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Abstract

Background: Interactions among single nucleotide polymorphisms (SNPs) of surfactant protein 

(SP) are associated with acute respiratory failure (ARF) and its short-term outcome, pulmonary 

dysfunction at discharge (PDAD) in children. However, genetic association studies using 

individual SNPs have not been conducted before. We hypothesize that SP genetic variants are 

associated with pediatric ARF and its short-term complications by themselves.

Methods—We used available genotype and clinical data in the Floros biobank consisting of 248 

children aged ≤ 24 months with ARF; 86 developed PDAD. A logistic regression analysis was 

performed for each of the 14 selected SNPs, SP-A1 and SP-A2 genotypes. A p-value smaller than 

the Bonferroni correction threshold was considered significant. A likelihood ratio test was done to 

compare two models (one with demographic data and another with genetic variants).

Results: Before Bonferroni correction, female sex is associated with a decreased risk of ARF. 

Black race and the rs721917 of the SFTPD are associated with increased risk of ARF. After 

Bonferroni correction, the 1A01A1 genotype of SFTPA2 was associated with decreased risk 

of ARF. The likelihood ratio test showed that the model of the genotype information with 

demographic data was a better fit to predict ARF risk. None of the SP SNPs and SP-A1, SP-A2 

genotypes were associated with PDAD.
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Conclusion: Our results indicate that SNPs and genotypes of SPs involved in innate immunity 

and host defense play an important role in ARF and, in the future, may be used as biomarkers.
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Introduction

Acute respiratory failure (ARF) is defined as the inability of the respiratory system to 

support the metabolic needs of the body (1). Among children, ARF is the most common 

cause of admission to pediatric intensive care unit (PICU) (1). A recent prospective study of 

ARF in children showed more than 30% mortality due to severe hypoxemia (2). Although 

children with pulmonary comorbidities and immunosuppression are the major risk factors 

for pediatric ARF, it is difficult for clinicians to identify at-risk children for developing 

ARF and predict short- and/or long-term sequelae among ARF survivors. Pediatric ARF is 

a multifactorial disease involving complex interactions between genetic and environmental 

factors. The clinical presentation, progression, and severity of ARF vary significantly and 

depend on the underlying causes and other host-related factors. Thus, further efforts must 

be geared towards a better understanding of its complex pathophysiology and the genetic 

factors that may help clinicians to identify children who are at risk for ARF and its 

complications.

Pulmonary surfactant is composed of 90% lipids and 10% proteins and is found in the fluid 

lining the alveolar surface of the lungs. There are two major categories of surfactant proteins 

(SPs) - hydrophobic (SP-B and SP-C) and hydrophilic (SP-A and SP-D). Hydrophobic SPs 

reduce surface tension, whereas hydrophilic surfactant SPs play a role in host defense and 

innate immunity-related functions (3, 4). SP-B, SP-C, and SP-D are each encoded by a 

single gene, SFTPB, SFTPC, and SFTPD, respectively (5). The human SP-A is encoded by 

two functional genes, SFTPA1 and SFTPA2 (3). Multiple single-nucleotide polymorphisms 

(SNPs) have been identified for each of these genes (4–6). These SNPs have been shown 

to associate with various acute and chronic pulmonary diseases, such as cystic fibrosis 

(7), acute respiratory distress syndrome (8), neonatal respiratory distress syndrome (RDS) 

(9), hypersensitivity pneumonitis (10), interstitial pulmonary fibrosis (11), the severity of 

respiratory syncytial virus (RSV) (12) and tuberculosis (TB) (13). We showed that SNP-SNP 

interactions among SP genes are associated with pediatric ARF and its short- (14) and 

long-term outcomes (15). However, these interactions do not provide any information about 

the contribution of individual SNPs in the given interaction. Some SNPs might have a large 

influence on the disease risk, while others have a very small contribution. It is therefore 

beneficial to study association of individual SNPs with disease risk so that they can be used 

to predict disease outcomes.

For the current study, we utilized a preexisting dataset to investigate the association of single 

SP SNPs with pediatric ARF and its short-term outcome using logistic regression analysis. 

We hypothesize that natural SP genetic variants are associated with pediatric ARF and its 
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short-term complications and can be used as a biomarker to predict disease severity. This 

genetic information, along with demographic information, may help to identify children who 

are at risk of pediatric ARF and its short-term outcomes.

Methods

The study was approved by the institutional review board of the Pennsylvania State 

University College of Medicine and participating sites. Written informed consent was 

obtained from the parents.

Cases:

We used securely stored genotype and clinical data in the Floros biobank at the Institute of 

Personized Medicine at the Pennsylvania State University College of Medicine. The study 

cohort is described in detail elsewhere (14). Briefly, 250 previously healthy children aged 

0–24 months admitted with a diagnosis of ARF in the PICUs were enrolled. ARF was 

defined as the presence of at least one of the following: (1) clinical findings consistent 

with lower respiratory tract illness, (2) focal or diffuse infiltrative pulmonary process 

on chest radiograph, or (3) radiographic evidence of air trapping (14). To mitigate the 

contribution of preexisting comorbidities on the development of ARF, we excluded children 

with preexisting neurologic, neuromuscular, or cardiac diseases as well as those with a 

history of (1) prematurity (<35 weeks of gestation), (2) chronic oxygen and/or mechanical 

ventilation (MV) dependency, (3) bronchodilators, inhaled and/or systemic corticosteroids 

use prior to the current illness, (4) previous PICU admission and/or MV course other than 

for surgical procedure, and (5) receipt of exogenous surfactant (14). We also excluded two 

children who subsequently got diagnosed with cystic fibrosis resulting in a total of 248 

subjects.

The short-term outcome of ARF, pulmonary dysfunction at discharge (PDAD), was defined 

as a need of at least one of the following at 28 days of admission or hospital discharge, 

whichever comes first: MV, supplemental oxygen, bronchodilators or steroids (inhaled 

and/or systemic).

Controls:

We used a cohort of 468 randomly selected unrelated term newborns delivered at Penn State 

Children’s hospital as controls to compare with 248 subjects with ARF. For assessing the 

short-term sequalae, children without PDAD among ARF survivors served as control to 

those who did develop PDAD.

DNA Isolation and selection of genetic variants

Genomic DNA was extracted from collected blood using the QIAamp Blood kit (Qiagen, 

Valencia, CA USA) following the manufacturer’s instructions. A total of 14 targeted SNPs 

of SP genes, SFTPA1, SFTPA2, SFTPB, SFTPC, and SFTPD were selected. Details of 

the selected SNPs are given in supplementary table 1. These SNPs were selected because 

of their associations with several acute and chronic pulmonary diseases (7, 9–11, 14, 15). 
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The SP-A1 (6A, 6Am, m=0–13) and SP-A2 (1A, 1An, n=0–15) genotypes were assigned as 

described (6).

Genotype Analysis

Polymerase chain reaction-restriction fragment length polymorphism was used to analyze 

SFTPA1, SFTPA2, SFTPD (6, 8), SFTPB (8), and SFTPC (7) gene polymorphisms. The 

detailed method is described elsewhere (7). To minimize bias in assigning genotypes, 

samples were processed together and those assigning genotypes were unaware of the clinical 

status.

Statistical Analysis

For the genetic analysis within the ARF dataset, we used a total of five dummy variables to 

represent the six ancestral covariates, i.e. Black, Asian, Mixed, Pacific Islander, Latino, and 

European, with the European being used as baseline (0,0,0,0,0). Using these encodings, 

we performed logistic regression analysis for each of the 14 SNPs using PLINK 2.0 

following our previously established methods (12). For each model, we report odds ratios 

(ORs) for each SNP with 95% confidence interval. For the final model containing all 

SNPs, we perform likelihood ratio tests comparing the full model with all SNPs and 

non-genetic covariates against the null model containing only non-genetic covariates. To 

analyze the effects of SP-A1 and SP-A2 genotype distributions for each of the surfactant 

protein encoding regions, in line with previous methods (16), we combined lower counts 

of genotypes into a single group. As mentioned above, we compared the full model with 

genotype information against a null model of the non-genetic covariates only, using a 

likelihood ratio test. For all tests both each SNP and SP-A genotypes, we considered results 

to be statistically significant if their p-values are smaller than the Bonferroni correction 

threshold accounting for all tests performed for each set.

For the genetic analysis in the PDAD dataset, we used a total of four dummy variables 

to represent the five self-reported ancestry groups, i.e. Black, Asian, Mixed, Latino and 

European, with European being used as the baseline (0,0,0,0). We followed the same 

analyses as in ARF by using these encodings along with the additional covariates that are 

significantly different between the two groups, i.e., age, weight, duration of ventilation and 

bacterial Infection. We performed the same analysis as ARF dataset to test association with 

PDAD for each SNP and the collapsed SP-A1 and SP-A2 genotypes separately using similar 

Bonferroni correction as before. We used PLINK – 1.9 & 2.0 and R (stats package included) 
– 4.0.2 software for analysis.

Results

1. Clinical Characteristics of the Study Cohort

Figure 1 outlines the study layout and cohorts that were compared. Table 1 shows 

characteristics of the study population. In summary, the majority of participants were non-

Hispanic White (~80%), males (~60%). Out of the 248 children, 86 developed PDAD. Those 

who developed PDAD were more likely to have a positive bacterial culture, required longer 

duration of ventilator and oxygen support. Those who did not develop PDAD were younger.
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2. Comparison between ARF (n=248) Vs. Newborn controls (n=468)

Supplementary tables 2 and 3 show genotype frequencies of SP SNPs in newborn controls 

and ARF cohort (cases), respectively. The frequency distributions of all SNPs were in 

Hardy-Weinberg equilibrium (data not shown).

Table 2 shows association of demographic and genetic variables with the development of 

ARF before Bonferroni correction. Based on OR, female sex is associated with a decreased 

risk of ARF. Whereas, black race and the C allele of rs721917 of the SFTPD (in its 

heterozygous (CT) and homozygous (CC) forms), are associated with increased risk of ARF. 

However, after Bonferroni correction, those variables lost statistical significance.

After Bonferroni correction—After Bonferroni correction, the 1A01A1 genotype of 

SFTPA2 was associated with decreased risk of ARF, OR (95% confidence interval) = 0.17 

(0.07 – 0.41), p= 8.33e-05. We calculated the estimated absolute risk of ARF in individuals 

with the 1A01A1 based on ARF incidence of 3.8% among all PICU admissions (17) along 

with odds ratio of 0.17, individuals with the 1A01A1 have an absolute risk reduction to 

0.65% for developing ARF compared to general population during their PICU stay. We 

performed a likelihood ratio test to evaluate the overall addition of genotype information to 

demographic data. The model with the genotype information along with demographic data 

was a better fit to predict ARF risk compared to demographic data alone (p = 0.0003 and Chi 

square of 32.45).

3. Comparison between PDAD (n=86) Vs. No PDAD (n=162) among ARF Survivors

Supplementary tables 4 and 5 show genotype frequencies of SP SNPs in those who did not 

develop PDAD (controls) and those who developed PDAD (cases), respectively, among ARF 

survivors. The frequency distributions of all SNPs were in Hardy-Weinberg equilibrium 

(data not shown). The rs721917_CT of the SFTPD was associated with decreased risk of 

PDAD, however, did not remain significant after Bonferroni correction. None of the other 

SP genetic polymorphisms, and SP-A1 and SP-A2 genotypes were associated with PDAD. 

The likelihood ratio test did not show significant difference between two models (one with 

clinical and demographic data alone and another that included genetic variants as well) in 

predicting PDAD risk among ARF survivors, (p=0.3 and Chi square of 11.65).

Discussion

ARF is a multifactorial disease with significant morbidity and mortality (2). Surfactant 

dysfunction and/or inactivation are central to the pathophysiologic mechanisms of various 

pulmonary diseases, including ARF in the pediatric population (14). We studied associations 

of SP genetic variants with pediatric ARF and its short-term outcome, PDAD. We observed 

that the 1A0/1A1 genotype of SFTPA2 is associated with decreased risk of ARF. The 

likelihood ratio test showed that the model with the SP genetic information along with 

demographic data is a better fit to predict ARF risk compared to demographic data alone. 

Although not statistically significant after Bonferroni correction, female sex is associated 

with decreased risk of ARF, whereas, black race, and the rs721917 of SFTPD in its 

heterozygous (CT) and homozygous (CC) form are associated with increased risk of ARF. 
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We did not observe significant association of studied SP SNPs and SP-A1, SP-A2 genotypes 

with PDAD among ARF survivors.

Our findings point toward a role of SFTPA2 genotypes, particularly the 1A0/1A1, in 

pediatric ARF. The rationale for such an association may be due to a higher activity of 

SP-A2 (encoded by SFTPA2) in innate host defense/inflammatory processes compared to 

SP-A1 (encoded by SFTPA1) (3, 4). Both in vitro and in vivo studies have shown that the 

1A1 and 1A0 variants were more efficient in enhancing bacterial phagocytosis by alveolar 

macrophages compared to other variants (4). Of note, the major cause of ARF in our cohort 

was infection (~85%), most notably due to RSV (~50%). Therefore, association of SFTPA2 
genotypes with decreasing risk of ARF is not surprising. Moreover, the potential role of 

the carbohydrate recognition domain of SP-A2 variants, which could enable binding to a 

broader range of sugars on pathogen surfaces compared to SP-A1 variants (18), could be a 

contributing factor. Further research is required to ascertain the precise mechanisms driving 

these associations.

Previously, the same SP-A2 genotypes have been studied in various other infectious 

pulmonary diseases such as RSV (12, 16), influenzae (19), community acquired pneumoniae 

(20), and TB (13). Those studies have shown varying associations of SFTPA2 genotypes 

based on etiology of pulmonary diseases and patient population used in the particular 

study. For example, recently we observed an increased risk of severe RSV with the 1A0 

genotype, in its homozygous (1A0/1A0) and in its heterozygous (1A0/1A3) form (12). In 

contrast, another similarly performed study found a decreased risk of severe RSV with the 

1A0/1A0 genotype (16). Although ~50% of patients in our cohort were diagnosed with RSV 

bronchiolitis, we observed a decreased risk of ARF with the 1A0/1A1, but no significant 

association was observed with the 1A0/1A0 or 1A0/1A3 genotypes. The difference between 

the study findings is likely due to impact of other infectious and non-infectious etiologies of 

ARF. The other possibility could be due to differences in study population and design.

We also observed association of decreased and increased risk of ARF with female sex 

and black race, respectively. Sex is one of the main determinants of pulmonary health and 

disease (21). Our findings are in line with previous human epidemiological and animal 

studies showing better outcomes for females compared to males after pulmonary infections 

(22, 23). Black race has been associated with poorer outcomes after acute lung injury in 

adults (24), however, the role of race in pediatric ARF studies remains inconclusive, possibly 

due to a limited sample size (2). Nonetheless, our findings need to be replicated in a larger 

cohort of children with ARF.

We observed an association of increased risk of ARF with the rs721917 of SFTPD in its 

heterozygous (CT) and homozygous (CC) form before the Bonferroni correction. Of note, 

the rs721917 has been associated with increased risk of other infections pulmonary diseases, 

such as RSV (25) and TB (13). The rs721917 polymorphism results in a change in amino 

acid from methionine to threonine at position 11 and this change is shown to reduce the 

multimeric and trimeric assembly of the mature SP-D (26) and the binding of SP-D to 

Mycobacterium tuberculosis (27). It remains to be determined whether the rs721917 has 
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functional consequences such as reduced levels of SP-D and/or deficient antiviral properties 

against RSV and other childhood viruses that are commonly responsible of ARF in children.

We did not observe any associations between single SP SNPs and the development of PDAD 

among ARF survivors. The lack of significant associations could be due to a small sample 

size in subgroups, only 86 of the 248 ARF patients developed PDAD. Moreover, we did 

not observe significant associations of the hydrophobic SPs (SFTPB and SFTPC) SNPs with 

ARF and its short-term outcome, PDAD. Considering the limited role of SFTPB and SFTPC 
in antiviral, anti-inflammatory and host defense functions compared to the hydrophilic SPs 

(SFTPA and SFTPD), our findings are not surprising. In addition, it may explain why 

exogenous surfactant therapy that contains only SP-B and SP-C, but not SP-A, fails to show 

improvement in survival after ARF in pediatric (28) and adult patients (29).

A likelihood ratio test showed that the model with genetic information along with 

demographic data is superior in predicting ARF risk compared to the model without genetic 

information. In the future, physicians could use this genetic variant information, either alone 

or with other genetic variants, to predict ARF risk early for high-risk children, offering thus 

personalized treatment to improve outcomes.

Our study has several strengths. First, it is a multicenter prospective study that enrolled 

only previously healthy children with detailed sociodemographic information. Therefore, we 

were able to nullify the impact of preexisting comorbid conditions on ARF risk and its 

sequalae. Second, we used a robust Bonferroni correction to decrease spurious associations. 

However, our study has a few limitations. First, we used newborns as controls instead 

of age-matched children to study association of SP genetic variants with ARF risk. It is 

important to note that ARF is rare in previously healthy children. More importantly, the 

mean age of our cohort is ~3 months. Hence, the use of newborn controls is justified 

in our study. Third, enrollment of homogenous patients (~85% were white) in our study 

limits generalizability of our findings. Finally, the small number of subjects especially 

after the ARF cohort was divided into those who developed PDAD vs no PDAD could 

miss significant associations. Therefore, additional studies with larger sample sizes and 

heterogenous patients should be conducted to confirm and/or refute our findings.

Conclusion

We demonstrated associations of hydrophilic SP SNPs and SP-A2 genotypes, but not 

of hydrophobic SP SNPs, with the pediatric ARF in previously healthy children. More 

importantly, including genetic information to clinical data may help clinicians to identify 

children who are at higher risk of developing ARF after viral infections. In the future, 

exogenous surfactant that contains SP-A should be considered an additional treatment option 

for children with ARF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Study design.
Previously healthy children (n=250) who developed acute respiratory failure (ARF) 

participated in this study. Two participants were excluded from analysis following a 

diagnosis of cystic fibrosis. Initial analysis was performed between ARF patients (cases) 

and a control group of healthy newborns (n=468) (as shown with the red arrow). Further 

analysis was done to compare two subgroups of the ARF survivors, those who developed 

pulmonary dysfunction at discharge (PDAD, n=86) and those without PDAD (n=162) (as 

shown with the purple arrow).
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Table 1

Characteristics of the study population

Demographics
Whole ARF cohort No PDAD PDAD

(n = 248) (n = 162) (n = 86)

Age (months) 3.7 ± 4.5 2.8 ± 3.5 5.4 ± 5.6

Female/male (%/%) 99/149 (39/61) 63/99 (39/61) 36/50 (42/58)

Race

 White 197 (79) 128 (79) 69 (80)

 Black 42 (17) 27 (17) 15 (17)

 Asian 5 (2) 5 (3) 0

 Native Hawaiian or Pacific Islanders 1 (1) 1 0

 American Indian/Alaska Native 3 (1) 1 2 (3)

 Mixed

Ethnicity

 Hispanic 52 (21) 31 (19) 21 (24)

 Non-Hispanic 196 (79) 131 (81) 65 (76)

Admission diagnosis (%)

 RSV bronchiolitis 127 (51) 89 (55) 38 (44)

 Nonspecific bronchiolitis 56 (23) 39 (24) 17 (20)

 Other pneumonia 30 (12) 13 (8) 17 (20)

 Other respiratory failure 29 (12) 17 (10) 12 (14)

 Non-pulmonary 6 (2) 4 (2) 2 (2)

Specific virus positive (%) (n = 187)

 RSV 140 (75) 102 (79) 38 (64)

 Influenza 4 (2) 3 (2) 1 (1)

 Parainfluenza 3 (1) 1 (1) 2 (2)

 Adenovirus 2 (1) 1 (1) 2 (3)

Bacterial culture positive (%) (n = 195) 135 (70) 81 (63) 54 (82)

Duration of support

 Ventilator days 7.5 ± 7.9 6.5 ± 4.0 9.5 ± 12.1

 Oxygen days 10.9 ± 9.3 10.0 ± 5.1 12.7 ± 14.5

 PICU days 9.6 ± 9.0 8.3 ± 4.6 12.1 ± 13.5

ARF – Acute respiratory failure, PDAD – Pulmonary dysfunction at discharge, RSV – Respiratory syncytial virus
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Table 2

Association of clinical variables and surfactant protein genetic polymorphisms with ARF before Bonferroni 

correction

Variables OR (95% CI) p value

Female sex 0.35 (0.2 –0.8) 0.01

Black race 5 (1.3–18.6) 0.02

rs721917_CT 2.92 (1.4 –7.5) 0.03

rs721917_CC 5.90 (1.0–34.7) 0.05

OR= Odds ratio, CI = Confidence interval
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