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We studied associations of persistent respiratory morbidity (PRM) at 6 and 12months after
acute respiratory failure (ARF) in previously healthy children with single-nucleotide
polymorphisms (SNPs) of surfactant protein (SP) genes. Of the 250 enrolled subjects,
155 and 127were followed at 6 and 12months after an ARF episode, respectively. Logistic
regression analysis and SNP–SNP interaction models were used. We found that 1) in the
multivariate analysis, an increased risk at 6 and 12months was associated with rs1124_A
and rs4715_A of SFTPC, respectively; 2) in a single SNP model, increased and decreased
risks of PRM at both timepoints were associated with rs1124 of SFTPC and rs721917 of
SFTPD, respectively; an increased risk at 6 months was associated with rs1130866 of
SFTPB and rs4715 of SFTPC, and increased and decreased risks at 12 months were
associated with rs17886395 of SFTPA2 and rs2243639 of SFTPD, respectively; 3) in a
two-SNP model, PRM susceptibility at both timepoints was associated with a number of
intergenic interactions between SNPs of the studied SP genes. An increased risk at
12 months was associated with one intragenic (rs1965708 and rs113645 of SFTPA2)
interaction; 4) in a three-SNP model, decreased and increased risks at 6 and 12months,
respectively, were associated with an interaction among rs1130866 of SFTPB, rs721917
of SFTPD, and rs1059046 of SFTPA2. A decreased risk at 6 months was associated with
an interaction among the same SNPs of SFTPB and SFTPD and the rs1136450 of
SFTPA1. The findings revealed that SNPs of all SFTPs appear to play a role in long-term
outcomes of ARF survivors and may serve as markers for disease susceptibility.
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INTRODUCTION

Acute respiratory failure (ARF) is a common cause of invasive
mechanical ventilation need and admission to pediatric intensive
care units (PICUs) in children with an incidence of 3% of total
PICU admissions (Ibiebele et al., 2018; Khemani et al., 2019).
Recent advances in critical care that use early lung protective
strategies and improvement in supportive care have led to a
gradual decrease in mortality of pediatric ARF (Matthay et al.,
2017). This has shifted the focus from mortality to new
morbidities in this cohort (Keim et al., 2018). Studies have
shown a significant decline in the functional status of pediatric
ARF survivors at discharge (Pollack et al., 2009). More
specifically, persistent respiratory morbidity (PRM) occurred
after 6 and 12 months of an ARF episode even in previously
healthy children (Keim et al., 2020). In addition, there is a
considerable heterogeneity in the progression of the disease
and long-term outcomes of pediatric ARF patients (Keim
et al., 2020), indicating a complex interaction between genetic
and environmental factors. Nonetheless, studies of long-term
sequelae of ARF in children are limited (Yehya and Thomas,
2016). To our knowledge, no studies have specifically examined
the role of genetics, an important host variable, as a risk factor for
PRM after an episode of ARF in previously healthy children.

Pulmonary surfactant consists of 90% lipids and 10%
surfactant proteins (SPs). There are two major types of SPs in
the lung; 1) The hydrophobic surfactant proteins (SP-B and -C)
are responsible for reducing the surface tension and essential for
normal lung function (Serrano and Perez-Gil, 2006), and 2) the
hydrophilic SPs (SP-A and -D) are responsible primarily for
innate immunity and host defense against infections (Wright,
2005; Kishore et al., 2006; Depicolzuane et al., 2021; Floros et al.,
2021). SP-B, SP-C, and SP-D are each encoded by a single gene,
SFTPB, SFTPC, and SFTPD, respectively, whereas SP-A is
encoded by two similar genes, SFTPA1 and SFTPA2, that are
differentially regulated (Floros and Tsotakos, 2021) and identified
with functional, structural, and other differences (Thorenoor
et al., 2019; Gandhi et al., 2020b; Thorenoor et al., 2020; Xu
et al., 2020; Floros et al., 2021). Several single-nucleotide
polymorphisms (SNPs) have been described for each of these
genes (DiAngelo et al., 1999;Wert et al., 2009; Silveyra and Floros,
2012). These SNPs are common in the general population and
shown to associate with various acute and chronic pulmonary
diseases, such as neonatal respiratory distress syndrome (RDS)
(Kala et al., 1998; Nogee et al., 2000; Rämet et al., 2000; Floros
et al., 2001), cystic fibrosis (Lin et al., 2018), acute respiratory
distress syndrome (Lin et al., 2000b), chronic obstructive
pulmonary disease (Seifart et al., 2002), interstitial pulmonary
fibrosis (Selman et al., 2003), severity of respiratory syncytial
virus (RSV) (Thomas et al., 2009), tuberculosis (TB) (Floros et al.,
2000), and hypersensitivity pneumonitis (HP) (Gandhi et al.,
2021). Importantly, we previously demonstrated that these SNPs
are associated with pediatric ARF and its short-term outcome,
pulmonary dysfunction. at discharge in the same cohort (Gandhi
et al., 2020a).

Taken together, we postulated that the SPs contribute to the
progression of pediatric ARF and its long-term outcome, PRM, at

6 and 12 months after the index admission for ARF. To eliminate
potential confounding contribution of other chronic illnesses to
long-term sequelae of pediatric ARF, we enrolled only previously
healthy children for the current study. We hypothesized that
multiple genetic variants of the SP genes are associated with long-
term outcomes after an ARF episode through single genetic
variations within a gene, and/or through intragenic (within the
same gene) or intergenic (with different genes) interactions. To
our knowledge, this is the first study examining the association of
genetic variants in PRM after an admission for ARF in previously
healthy children. Our results indicate the association of complex
SNP–SNP interactions of the surfactant protein genes with PRM
at 6 and 12 months, and may contribute to the pulmonary
sequelae in pediatric ARF survivors.

SUBJECTS AND METHODS

Study Population
We prospectively enrolled 250 previously healthy children from 0
to 24 months of age that required invasive ventilation for an index
case of ARF secondary to respiratory illness at 10 participating
pediatric intensive care units (PICUs) over 5 consecutive years.
This multicenter cohort has been described in detail elsewhere
(Gandhi et al., 2020a; Keim et al., 2020). Briefly, previously
healthy children, who met at least one of the three criteria, 1)
chest radiograph with either focal or diffuse infiltrative
pulmonary process, 2) radiographic evidence of air trapping,
or 3) clinical exam findings of lower respiratory tract illness, were
determined to have primary respiratory cause of ARF. We
prospectively collected all demographic and clinical data for
children with ARF.

These subjects were followed up at 6 (n = 155) and 12 months
(n = 127) after the index ARF admission via telephonic interview
of a designated parent about the subject’s health status. Questions
included the 11-item PedsQL™ asthma module health-related
quality of life symptom scale (Chan et al., 2005; Greenley et al.,
2008; Seid et al., 2010). The parents’ responses were recorded on a
scale of 0–4, where 0 = never and 4 = almost always. Parents were
also asked about prescribed medications, frequency of use, and
whether the child had been diagnosed with asthma, and/or had
visits to the physician’s office or emergency department or had
been readmitted to the hospital, PICU for “breathing problems,”
and finally, if the child required mechanical ventilation post index
admission.

Cases: children, at 6 and 12 months of discharge, who
developed PRM as defined a priori, i.e., if the subject met one
of the following criteria: 1) diagnosis of asthma, 2) use of
bronchodilator in the last month, 3) use of inhaled
corticosteroid, 4) representation to care for a “breathing”-
related complaint, or 5) asthma module health-related quality
of life symptom scale score ≥5. The cohort of the current study
differs from the original ARF cohort in terms of chronicity and
long-term respiratory symptoms. In other words, the initial
incident is defined as ARF; however, ~45% of the ARF
children continue to have breathing symptoms and get
diagnosed with PRM. Thus, all children with PRM had an
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episode of ARF, but not all patients with ARF developed PRM.
Controls: children who did not meet predefined criteria of PRM
at 6 and 12 months following an index admission to PICU
for ARF.

We collected blood samples of the study participants after
obtaining informed consent from a parent or legal guardian. This
study was approved by the institutional review board of
participating sites.

DNA Isolation and Genotype Analysis
Genomic DNAs were extracted from blood samples using
QIAamp Blood kit (Qiagen, Valencia, CA, USA) as described
previously (DiAngelo et al., 1999). We used the polymerase chain
reaction-restriction fragment length polymorphism (PCR-RFLP)
method to analyze the SFTPA1, SFTPA2, SFTPD (DiAngelo et al.,
1999; Lin et al., 2000b), SFTPB (Lin et al., 2000a; Lin et al., 2000b),
and SFTPC (Selman et al., 2003) gene polymorphisms as
described earlier (DiAngelo et al., 1999). The PCR primer
sequences and restriction enzymes used for the current study
are described elsewhere (DiAngelo et al., 1999; Gandhi et al.,
2020a; Gandhi et al., 2021). A total of 14 target SNPs of surfactant
protein genes SFTPA1, SFTPA2, SFTPB, SFTPC, and SFTPD were
selected based on their associations with various acute and
chronic pulmonary diseases (Lin et al., 2000b; Floros et al.,
2000; Floros et al., 2001; Selman et al., 2003; Thomas et al.,
2009; Silveyra and Floros, 2012; Lin et al., 2018; Gandhi et al.,
2020a; Gandhi et al., 2021). These include: five SNPs from
SFTPA1: rs1059047, rs1136450, rs1136451, rs1059057, and
rs4253527; four SNPs from SFTPA2: rs1059046, rs17886395,
rs1965707, and 1965708; one SNP from SFTPB: rs1130866;
two SNPs from SFTPC: rs4715 and rs1124; and two SNPs
from SFTPD: rs721917 and rs2243639. The details of the
studied SNPs are given in Supplementary Table S1. The SP-
A1 and SP-A2 genotypes were assigned as described (DiAngelo
et al., 1999). To reduce bias in the genotype, all samples were
processed together in a blinded fashion with those assigning
genotypes unaware of the clinical status.

Statistical Analysis
The frequency of the alleles in the two groups were compared
using the Chi-square test, or the Fisher’s exact test when the
expected frequency of the allele was too small (<5). Assuming no
allele dose–effect, univariate logistic regression was applied to
each allele or SP-A genotype to test whether the existence of a
given minor allele and/or genotype distinguishes PRM from no
PRM. Alleles that were significantly associated with PRM in
univariate analysis (p-value < 0.1) were included in the
multivariate logistic regression analysis (Floros et al., 2000;
Selman et al., 2003). The univariate analysis was done for
screening and selection of variables for the multivariate
analysis; therefore, the relaxed p-value of less than 0.1 was
used. In the multivariate analysis of PRM at 12 months, a
positive bacterial culture on admission and PRM at 6 months
were obliged to be included in the model due to their significant
associations in the univariate analysis. Variable selection was
performed using a backward elimination method with a
prespecified significance level of 0.05.

Wang et al. (2010) developed a computational model for
detecting additive, dominant, and epistatic effects by integrating
quantitative genetic theory into a case-control design context. This
model can particularly characterize high-order epistatic interactions
even with the modest sample size; hence, we used this model (Wang
et al., 2010) to study associations of SP gene polymorphisms with
PRM at 6 and 12months (Wang et al., 2010; Gandhi et al., 2020a;
Gandhi et al., 2021). Of note, in the present study, the reference
(major) and alternate (minor) alleles were assigned based on the
“NCBI dbSNP database of genetic variation” using the global
population (Sherry et al., 2001), and the significant findings were
noted in terms of the reference to the minor allele in its homozygous
or heterozygous form. The model of Wang et al. dissects the genetic
effects, including the additive (a) and dominant (d) of the minor
allele at a single SNP, pairwise interaction effects at two SNPs, and
three-way interactions in a three-SNP model.

An example with a detailed explanation is provided below in
order to understand the additive and dominant effects of each
SNP in a given interaction type. Please consider the example of an
SNP with three genotypes AA, Aa, and aa. To estimate its additive
effect, the homozygotes (AA and aa) were compared against its
heterozygote (Aa), whereas to estimate its dominant effect, the
heterozygote (Aa) was compared against the average size of the
two homozygotes (AA and aa). Thus, the interaction type “a1d2”
in a two-SNP model [with the first SNP with three possible
genotypes (AA, Aa, and aa) and the second SNP with three
possible genotypes (BB, Ba, and bb)] can be interpreted as follows:
two-locus genotypes with a homozygote at the first locus and
heterozygote at the second locus, i.e., AABb, aaBb, perform
differently than the remaining genotypes (AABB, AAbb,
AaBB, AaBb, Aabb, aaBB, and aabb). According to this model,
we sorted the case-control genotype observations into a 2 × 2
contingency table to examine the association of each of the
genetic effects of individual SNPs with PRM at 6 and 12 months.

The logistic regression model was implemented to estimate the
genetic effect of that particular SNP after adjusting for covariates
(age, sex, race, and weight). These variables were selected based
on the biological possibilities and the significant difference
between groups. We used the race as a covariate to adjust for
differences in allele frequencies between races. The OR with 95%
confidence interval (95% CI) was estimated using the Cochran’s
and Mantel–Haenszel tests to assess the magnitude of the
dominant/additive effect (Day and Byar, 1979). The false
discovery rate (FDR) was controlled at 5% using the
Benjamini–Hochberg method to account for multiple testing
(Hope, 1968; Hochberg, 1995). We reported all possible
SNP–SNP interactions associated with cases with p-value <
0.05 for single SNPs and two- and three-SNP interaction models.

RESULTS

Clinical Characteristics of the Study Group
Of the 250 patients enrolled in the study, follow-up questionnaires
were completed for 155 patients (~61%) and 127 patients (~50%) at
6 and 12months, respectively. Persistent respiratory morbidity was
diagnosed in 66 patients (42.5%) at 6 months and in 57 patients
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(44.8%) at 12months. Figure 1 shows the flow diagram of patients
with PRM. We did not observe statistically significant difference in
age, sex, race, and ethnicity between groups at both timepoints as
shown in Table 1. As shown previously in our clinical paper (Keim
et al., 2020), PRM at 6 months was predictive of developing PRM at
12months, whereas a positive respiratory bacterial culture during
the index admission was predictive of developing PRM at both
timepoints.

Association of Surfactant Protein
Single-Nucleotide Polymorphisms With
Persistent Respiratory Morbidity
Univariate and Multivariate Analyses
At 6 and 12months, no significant differences were observed in the
frequency of the studied SNPs between the two groups (PRM vs. no

PRM). The frequency distribution of the majority of SNPs did not
deviate from the Hardy–Weinberg equilibrium (Supplementary
Tables S2 and S3). An increased risk of PRM at 6months was
significantly associated with rs1124 of the SFTPC in the univariate
and multivariate logistic regression analysis, OR = 11.7 (1.9–217.9),
p = 0.03 (Supplementary Table S4). At 12 months, significant
differences (p < 0.1) were observed for the SFTPA2 marker allele
(rs17886395_G), the SFTPDmarker allele (rs721917_G), the SFTPC
marker alleles (rs4715_A, rs1124_A), and SFTPA1 (6A3) in the
univariate analysis. Of these, based on an OR <1, a decreased risk for
PRM was associated with rs721917_G of the SFTPD and SFTPA1
(6A3), whereas an increased risk for PRM was associated with other
marker alleles (OR >1) (Table 2). When these marker alleles were
considered in the multivariate analysis, an increased risk for PRM
was significantly associated with only one allele, the SFTPC
(rs4715_A), OR = 3 (1.14–9.5), p = 0.04 (Table 2).

FIGURE 1 | Flow diagram of patients with persistent respiratory morbidity (PRM). Red arrow depicts transfer of patients from one group to another.

TABLE 1 | Demographics and clinical characteristics of the study group at 6 and 12 months.

Variable At 6 months At 12 months

No PRM (n = 89) PRM (n = 66) p-Value No PRM (n = 70) PRM (n = 57) p-Value

Demographics
Age (months) 3 ± 4.4 4.2 ± 4.8 0.123 2.8 ± 3.9 4.4 ± 5.6 0.07
Female (%) 30 (34) 24 (36) 0.734 23 (33) 21 (37) 0.6
Non-White race (%) 29 (33) 17 (26) 0.177 22 (31) 19 (33) 0.56
Hispanic (%) 14 (16) 14 (21) 0.384 12 (17) 9 (16) 0.84

Admission diagnosis (%) 0.387 0.492
RSV bronchiolitis 50 (56) 36 (54) 37 (53) 32 (56)
Other bronchiolitis 17 (19) 10 (15) 14 (20) 11 (19)
Other pneumonia 8 (9) 11 (17) 5 (7) 7 (12)
Other respiratory failure 11 (12) 9 (14) 12 (17) 6 (11)
Nonpulmonary 3 (4) 0 2 (3) 1 (2)

Positive bacterial culture (%) 39 (44) 41 (62) 0.04 26 (37) 36 (63) 0.001
PDAD (%) 19 (21) 31 (47) 0.001 19 (27) 21 (37) 0.245
PRM at 6 months (%) - - - 10 (14) 41 (72) 1.6924E−13

Note. PRM, persistent respiratory morbidity; PDAD, pulmonary dysfunction at discharge; RSV, respiratory syncytial virus.
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Single-Single-Nucleotide Polymorphism Model
At 6 and 12 months, an increased risk of PRMwas associated with
rs1124, OR = 5.8 (1.8–19.3) of the SFTPC that exhibited an
additive effect, whereas a decreased risk of PRM was associated
with rs721917 of the SFTPD that exhibited a dominant effect, p <
0.05. Only at 6 months, an increased risk of PRM was associated
with rs1130866 of the SFTPB, OR = 3.2 (1.2–8.6), and the rs4715
of the SFTPC, OR = 6.2 (1.4–27.4), and each exhibited an additive
effect. Only at 12 months, increased and decreased risks of PRM
were associated with rs17886395 of the SFTPA2 and rs2243639 of
the SFTPD, respectively, and exhibited a dominant effect
(Table 3).

For SNP–SNP interaction tables, the column “interaction
type” represents interactions that could be intragenic,
i.e., between SNPs of an individual gene, or intergenic,
i.e., between SNPs of different genes. The letter “a” is for
additive and “d” is for dominant effect of that particular SNP.
The number following “a” or “d” indicates the position of the
corresponding SNP, for example, an interaction of the a1d2 type
indicates the additive and dominant effects of SNP 1 and SNP 2,
respectively, in the two-SNPmodel. For the three-SNPmodel, the
a1a2d3 interaction type indicates the additive effects of SNPs 1
and 2, and the dominant effect of SNP 3.

Two-Single-Nucleotide Polymorphism Model
At 6 months, decreased risk of PRM was associated with 12
interactions of different combinations between SNPs of the
studied genes in a two-SNP model, OR = 0.1–0.5 (Table 4).
All interactions were intergenic (between SNPs of different

genes). The majority of significant interactions involved the
rs1130866 of the SFTPB (n = 7) and interacted with SNPs of
hydrophilic SPs (n = 6). We observed four and two interactions
between SNPs of the hydrophilic and hydrophobic SPs alone,
respectively.

At 12 months, PRM was associated with a total of 29
interactions among SNPs of SP genes in a two-SNP model
(Table 5). All but one interactions were intergenic. The one
intragenic interaction (SNPs of the same gene) was between SNPs
of the SFTPA2 (rs1059046 × rs1965707, a1d2, OR = 2.9 (1.1–7.8),
p < 0.05). Significant intergenic interactions (n = 28) that
included the other studied genes were as follows: 15, 10, 8,
and 5 interactions for each SFTPA1, SFTPA2, SFTPB, and
SFTPC, respectively. The SFTPD SNPs had the highest
number of interactions with SNPs of other SPs (n = 18),
particularly the rs721917 of the SFTPD (n = 13).

Out of the 29 interactions, 11 were among SNPs of both
hydrophilic and hydrophobic SPs, and 17 and 1 were between
SNPs of the hydrophilic and hydrophobic SPs alone, respectively.
A decreased risk of PRM was associated with the majority of the
interactions, whereas an increased risk of PRM was associated
with only 10 interactions. Of note, the susceptibility to PRM
changed based on the effect of a particular SNP in a given
interaction. For example, if the increased risk of PRM was
associated with the interaction (rs1059046 × rs1124), and the
interaction type was a1a2, OR = 5.3 (1.1–25.1), it would indicate
that the additive effects of both SNPs were associated with
increased risk. However, the decreased risk of PRM was
associated with the same interaction, if the interaction type

TABLE 2 | Persistent respiratory morbidity (PRM) vs. no PRM at 12 months (univariate analysis).

Gene SNP Chr Position Allele PRM No PRM OR (95%CI) p-Value OR (95%CI)* p-Value*

n (%) n (%)

SFTPA2 rs17886395 10 AA91 G 30 (26) 23 (16) 2 (0.91–4.5) 0.09 2.02(0.70–6.05) 0.2
SFTPD rs721917 10 AA11 G 57 (50) 60 (43) 0.3 (0.11–0.93) 0.04 0.4 (0.10–1.71) 0.2
SFTPC rs4715# 8 AA138 A 21 (19) 38 (27) 2 (1–4.2) 0.06 3 (1.14–9.5) 0.04
SFTPC rs1124 8 AA186 A 28 (25) 52 (37) 1.9 (1.04–3.6) 0.04 2.4 (1.03–6.2) 0.05
SFTPA1 6A3 10 34 (25) 23 (21) 0.66 (0.32–1.37) 0.27 0.36 (0.11–1.05) 0.07

Note. Chr, chromosome; AA, amino acid; n (%). number of the given allele, in parenthesis the percentage of the given allele out of the possible alleles in the particular cohort is shown.
*adjusted for PRM at 6 months and positive bacterial culture. #remained significant in the multivariate analysis. OR, odds ratio; CI, confidence interval.

TABLE 3 | Association of surfactant protein (SP) gene single-nucleotide polymorphisms (SNPs) with persistent respiratory morbidity (PRM) at 6 and 12 months in a single-
SNP model after adjusting for covariates (age, sex, race, and weight).

SNP Gene Allele Interaction type PRM at 6 months PRM at 12 months

p-Value FDR OR
(95%CI)

p-Value FDR OR
(95%CI)

rs1124 SFTPC A Additive 3.20E−03 0.02 5.8 (1.8–19.3) 0.0025 0.02 6.1 (1.9–19.8)
rs721917 SFTPD G Dominant 9.00E−04 0.01 0.5 (0.3–0.8) 3.51E−05 0.001 0.3 (0.2–0.5)
rs1130866 SFTPB C Additive 4.00E−04 0.01 3.2 (1.2–8.6)
rs4715 SFTPC A Additive 4.30E−03 0.02 6.2 (1.4–27.4)
rs17886395 SFTPA2 G Dominant 0.001 0.02 2.0 (1.1–3.8)
rs2243639 SFTPD C Dominant 0.001 0.02 0.4 (0.2–0.8)

Note. OR, odds ratio; CI, confidence interval; FDR, false discovery rate.
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was d1a2, OR = 0.4 (0.2–0.8), this indicates that the dominant
effect of rs1059046 and the additive effect of rs1124 are associated
with decreased risk. In addition, 9 out of the 12 significant
interactions associated with a decreased risk of PRM at
6 months remained significant at 12 months as well.

Three-Single-Nucleotide Polymorphism Model
At 6 and 12 months, the rs1130866 of the SFTPB, and the
rs721917 of the SFTPD interacted with the rs1059046 of the
SFTPA2 in a three-SNP model (Table 6). A decreased risk of
PRM at 6 months was associated with these intergenic
interactions. However, an increased risk of PRM at 12 months
was associated with the same interactions. In addition, a
decreased risk of PRM only at 6 months was associated with
interactions among the same SNPs of the SFTPB and SFTPD
(noted above) and the rs1136450 of the SFTPA1. Furthermore, as
shown in Table 6, the effect size of the seven intergenic
interactions. as denoted by the OR, was variable, based on the
effect (additive or dominant) of the particular SNP at the
particular position, OR = 0.07–0.25 (Table 6).

DISCUSSION

Surfactant dysfunction and dysregulated inflammation,
individually or in conjunction with each other, are central to
the pathophysiologic mechanisms of various pulmonary diseases,
including ARF in children (Amigoni et al., 2017). Because SPs
play a role in surfactant dysfunction and/or regulation of
inflammatory processes/innate immunity, we hypothesized
that natural genetic variants of SPs are associated with PRM at
6 and 12 months after an ARF episode. The results indicated that
1) PRM at both timepoints is associated with SNPs of all five SP
genes. 2) Increased risk of PRM is associated with rs1124 of the
SFTPC at 6 months in the univariate and multivariate analyses

and in the single-SNP model, whereas increased risk of PRM at
12 months is associated with rs4715 of the SFTPC in the
univariate and multivariate analyses. 3) At both timepoints,
increased and decreased risks of PRM is associated with
rs1124 of the SFTPC and the rs721917 of the SFTPD,
respectively, in the single-SNP model. 4) Increased and
decreased risks of PRM at 12 months is associated with
rs17886395 of the SFTPA2 and rs2243639 of the SFTPD,
respectively, in the single-SNP model. 5) PRM at 12 months is
associated with one significant intragenic interaction between
SNPs of the SFTPA2 (rs1059046 × rs1965707). 6) No association
between increased and decreased risks of PRM at 6 and
12 months, respectively, was observed with any of the
SNP−SNP interactions in the two- and three-SNP model
(6 months) or the three-SNP model (12 months). 7) In the
three-SNP model, one intergenic interaction
(rs1059046 × rs1130866 × rs721917) is associated with
decreased and increased risk of PRM at 6 and 12 months,
respectively. 8) The intergenic (rs1136450 × rs1130866 ×
rs721917) interaction is associated with a decreased risk of
PRM at 6 months with a variable effect size.

We used two different statistical methods to study associations
of SNPs of the SP genes with PRM at 6 and 12 months. The first
one is the multivariate logistic regression analysis adjusting for
selected covariates using backward elimination method (p < 0.1).
The other method is the Wang’s SNP–SNP interaction model, an
integrated approach, which uses principles of quantitative
genetics to decompose the genetic effect of a particular SNP
into its underlying components (Wang et al., 2010). In this
analysis, the covariates (age, sex, race, and weight) were
selected based on the biological possibilities and the
differences between the two groups (cases vs. controls). The
marker alleles shown to associate with risk of PRM at 6 and
12 months are almost identical (based on the OR) to those
observed in the univariate and multivariate analyses. These

TABLE 4 | Associations of SP gene SNP interactions with persistent respiratory morbidity (PRM) at 6 months in a two-SNP model after adjusting for covariates (age, sex,
race, and weight).

SNP#1 Gene SNP#2 Gene Interaction type p-Value FDR OR (95% CI)

rs1136451 SFTPA1 rs721917 SFTPD a1 3.27E−04 0.0020 0.1 (0.1–0.4)
d2 3.05E−05 0.0007 0.5 (0.2–0.9)

rs1130866 SFTPB rs2243639 SFTPD a1 1.55E−03 0.0050 0.2 (0.1–0.9)
d1d2 6.68E−06 0.0006 0.5 (0.3–0.8)

rs1965707 SFTPA2 rs1130866 SFTPB a2 2.12E−04 0.0017 0.3 (0.1–0.9)
rs1136451 SFTPA1 rs1130866 SFTPB a2 9.22E−05 0.0011 0.2 (0.1–0.7)
rs1965707 SFTPA2 rs1136450 SFTPA1 a1d2 6.26E−05 0.0010 0.4 (0.2–0.9)
rs1136450 SFTPA1 rs2243639 SFTPD a1d2 1.65E−03 0.0051 0.3 (0.1–0.8)

a1a2 3.12E−02 0.0430 0.2 (0.1–0.8)
rs1130866 SFTPB rs4715 SFTPC a1d2 3.14E−05 0.0007 0.3 (0.1–0.6)
rs1130866 SFTPB rs1124 SFTPC a1d2 5.85E−06 0.0006 0.3 (0.1–0.8)
rs1130866 SFTPB rs721917 SFTPD a1d2 3.46E−04 0.0020 0.5 (0.2–0.9)
rs1965708 SFTPA2 rs721917 SFTPD d1d2 5.88E−04 0.0027 0.6 (0.4–0.9)
rs1059046 SFTPA2 rs1130866 SFTPB a2 5.74E−03 0.0131 0.2 (0.1–0.8)
rs1059046 SFTPA2 rs721917 SFTPD d2 6.92E−03 0.0150 0.4 (0.2–0.8)

Note. Interaction type: a and d denote additive and dominant effects of the particular SNP. Numbers 1 and 2 denote effect of the particular SNP at that position. For example, the
rs1965707 × rs1136450 interaction is a1d2 type indicating an additive effect of the rs1965707 and a dominant effect of the rs1136450. This interaction is associated with a decreased risk
of PRM at 6 months. In some interactions, only one SNP exhibited amain effect, whereas, the other SNP remained silent but their interaction was significant. For example, the rs1136451 ×
rs721917 interaction shows two significant effect types a1 and d2 with the rs1136451 exhibiting a main additive effect and the rs72191 exhibiting a dominant effect.
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observations indicate that these associations are true rather than
spurious and may validate the newer two- and three-SNP–SNP
interaction models.

Association of SP SNPs in the single-SNP model: In the
single-SNP model, decreased risk of PRM at both timepoints
was associated with rs721917 of the SFTPD (Table 3). The
rs721917 results in an alteration of the codon corresponding
to amino acid 11 in the mature protein, where a methionine is
replaced by a threonine. The Thr11 (C allele) variant has been
associated with low serum levels of SP-D (Heidinger et al.,

2005) and is shown to inhibit SP-D oligomerization
(Heidinger et al., 2005). Previously, this SNP (C allele) is
shown to associate with an increased risk of severe RSV (Lahti
et al., 2002) and TB (Floros et al., 2000). In this study, we
found the rs721917_G allele to associate with a decreased risk
of PRM, which is consistent with the previous findings, where
the C allele was associated with an increased risk. However,
the difference in allele significance among studies may partly
be due to differences in study populations and disease
processes.

TABLE 5 | Associations of SP gene SNPs with persistent respiratory morbidity (PRM) at 12 months in a two-SNP model after adjusting for covariates (age, sex, race, and
weight).

SNP#1 Gene SNP#2 Gene Interaction type p-Value FDR OR (95% CI)

rs1059046 SFTPA2 rs1124 SFTPC d1a2 4.92E−04 0.001051 0.5 (0.3–0.9)
rs1130866 SFTPB rs1124 SFTPC d1a2 1.68E−05 0.000102 0.4 (0.2–0.7)
rs1136450 SFTPA1 rs1124 SFTPC a2 8.50E−05 0.000288 0.1 (0.1–0.6)

d1a2 3.33E−04 0.000792 0.6 (0.3–0.9)
rs1965707 SFTPA2 rs1124 SFTPC a2 8.62E−04 0.001716 0.2 (0.1–0.6)
rs1059046 SFTPA2 rs1130866 SFTPB a2 5.38E−03 0.007326 0.3 (0.1–0.9)
rs1136451 SFTPA1 rs1130866 SFTPB d1d2 5.35E−06 5.83E−05 0.6 (0.4–0.9)
rs1965707 SFTPA2 rs1130866 SFTPB a2 1.61E−05 0.000101 0.3 (0.1–0.7)

a1d2* 4.38E−05 0.000165 1.8 (1.1–3.1)
rs1965707 SFTPA2 rs1136450 SFTPA1 a1d2 9.22E−07 1.91E−05 0.4 (0.2–0.7)

a1* 5.17E−04 0.001092 6.6 (1.9–22.6)
d1a2 1.22E−02 0.014944 0.5 (0.3–0.9)

rs1965708 SFTPA2 rs1136450 SFTPA1 a1d2* 1.74E−03 0.003022 1.8 (1.1–3.1)
d1a2 5.20E−03 0.007177 0.5 (0.3–0.9)

rs1059046 SFTPA2 rs1965707 SFTPA2 a1d2* 2.31E−03 0.003708 1.9 (1.1–3.5)
rs1124 SFTPC rs2243639 SFTPD d2 1.27E−03 0.002345 0.5 (0.3–0.8)
rs1130866 SFTPB rs2243639 SFTPD d1d2 2.38E−08 1.64E−06 0.5 (0.3–0.7)

a1 4.38E−04 0.000965 0.2 (0.1–0.6)
a2* 2.99E−03 0.004446 4.5 (1.2–16.4)

rs1136450 SFTPA1 rs2243639 SFTPD a1d2 1.53E−04 0.000421 0.3 (0.2–0.6)
rs4715 SFTPC rs2243639 SFTPD d2 1.05E−04 0.000328 0.6 (0.4–0.9)
rs1130866 SFTPB rs4715 SFTPC d1a2 6.21E−04 0.001261 0.6 (0.3–0.9)
rs1059046 SFTPA2 rs721917 SFTPD d2 1.98E−05 0.000103 0.3 (0.2–0.5)

a1a2* 3.13E−03 0.004568 4.1 (1.3–13.6)
a1d2* 9.75E−03 0.012155 1.9 (1.1–3.2)

rs1124 SFTPC rs721917 SFTPD a1 3.13E−05 0.000145 0.1 (0.1–0.8)
d2 3.62E−04 0.000848 0.5 (0.3–0.8)
d1d2 4.25E−05 0.000165 0.7 (0.5–0.9)

rs1130866 SFTPB rs721917 SFTPD a1d2 3.10E−06 4.35E−05 0.4 (0.2–0.7)
d2 3.45E−05 0.000149 0.4 (0.2–0.8)
d1a2 5.93E−04 0.001227 0.5 (0.3–0.9)
d1d2 4.34E−05 0.000165 0.7 (0.5–0.9)

rs1136450 SFTPA1 rs721917 SFTPD d2 4.24E−04 0.000963 0.4 (0.2–0.8)
a1a2 1.49E−03 0.002732 0.1 (0.1–0.4)

rs1136451 SFTPA1 rs721917 SFTPD a1 3.15E−06 4.35E−05 0.1 (0.1–0.3)
d2 5.01E−09 1.01E−06 0.3 (0.2–0.6)
a1d2 3.99E−07 1.03E−05 0.5 (0.3–0.9)
d1d2* 6.90E−05 0.000251 1.6 (1.2–2.3)

rs1965707 SFTPA2 rs721917 SFTPD d2 1.10E−05 7.60E−05 0.4 (0.3–0.8)
a1d2 1.84E−05 0.000103 0.5 (0.3–0.8)

rs1965708 SFTPA2 rs721917 SFTPD d1d2 3.50E−06 4.42E−05 0.6 (0.5–0.9)
d2 3.69E−03 0.005302 0.5 (0.3–0.9)
a1d2* 6.47E−03 0.008473 1.8 (1.1–3.1)

rs4715 SFTPC rs721917 SFTPD d2 7.89E−05 0.000277 0.5 (0.3–0.8)
d1d2 3.14E−05 0.000145 0.7 (0.5–0.9)

Note. Interaction type: a and d denote additive and dominant effects of the particular SNP. Numbers 1 and 2 denote the effect of the particular SNP at that position. An intragenic interaction
is shown in bold. Interaction type that is associated with increased risk of PRM is marked with “*”. In some interactions, only one SNP exhibited a main effect, whereas the other SNP
remained silent, but their interaction was significant. For example, the rs1136450 × rs1124 interaction is an a2 type, indicating that in this interaction, the main additive effect of rs1124 is
significant.
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Increased risk of PRM at both timepoints was associated with
rs1124 of the SFTPC (Table 3), whereas increased risk of PRM at
6 months was associated with the rs4715 (A allele) of the SFTPC
only. Previously, we showed in the same dataset (Gandhi et al.,
2020a) that the rs4715 (A allele) was associated with an increased
risk of ARF (compared with nonARF newborns) but not with the
short-term outcome, pulmonary dysfunction at discharge. Other
studies have shown that haplotypes of these SNPs, but not of
individual SNPs, are associated with severity of RSV infection but
are protective against the long-term outcome, asthma (Puthothu
et al., 2006). Although in the current study, haplotype analysis
was not performed; this is a goal in future studies. Conversely,
although 55% of the children in our study had RSV bronchiolitis,
an increased risk of PRM was associated with each of the SFTPC
SNPs. These contrasting findings could be due to difference in
patient population, environmental conditions, case-control
definitions, and/or statistical approaches used for the studies.
To date, no studies have been done to examine the functional
impact of these polymorphisms. Therefore, we can only speculate
at this time. A preclinical study in mice has shown that SP-C
encoded by the SFTPC gene is important for stabilization and
recruitment of phospholipids in surfactant (Glasser et al., 2001).
It is plausible that these polymorphisms may decrease surfactant
stability and, in turn, increase susceptibility to PRM.

Increased risk of PRM at 6 months was associated with the
rs1130866 (C allele) of SFTPB. The same SNP is shown to
associate with an increased risk of various other pulmonary
diseases, such as chronic obstructive pulmonary disease
(Seifart et al., 2002), acute respiratory distress syndrome (Lin
et al., 2000b), interstitial pulmonary fibrosis (Selman et al., 2003),
and ARF in adults (Quasney et al., 2004), but with a decreased risk
of HP (Gandhi et al., 2021) and neonatal RDS (Floros et al., 2001).
This SNP is shown to increase apoptosis, lung injury, and
mortality in humanized transgenic mice (Xu et al., 2016).
Moreover, this SNP (rs1130866) is part of an N-linked
glycosylation site [Asn(129)-Gln-Thr131] enabling

posttranscriptional N-linked glycosylation of proSP-B (Wang
et al., 2003). An in vitro study showed an allele-specific
(Ile131Thr) delay in the secretion of SP-B as well as a lower
rate of secretion under experimental conditions (Taponen et al.,
2013). Furthermore, a transgenic mouse model of pneumonia
and sepsis carrying the C allele of this SNP showed a decreased
number of lamellar bodies, SP-B concentration, and increased
surface tension compared with wild-type mice after infection
(Yang et al., 2019). These biologic mechanisms may shed light on
the association of the rs1130866 with increased risk of PRM in
our patient population where the most common etiology of ARF
was pneumonia. In summary, given the importance of SP-B and
SP-C in normal lung function, we postulate that SNPs of the
hydrophobic proteins play a central role in ARF and its disease
progression even after 1 year of the initial insult in previously
healthy children. These SNPs, although not part of the mature
protein, may modulate various aspects of the encoded precursor
proteins, function, or other, as discussed above for SP-B, although
the mechanistic details are currently unknown.

Increased risk of PRM only at 12 months was associated with
rs17886395 (G allele) of the SFTPA2 gene in the single-SNP
model. In contrast, the same SNP (G allele) was associated with a
decreased risk of community-acquired pneumonia in Spanish
adults (García-Laorden et al., 2011). Of note, the same SNP (G
allele) was associated with an increased risk of TB and allergic
bronchopulmonary aspergillosis in Indian study groups (Madan
et al., 2002; Saxena et al., 2003). This SNP changes the amino acid
from proline (C allele) to alanine (G allele). Proline is an
important component of the repetitive subunit Gly-X-Pro in
the collagen region of SP-A and is known to provide stability
to triple helical collagenous structures (Improta et al., 2001). We
speculate that this SNP (G allele) leads to unstable and/or
partially functional SP-A, and this, in turn, may increase
susceptibility to respiratory infections.

Interestingly, the majority of the significant SNPs in the single-
SNP model are associated with increased risk of PRM; however,

TABLE 6 | Association of SP gene SNP interactions with persistent respiratory morbidity (PRM) at 6 and 12 months in a three-SNPmodel after adjusting for covariates (age,
sex, race, and weight).

SNP#1 SNP#2 SNP#3 PRM at 6 months PRM at 12 months

Interaction
type

p-Value FDR OR
(95%CI)

Interaction
type

p-Value FDR OR
(95%CI)

rs1059046 rs1130866 rs721917 a1a2d3 0.00E + 00 0.0001 0.07
(0.02–0.19)

a1d3 6.21E−03 0.01 5.5
(1.5–20.5)

a2d3 2.30E−04 0.002 0.21
(0.07–0.62)

a2d3 2.33E−03 0.005 4.5
(1.4–14.6)

d2a3 1.08E−03 0.005 0.25
(0.09–0.72)

d2a3 7.70E−03 0.01 3.8
(1.1–13.7)

d2 5.20E−04 0.003 0.14
(0.04–0.44)

rs1136450 rs1130866 rs721917 d2 9.00E−05 0.001 0.10
(0.03–0.35)

d2a3 2.20E−04 0.002 0.24
(0.08–0.72)

Note. Interaction type: a and d denote additive and dominant effects of the particular SNP. Numbers 1, 2, and 3 denote the effect of the particular SNP at that position. For example, the
rs1136450 × rs1130866 × rs721917 interaction exhibits two effect types, d2 and d2a3. This indicates that the main dominant effect of rs1130866 in d2 type and the dominant and
additive effects of rs1130866 and rs721917, respectively, in the d2a3 type, are each significant. In the d2a3 interaction, the rs1136450 remained silent.
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when found in interactions with other SNPs, they are associated
with a decreased risk of PRM at both timepoints. Recent studies
have shown that a genetic variant in the presence of another
variant can alter the susceptibility of an individual to certain
diseases (Cordell, 2009). The additive and/or epistatic
interactions among surfactant protein genetic variants may
alter concentrations and/or functional capabilities of certain
SPs, and/or host defense at the cellular, molecular, or tissue
level (Cordell, 2009). In addition, we have previously shown
association of SP SNP interactions (but not with a single SNP)
with ARF and its short-term outcome (Gandhi et al., 2020a).
Collectively, our results support that epistasis plays an important
role in the development and progression of complex diseases,
such as PRM (Marchini et al., 2005), and studying SNP–SNP
interactions is crucial to our understanding of the regulation of
physiological function and their impact in health and
disease state.

Association of SP SNPs in the two- and three-SNP model:
Decreased risk of PRM at both timepoints was associated with
the majority of significant interactions and involved SNPs of
both hydrophobic and hydrophilic SP genes. The rs721917 (C
allele) of SFTPD is significant by itself and is associated with a
decreased risk of PRM. This SNP interacted with other SNPs of
the SP genes and was present in the majority of SNP–SNP
interactions associated with a decreased risk of PRM. These
indicate a protective role of the rs721917 (C allele) of the
SFTPD gene in the long-term outcomes of ARF survivors;
however, the underlying mechanism is unknown. At
12 months, some of the significant interactions are
associated with increased or decreased risks of PRM
depending on dominant or additive effects of each SNP in
that particular interaction in the two-SNP model (Table 5).
For example, the interaction between the rs1965708 of the
SFTPA2 and the rs1136450 of the SFTPA1 is associated with an
increased risk of PRM if the interaction type is a1d2, meaning
that the rs1965708 and the rs1136450 exhibit additive and
dominant effects, respectively. However, the susceptibility to
PRM could reverse with reversal of the effects of the involved
SNPs, as shown for these two SNPs, if the interaction type, for
example, is d1a2. We observed eight such interactions with the
same SNPs to associate with either increased or decreased risk
of PRM at 12 months based on the effect of SNPs in the given
interaction (Table 5).

In the current study, we applied principles of quantitative
genetics that help to deconstruct the effects of each SNP on
disease susceptibility. The gene dosage is an important factor
for normal gene function in health and disease conditions
(Veitia and Potier, 2015). Too much or too little of a gene
product and their interactions could possibly lead to over-,
under-, and/or nonfunction of genes in a disease state (Veitia
and Potier, 2015). Furthermore, various studies have shown
that the serum concentration and biochemical properties of
surfactant proteins are altered in pediatric ARF as assessed by
genetic and environmental factors (Sørensen et al., 2006;
Dahmer et al., 2020; Saleh et al., 2021). The disease
phenotype may change based on a quantitative or
qualitative imbalance of a given gene product in a given

microenvironment. Together, these observations may
explain the change in susceptibility to PRM based on the
effect of a particular SNP in a particular interaction. Of
note, one intragenic interaction between SNPs (rs1059046
and rs1965707) of the SFTPA2 is associated with an
increased risk of PRM at 12 months. These SNPs, by
themselves or in combination, have been shown to associate
with an increased risk of severe RSV infection and asthma in
children (Lüfgren et al., 2002; Pettigrew et al., 2007; El Saleeby
et al., 2010). In the current study, about ~55% of the patients
with PRM had RSV bronchiolitis as an etiology of ARF; hence,
our findings are in line with previous observations.

In the three-SNP model, significant intergenic interactions
between SNPs of both hydrophobic (SFTPB) and hydrophilic SPs
(SFTPA1, SFTPA2, and SFTPD) exhibited disease-specific
outcomes, meaning the same interaction with similar effects of
the involved SNPs decreased the risk of PRM at 6 months but
increased the risk of PRM at 12 months (Table 6). Currently,
these observations are puzzling and difficult to understand.
However, future in vitro and/or in vivo experiments studying
the impact of these gene–gene interactions on the level and
properties of SPs in health and disease may help to
understand these observations.

The majority of SNPs and their interactions associated with
PRM risk at 6 months remained significant at 12 months as
well, yet the specific interactions are very distinct from ARF
and its short-term outcome in the same cohort (Gandhi et al.,
2020a). In fact, the pattern of SNPs and their interactions was
unique to each disease population. For example, SNPs of the
SFTPB and the SFTPC by themselves and/or through their
interactions were significantly associated with cystic fibrosis
(Lin et al., 2018), whereas, SNPs of the SFTPA1 and SFTPA2
and their interactions were associated with an increased HP
risk in a Mexican population (Gandhi et al., 2021) and RDS in
prematurely born neonates (Amatya et al., 2021). The majority
of the significant interactions associated with an increased
ARF risk involved SFTPA2 SNPs, whereas the majority of the
significant interactions associated with an increased risk of
pulmonary dysfunction at discharge involved SFTPA1 SNPs in
the same dataset (Gandhi et al., 2020a). This is an interesting
observation because SP-A2 encoded by SFTPA2 and SP-A1
encoded by SFTPA1 for the most part exhibit higher activity in
innate host defense/inflammatory processes and in surfactant-
related functions, respectively (Floros et al., 2021). In the
current study, SNPs of the hydrophobic SPs by themselves
were associated with an increased risk of PRM, whereas their
interactions with the hydrophilic SPs were associated with a
decreased risk of PRM at 6 and 12 months. These findings may
point at significant roles of a particular set of SNPs and their
interactions in ARF and disease progression (short term at
28 days, and long term at 6 and 12 months) in previously
healthy children. Based on the odds ratio, of the two- and
three-SNP interactions, there is only one for each with an OR
of more than 5 that is associated with an increased risk for
PRM at 12 months. In the two-SNP model, this interaction is
of the a1 effect type, between rs1965707 of the SFTPA2 ×
rs1136450 of SFTPA1, and in the three-SNP model, the
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interaction is of the a1d3-effect type, among rs1059046 of the
SFTPA2 × rs1130866 of the SFTPB × rs721917 of the SFTPD.
None of the interactions had ORs of more than 5 in PRM at
6 months. Of interest, infection was the major etiology of ARF
in the studied cohort. Considering the vital role of the
hydrophilic SPs, particularly SP-A, in innate immunity and
host responses of the lung to infection, these findings are not
surprising. In the future, if these results are duplicated in a
validation cohort, identification of such high-risk interactions
could possibly influence clinical decision making for
prognostication and counselling of parents of pediatric ARF
survivors.

Strengths of this study include 1) the multicenter
prospective longitudinal study design enrolling previously
healthy children and the well-characterized demographic,
illness, and environmental exposure information for the
study cohort, and 2) the use of two different statistical
approaches adjusting for clinically important variables.
Some limitations should be noted for the current study.
First, based on the inherent drawbacks of case-control
design, the cause–effect explanation is limited. Second, we
did not measure the level of SPs in serum or bronchoalvolar
lavage fluid; therefore, the impact of these SNPs on SP level is
unknown. Third, we only have a moderate sample size and
somewhat heterogeneous patient population, despite
restricting the study to those with previously healthy lungs.
According to the simulation studies of Wang et al. (2010),
although this sample size may produce a power of
approximately 50%, it can adequately reduce false-positive
rates. Thus, while a portion of significant loci remains to be
detected using a larger sample size, all significant genetic
effects detected in this study deserve a further investigation.
More importantly, our study has identified high-order
epistatic interactions for persistent respiratory morbidity
susceptibility, a genetic phenomenon that has been thought
to be important but highly unexplored. The majority of
enrolled patients were non-Hispanic Caucasian children;
hence, generalization of our findings is limited. In addition,
population stratification based on race and ethnicity, and the
principal component analysis, were not done, and this
omission may have introduced false-positive associations.
However, we have adjusted for several variables, including
race, to account for difference in allele frequencies among
different races. Nonetheless, these associations should be
validated and replicated in heterogeneous groups of patients
in a sufficiently larger sample size.

In conclusion, we showed, for the first time, the association of
SP SNPs with long-term sequelae of ARF survivors in previously
healthy children. Our results indicate that both groups of SPs,
those involved in normal lung function, and those involved in
innate immunity, associate with PRM at 6 and 12 months via
complex interactions. The SNP–SNP interaction statistical
method helps to identify novel high-order interaction-
mediated genotype–phenotype associations not found with the

standard univariate/multivariate analyses in the same dataset.
The knowledge gained from the current study could be used to
develop specific markers to predict long-term sequelae of ARF
survivors in previously healthy children, and thus, in the long
term, an intervention may be initiated to attenuate the long-term
pulmonary sequelae of ARF.
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