD, Holzhauer SL, Hutchins W, Schulte ML, et al. Effects of
experimental asthma on inflammation and lung mechanics in sickle cell mice. Am J Respir Cell Mol Biol.
2012 Mar; 46(3):389-96. https://doi.org/10.1165/rcmb.2011-00970C PMID: 22033263

Belcher JD, Marker PH, Weber JP, Hebbel RP, Vercellotti GM. Activated monocytes in sickle cell dis-
ease: potential role in the activation of vascular endothelium and vaso-occlusion. Blood. 2000 Oct 1; 96
(7):2451-9. PMID: 11001897

Safaya S, Steinberg MH, Klings ES. Monocytes from sickle cell disease patients induce differential pul-
monary endothelial gene expression via activation of NF-kB signaling pathway. Mol Immunol. 2012
Feb; 50(1-2):117-23.

Selvaraj SK, Giri RK, Perelman N, Johnson C, Malik P, Kalra VK. Mechanism of monocyte activation
and expression of proinflammatory cytochemokines by placenta growth factor. Blood. 2003 Aug 15;
102(4):1515-24. https://doi.org/10.1182/blood-2002-11-3423 PMID: 12689930

Al Biltagi M, Bediwy AS, Toema O, Al-Asy HM, Saeed NK. Pulmonary functions in children and adoles-
cents with sickle cell disease. Pediatr Pulmonol. 2020 Aug; 55(8):2055-63. https://doi.org/10.1002/
ppul.24871 PMID: 32462802

Taylor SC, Shacks SJ, Mitchell RA, Banks A. Serum interleukin-6 levels in the steady state of sickle cell
disease. J Interferon Cytokine Res Off J Int Soc Interferon Cytokine Res. 1995 Dec; 15(12):1061—4.
https://doi.org/10.1089/jir.1995.15.1061 PMID: 8746787

Willen SM, Rodeghier M, DeBaun MR. Asthma in children with sickle cell disease. Curr Opin Pediatr.
2019 Jun; 31(3):349-56. https://doi.org/10.1097/MOP.0000000000000756 PMID: 31090576

DeBaun MR, Strunk RC. The intersection between asthma and acute chest syndrome in children with
sickle-cell anaemia. Lancet Lond Engl. 2016 Jun 18; 387(10037):2545-53. https://doi.org/10.1016/
S0140-6736(16)00145-8 PMID: 27353685

Becklake MR, Kauffmann F. Gender differences in airway behaviour over the human life span. Thorax.
1999 Dec 1; 54(12):1119-38. https://doi.org/10.1136/thx.54.12.1119 PMID: 10567633

Martineau AR, Cates CJ, Urashima M, Jensen M, Griffiths AP, Nurmatov U, et al. Vitamin D for the man-
agement of asthma. Cochrane Database Syst Rev. 2016 Sep 5; 9:CD011511. https://doi.org/10.1002/
14651858.CD011511.pub2 PMID: 27595415

Martineau AR, Jolliffe DA, Hooper RL, Greenberg L, Aloia JF, Bergman P, et al. Vitamin D supplemen-
tation to prevent acute respiratory tract infections: systematic review and meta-analysis of individual
participant data. BMJ. 2017 Feb 15; 356:i6583. https://doi.org/10.1136/bm|.i6583 PMID: 28202713

Medrano M, Carrillo-Cruz E, Montero |, Perez-Simon JA. Vitamin D: Effect on Haematopoiesis and
Immune System and Clinical Applications. Int J Mol Sci [Internet]. 2018 Sep 8 [cited 2019 Sep 17];19
(9). Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6164750/ https://doi.org/10.3390/
ijims19092663 PMID: 30205552

Trochoutsou Al, Kloukina V, Samitas K, Xanthou G. Vitamin-D in the Immune System: Genomic and
Non-Genomic Actions. Mini Rev Med Chem. 2015; 15(11):953-63. https://doi.org/10.2174/
1389557515666150519110830 PMID: 25985946

PLOS ONE | https://doi.org/10.1371/journal.pone.0283349 March 30, 2023 12/12


https://doi.org/10.1016/j.jpeds.2018.11.036
http://www.ncbi.nlm.nih.gov/pubmed/30559026
https://doi.org/10.1089/jir.2011.0030
http://www.ncbi.nlm.nih.gov/pubmed/21916607
https://doi.org/10.1084/jem.166.4.1084
http://www.ncbi.nlm.nih.gov/pubmed/2443596
https://doi.org/10.1182/blood-2009-02-205492
https://doi.org/10.1182/blood-2009-02-205492
http://www.ncbi.nlm.nih.gov/pubmed/19433855
https://doi.org/10.1165/rcmb.2011-0097OC
http://www.ncbi.nlm.nih.gov/pubmed/22033263
http://www.ncbi.nlm.nih.gov/pubmed/11001897
https://doi.org/10.1182/blood-2002-11-3423
http://www.ncbi.nlm.nih.gov/pubmed/12689930
https://doi.org/10.1002/ppul.24871
https://doi.org/10.1002/ppul.24871
http://www.ncbi.nlm.nih.gov/pubmed/32462802
https://doi.org/10.1089/jir.1995.15.1061
http://www.ncbi.nlm.nih.gov/pubmed/8746787
https://doi.org/10.1097/MOP.0000000000000756
http://www.ncbi.nlm.nih.gov/pubmed/31090576
https://doi.org/10.1016/S0140-6736%2816%2900145-8
https://doi.org/10.1016/S0140-6736%2816%2900145-8
http://www.ncbi.nlm.nih.gov/pubmed/27353685
https://doi.org/10.1136/thx.54.12.1119
http://www.ncbi.nlm.nih.gov/pubmed/10567633
https://doi.org/10.1002/14651858.CD011511.pub2
https://doi.org/10.1002/14651858.CD011511.pub2
http://www.ncbi.nlm.nih.gov/pubmed/27595415
https://doi.org/10.1136/bmj.i6583
http://www.ncbi.nlm.nih.gov/pubmed/28202713
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6164750/
https://doi.org/10.3390/ijms19092663
https://doi.org/10.3390/ijms19092663
http://www.ncbi.nlm.nih.gov/pubmed/30205552
https://doi.org/10.2174/1389557515666150519110830
https://doi.org/10.2174/1389557515666150519110830
http://www.ncbi.nlm.nih.gov/pubmed/25985946
https://doi.org/10.1371/journal.pone.0283349

