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A B S T R A C T   

PDE4D (Phosphodiesterase 4D) gene encodes a hydrolase of cyclic AMP. PDE4D genetic variants have been 
associated with asthma susceptibility. Therefore, this study aimed to investigate the association between PDE4D 
variants (and haplotypes) with asthma and atopy in a Brazilian population. The study comprised 1,246 unrelated 
participants from the SCAALA (Social Changes Asthma and Allergy in Latin America) program. Genotyping was 
performed using the Illumina 2.5 Human Omni bead chip. Multivariate logistic regression was used to investigate 
the association between PDE4D variants and asthma/atopy phenotypes in PLINK 1.09 software. Twenty-four 
SNVs in PDE4D were associated with atopy or asthma. The rs6898082 (A) variant increased asthma suscepti-
bility (OR 2.76; CI 99% 1.26–6.03) and was also related to a greater PDE4D expression in the GTEx database. 
Also, the variant rs6870632 was further associated with asthma in meta-analysis with a replication cohort. In 
addition, the variants rs75699812 (C), rs8007656 (G), and rs958851 (T) were positively associated with atopy. 
Moreover, these variants formed an atopy risk haplotype (OR 1.82; CI 99% 1.15–2.88). Also, these variants were 
related to lower levels of IL-10. Functional in silico assessment showed that some PDE4D SNVs may have an 
impact on gene regulation and expression. Variants in the PDE4D are positively associated with asthma and 
allergy markers. It is possible that these variants lead to alteration in PDE4D expression and therefore impact 
immunity and pulmonary function.   

1. Introduction 

Asthma is a chronic respiratory disorder that affects approximately 
358 million people worldwide and is considered the most prevalent 
chronic condition in children. (GBD, 2015; Ferrante and La Grutta, 
2018) In Brazil, the prevalence of asthma symptoms is estimated at 
23.4% among children aged 6–7 years old. (Solé et al., 2014) Asthma is 
characterized as a pulmonary obstructive disease, in which the inflam-
mation causes airway hyperresponsiveness, thus eliciting symptoms 
such as chest tightness, cough, shortness of breath, and wheezing. 
(Global Initiative for Asthma, 2021) Asthma in children is traditionally 
associated with atopic conditions, with the immune response to common 
aeroallergens proposed as an immunopathogenic mechanism (Hammad 

and Lambrecht, 2021). 
In susceptible individuals, atopic conditions are triggered by com-

mon environmental allergens such as house dust mite, cockroach and 
animal dander. Sensitization involves allergens being processed by 
dendritic cells and presented to CD4+ T cells, which differentiate into a 
Th2 (T-helper 2) lymphocytes that mainly produce IL(Interleukin)-4, IL- 
5, IL-9, and IL-13. (Hammad and Lambrecht, 2021; Morianos and 
Semitekolou, 2020) Moreover, Th2 cytokines are related to the induc-
tion of eosinophilia, mast cell hyperplasia, and allergen-specific B cells 
to produce immunoglobulin E (IgE) antibodies. (Morianos and Semite-
kolou, 2020) Upon an allergen re-exposure, crosslinking of IgE anti-
bodies to the high-affinity FcεR on the surface of mast cells and basophils 
leads to its activation and release of several inflammatory mediators 
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(Morianos and Semitekolou, 2020). 
Asthma and atopy are both considered heterogeneous and complex 

conditions in which the contribution of genetic background in its sus-
ceptibility has been demonstrated by the association of several genetic 
loci with asthma and atopic markers. (Morii, 2023; Portelli et al., 2015; 
Willis-Owen et al., 2018) Among such loci; PDE4D (Phosphodiesterase 
type 4D) gene was identified as an asthma susceptibility gene in a 
Genome-Wide Association Studies (GWAS), in which the results were 
replicated using independent populations. (Himes, 2009) Also, one of 
the variants associated was posteriorly related to severity of airway 
hyperresponsiveness in asthma patients (El-Husseini et al., 2023). 

PDE4D is a member of cyclic nucleotide phosphodiesterases (PDEs) 
superfamily of cAMP-degrading specific enzymes. The PDE4D protein 
plays a role downstream in the pathway of β2 adrenergic receptor 
(β2AR), which promotes an increase in cAMP levels by stimulating 
adenylyl cyclase activity. (Trian et al., 2011) In airway smooth muscle 
(ASM) cells elevated cAMP levels activate PKA (protein kinase A) 
leading to a bronchodilator effect that is therapeutically utilized to 
manage asthma symptoms. Therefore, PDE4D is the main phosphodi-
esterase subtype involved in the negative regulation of bronchial 
contractility. (Méhats, 2003) Studies have shown that individuals with 
asthma or atopy have a greater expression and activity of PDE4D in both 
ASM and immune cells than individuals without such conditions.(Trian 
et al., 2011; Landells et al., 2000) Furthermore, PDE4D is significantly 
upregulated in PBMCs of children with atopic dermatitis when 
compared to age-matched healthy control (Nousbeck et al., 2023). 

The PDE4D activity is inherently related to T-cell function and has a 
significant impact on T regulatory cells (Tregs). Research has revealed 
that PDE4D is less expressed in Tregs compared to T conventional cells, 
indicating its importance in Treg function (Hua et al., 2015; Dolina et al., 
2022). These findings support the role of cAMP in the inhibitory func-
tion of Treg cells, mediated by cAMP-dependent signaling pathway 
through several effector mechanisms, such as IL-10 production. The 
immunomodulatory function exhibited by IL-10 in atopy and asthma is 
well established, especially by influencing immune responses promoting 
immunological tolerance and regulating effector responses associated 
with asthma and atopy (Zhang et al., 2022; Bodor et al., 2012). Other 
important T-reg cAMP-dependent mechanisms are related to the direct 
suppression of antigen presentation cells (APCs) and T effector cells, 
limiting the differentiation into Th subsets, such as the Th2. Also, den-
dritic cells have their Th2 priming ability dependent on low cAMP 
levels. (Lee, 2015) Nevertheless IL-10 production can also be seen in 
other immune cells, such as dendritic cells and monocytes. 

Variants in genes involved in the adrenergic pathway, including in 
PDE4D, have already been shown to influence asthma susceptibility 
(Himes, 2009; Ding, 2013). Some of these studies were conducted in 
Brazil, although none have analyzed the PDE4D (Teixeira et al., 2017; De 
Paiva et al., 2014). Thus, this study aimed to investigate the association 
between SNVs (Single Nucleotide Variants) on PDE4D gene with asthma 
symptoms and atopy in a Brazilian population. We performed a SNV and 
haplotype-based genetic association analysis considering a case-control 
design. Also relation between associated SNVs and cytokines production 
in whole blood culture was assessed. Finally, we performed a replication 
in an independent asthma Brazilian cohort followed by a meta-analysis 
including both populations. 

2. Material and methods 

2.1. Study population and design 

The study comprised 1,246 unrelated children aged 4–11 years old 
enrolled in SCAALA (Social Change, Asthma, Allergy in Latin American) 
Brazilian cohort (Alcantara-Neves et al., 2012; Figueiredo, 2009). The 
project was approved by the ethics committee of the Federal University 
of Bahia (registry 003-05/CEP-ISC) and by the National Council of 
Ethics in Research (CONEP, resolution number 15 895/2011). 

2.2. Asthma and atopy definition 

A Portuguese-adapted version of the ISAAC questionnaire was used 
to classify the children into case/control. Cases were defined by at least 
one of the following parameters in the last 12 months: clinical diagnosis 
of asthma; occurrence of wheezing with exercise; four or more episodes 
of wheezing; waking up at night because of wheezing. 

Serum IgE against the most common aeroallergens found in Salvador 
such as mites (Dermatophagoides pteronyssinus and Blomia tropicalis) and 
cockroaches (Periplaneta americana and Blattella germanica), were eval-
uated as previously described by Alcantara-Neves and collaborators 
(2012) (Zhang et al., 2022). Children who had positive IgE test for at 
least one allergen were defined as atopic. 

2.3. Spontaneous IL-10 production 

Whole blood cells were cultivated (1:4) in supplemented RPMI at 
37 ◦C, 5% of CO2 for 24 h in order to detect IL-10 production and 5 days 
for IL-5 and IL-13. The optimal condition for each cytokine detection in 
whole-blood culture was previously determined via a standardization 
process in our laboratory (Figueiredo, 2009). Supernatant fluid was 
collected, and cytokines levels were determined using Pharmingen BD 
antibody pairs and recombinant standards (Pharmingen, San Diego, Ca, 
USA), by capture ELISA following the manufacturer’s instructions 
(Figueiredo, 2009). 

2.4. DNA extraction and genotyping 

DNA was extracted from peripheral blood using a commercial kit 
(Flexigene DNA Kit, Qiagen, Hilden, Germany) following the protocol 
recommended by the manufacturer. Genotyping was performed using 
the Illumina 2.5 Human Omni bead chip. Genetic markers in PDE4D 
were extracted considering the location 58,264,865 to 59,784,925 on 
chromosome 5 (GRCh37). Quality control was posteriorly applied in 
markers using the exclusion filters: genotyping rate < 0.9; Hardy- 
Weinberg Equilibrium deviation (p < 0.0001); minor allele frequency 
(MAF) < 0.05. 

2.5. Statistical analysis 

Association analysis was conducted in PLINK 1.09 software by 
multiple logistic regression for each genetic variant, including age, sex, 
helminth infection, and genetic ancestry as covariates. Considering that 
Brazilian populations are highly admixed, Principal Component Anal-
ysis (PCA) was performed to generate the two first PCs, which were 
included in the regression to control potential genetic ancestry influ-
ence. Analysis was carried out in three inheritance models (additive, 
dominant and recessive) and considered significant if the p-value was 
<0.01. Furthermore, an adaptive permutation approach was used to 
solve the problem of multiple tests and control the false discovery rate 
(Purcell et al., 2007), since we analyzed variants separately. 

Linkage Disequilibrium (LD) plot was obtained using the Haploview 
software. Haplotype-based association analysis was performed using the 
R package haplo.stats (Sinnwell et al., xxxx) by a multiple logistic 
regression. A sliding window approach (2 – 5 SNVs per window) was 
performed considering a window framework grouping neighboring 
SNVs, the framework slid across the region shifting one SNV at time. All 
comparisons considered the protective haplotype as the baseline. A 
graphical assessment of the haplotype analysis was generated using the 
R package snp.plotter (Luna et al., 2007). Haplotype analysis was car-
ried out considering the genetic model of the associated variants. 

The normality of cytokine levels was assessed, thus, cytokine pro-
duction was further compared among genotypes according to Mann- 
Whitney or Kruskal-Wallis tests. Only variants associated with asthma 
or atopy were investigated with regard to IL-5, IL-13, and IL-10 pro-
duction. Also, an alpha of 0.01 was used as the cutoff for significance 
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results. 

2.6. In silico analysis 

GTEx database was used to investigate the impact of the variants on 
gene expression. Therefore, it permits to identify eQTL according to a 
genotype and relative expression of the gene (GTEX Consortium and 
et al., 2015). 

2.7. Replication and meta-analysis 

Variants with significant p-values in the SCAALA cohort and geno-
typed in the Brazilian replication cohort (Program for Control of Asthma 
in Bahia - PROAR) were tested by using multiple logistic regression 
analysis as described before. In brief, this is a case-control designed 
cohort including adult individuals with doctor-diagnosed mild or severe 
asthma and paired control individuals without asthma (Lima-Matos 
et al., 2018). Regression analysis for both asthma and atopy, included as 
covariates age, sex, and first principal component to adjust for popula-
tion stratification. 

Meta-analysis was carried out in METAL software, which performs 
weighted analysis based on summary statistics of genetic association 
studies. For joint analysis, variant effect (Odds Ratio), standard error, p- 
value and effective sample sizes were used from both cohorts. Effective 
sample sizes were calculated by using the formula recommended by 
authors (Neffetive = 4/(1/Ncases + 1/Ncontrols) in order to correct for un-
balanced case-control ratio (Willer et al., 2010). 

3. Results 

3.1. Study population 

Characteristics of the study population are summarized in Table 1. 
We observed greater proportions of children with asthma in the younger 
group. The proportion of atopy was also greater in asthma than in non- 
asthma. No difference was found in gender and helminth infection be-
tween groups. 

3.2. Description of the PDE4D variants 

In the PDE4D region 1,180 SNVs were genotyped. Of these, 454 
variants were excluded by MAF, and one variant was due to genotyping 
call rate. After quality control, 727 variants were included in the anal-
ysis. Table 2 provides genetic and functional information for the asso-
ciated SNVs with asthma or atopy using Haploreg (Ward and Kellis, 
2012) and RegulomeDB (Boyle, 2012) databases. 

3.3. Single marker and haplotype-based association of PDE4D with 
asthma 

Twelve SNVs were significantly associated with asthma symptoms 

(Table 3). Using an additive model, the variants rs9968728-C and 
rs298024-A were negatively associated, while rs1824154-A, rs6896215- 
G, and rs16889869-G increased asthma risk. All variants associated in 
additive model were also associated in the dominant model, except the 
rs9968728-C (Table 3). In addition, rs33950471-G and rs16889878-A 
were positively associated with asthma in the dominant model. On the 
other hand, rs2112910-A, rs6870632-A, and rs12188950-T were nega-
tively associated with asthma. Regarding the recessive model, 
rs34762247-G was negatively associated, while rs6898082-A increased 
asthma risk (Table 3). Fig. S1 shows the pairwise LD plot of associated 
SNVs. 

Regarding the haplotype analysis, eight haplotypes were associated 
with asthma in the additive model (Table 5, Fig. S2.A) and nineteen 
using the dominant model (Fig. S1.B). No association was found using 
the recessive model (Table 5, Fig. S3.A). The haplotype ATA 
(rs6896215-rs9968728-rs1824154), which was composed of two risk 
alleles, showed to increase twice the chance of asthma in the additive 
model (Table 5). Also, the haplotype AGC (rs1824154-rs16889869- 
rs298024) which is formed only by risk alleles, was positively associated 
with asthma in the additive model. The haplotypes GCAGG 
(rs33950471-rs2112910-rs1824154-rs6870632-rs16889869) and AC 
(rs16889878-rs298024) were risk haplotypes to asthma in dominant 
model. The haplotype AGCAG (rs6896215-rs33950471-rs2112910- 
rs1824154-rs6870632), with just one protective allele, was associated 
with risk of asthma (Table 6). 

3.4. Single marker and haplotype-based association of PDE4D with atopy 

Twelve SNVs were associated with atopy (Table 4). The variants 
rs13177163-A, rs159625-T, rs75699812-C, and rs80075656-G were 
associated with the risk of atopy in both additive and dominant models. 
The rs10472114-C was also positively associated with atopy using the 
additive model only. The variants rs194368-C, rs4700340-T, and 
rs958851-T were positively associated with atopy in the dominant 
model. Notably, the variants rs159625-T and rs194368-C are in strong 
linkage disequilibrium (LD; r2 = 0.94, Fig. S1). In addition, the SNVs 
rs4699942-T, and rs112873625-C were associated as protective factors 
to atopy in the additive model and are in strong LD (r2 = 1, Fig. S1). The 
rs17782374-C was associated with an increased risk for atopy in the 
additive model. This variant was also associated in the recessive model, 
increasing almost three times the risk for atopy. In a similar way, 
rs9942415-A was also associated with atopy in the recessive model. 

Considering the atopy haplotype-based analysis, 27 haplotypes were 
associated in the additive model (Fig. S2.C), and 17 of them were 
associated with atopy using the dominant genetic model (Fig. S2.D). 
Table 5 summarizes the most significant associated haplotypes with a p- 
value<0.001. No association was observed regarding the recessive 
model (Fig. S3.B). The haplotype AGT (rs13177163-rs4699942- 
rs112873625) was associated as a risk haplotype (Table 5), as 
mentioned before, rs4699942 and rs112873625 are in the same LD 
block (Fig. 1). The overlapping haplotypes CGTGG (rs75699812- 
rs17782374-rs80075656-rs10472114-rs13177163), and CGTGG 
(rs17782374-rs80075656-rs10472114-rs13177163-rs4699942) had 
three risk alleles and were significantly associated with an elevated 
chance of atopy (Table 4). In the dominant model, the CTG 
(rs75699812-rs958851-rs80075656) haplotype was also associated 
with an increased risk of atopy (Fig. 2). 

3.5. Association of PDE4D SNVs with cytokines production 

Homozygous genotypes for variants rs112873625-C and rs4699942- 
T were related to higher levels of IL-10 when compared to other geno-
types (Fig. 1A-B). Individuals carrying at least one variant allele of 
rs75699812-C had lower IL-10 production than individuals with the 
wild genotype (Fig. 1C). The same occurred for rs8007656-G and 
rs958851-T (Fig. 1D-E). No other SNV was associated with IL-10 

Table 1 
Characteristics of the SCAALA sample according to asthma status and the vari-
ables included in the study.   

Non-asthma (n = 941) Asthma (n = 273) p-value †

Age      
≤ 5 314  33.4% 132  48.4% < 0.001 
6–7 336  35.7% 88  32.2%  
≥ 8 291  30.9% 53  19.4%  
Sex      
Male 506  53.8% 150  54.9% 0.732 
Female 435  46.2% 123  45.1%  
Atopy 324  34.4% 133  48.7% < 0.001 
Helminth Infection 206  22.3% 67  25.0% 0.342 

†p-value obtained from the chi-square test. 
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Table 2 
Genetic and functional description of PDE4D SNVs.  

Variant A1/A2 Freq. HWE Position (HG 19) Annotation † RegulomeDB ‡ Haploreg §

rs10472114 C/T  0.16  0.35 59,035,558 Intronic 5 MC, eQTL 
rs112873625 C/T  0.42  0.40 59,074,408 Intronic 6 MC 
rs12188950 T/C  0.11  0.06 59,783,317 Intronic 4 PHM, EHM, DNAse, PBR, MC, eQTL 
rs13177163 A/G  0.14  0.10 59,054,145 Intronic 5 PHM, EHM, PBR, MC 
rs159625 T/C  0.14  0.10 59,161,352 Intronic 5 PHM, EHM, MC 
rs16889869 G/A  0.30  0.60 58,755,580 Intronic 7 PHM, EHM 
rs16889878 A/G  0.23  0.72 58,768,140 Intronic 4 EHM, DNAse, PBR 
rs17782374 C/T  0.16  0.20 58,663,831 Intronic 4 EHM, DNAse, PBR, MC 
rs1824154 A/G  0.31  0.37 58,737,707 Intronic 5 EHM 
rs194368 C/T  0.14  0.08 59,179,484 Intronic 7 no 
rs2112910 A/C  0.47  0.53 58,727,409 Intronic 6 EHM, DNAse, MC 
rs298024 A/C  0.32  0.94 58,941,676 Intronic 6 EHM, MC, eQTL 
rs33950471 G/T  0.24  0.72 58,449,784 Intronic 7 EHM, MC 
rs34762247 C/A  0.22  0.04 59,629,365 Intronic 5 EHM, DNAse, MC, eQTL 
rs4699942 T/G  0.42  0.40 59,073,475 Intronic 5 EHM, MC, eQTL 
rs4700340 T/C  0.14  0.79 59,001,077 Intronic 5 PHM, EHM, DNAse, MC, eQTL 
rs6870632 A/G  0.43  0.41 58,753,267 Intronic 5 MC 
rs6896215 G/A  0.10  0.60 58,418,501 Intronic 4 PHM, EHM, PBR, MC 
rs6898082 A/G  0.20  0.19 58,406,404 Intronic 6 EHM, MC 
rs75699812 C/T  0.07  0.32 58,628,006 Intronic 6 EHM, MC 
rs80075656 G/T  0.07  0.34 58,707,869 Intronic 7 MC 
rs958851 T/G  0.20  0.62 58,640,143 Intronic 7 EHM, MC 
rs9942415 A/G  0.19  0.26 58,771,680 Intronic 6 EHM, MC 
rs9968728 C/T  0.27  0.05 58,418,981 Intronic 2b PHM, EHM, DNAse, MC 

A1: Minor allele; A2: Major allele; HWE: Hardy Weinberg Equilibrium. 
EHM - Enhancer Histone Mark; eQTL - expression Quantitative Trait Loci; MC - Motifs Changed; PBR - Proteins Bound Region; PHM - Promoter Histone Mark. 
† NCBI (National Center for Biotechnology Information); ‡ RegulomeDB; § Haploreg. 

Table 3 
Significant associations between PDE4D SNVs and asthma.  

SNV Genotype Control Case Model OR (CI 99%) P-value†

rs12188950 CC 78.55% (714) 84.35% (221) Additive 0.63 (0.39–0.998) 0.0100 
CT 19.47% (177) 14.5% (38) Dominant 0.58 (0.35–0.98) 0.0099 
TT 1.98% (18) 1.15% (3) Recessive 0.60 (0.12–3.05) 0.3175 

rs16889869 AA 50.32% (471) 42.44% (115) Additive 1.32 (1.001–1.74) 0.0079 
AG 40.71% (381) 46.49% (126) Dominant 1.48 (1.02–2.14) 0.0066 
GG 8.97% (84) 11.07% (30) Recessive 1.32 (0.73–2.38) 0.2072 

rs16889878 GG 60.21% (569) 52.38% (143) Additive 1.34 (0.997–1.81) 0.0077 
GA 34.71% (328) 41.39% (113) Dominant 1.47 (1.02–2.13) 0.0063 
AA 5.08% (48) 6.23% (17) Recessive 1.31 (0.61–2.82) 0.4571 

rs1824154 GG 49.74% (470) 42.49% (116) Additive 1.33 (1.01–1.75) 0.0082 
GA 40.95% (387) 46.15% (126) Dominant 1.48 (1.02–2.14) 0.0072 
AA 9.31% (88) 11.36% (31) Recessive 1.36 (0.76–2.45) 0.1655 

rs2112910 CC 25.82% (244) 34.43% (94) Additive 0.82 (0.63–1.06) 0.0397 
CA 51.01% (482) 43.59% (119) Dominant 0.64 (0.43–0.94) 0.0020 
AA 23.17% (219) 21.98% (60) Recessive 0.97 (0.62–1.5) 1 

rs298024 CC 44.76% (423) 54.95% (150) Additive 0.74 (0.55–0.99) 0.0068 
CA 44.34% (419) 36.26% (99) Dominant 0.65 (0.45–0.94) 0.0028 
AA 10.9% (103) 8.79% (24) Recessive 0.8 (0.42–1.5) 0.3750 

rs33950471 TT 59.15% (559) 50.55% (138) Additive 1.34 (1.00–1.8) 0.0103 
TG 35.24% (333) 42.49% (116) Dominant 1.46 (1.01–2.11) 0.0073 
GG 5.61% (53) 6.96% (19) Recessive 1.38 (0.67–2.88) 0.2692 

rs34762247 AA 62.01% (586) 59.71% (163) Additive 0.92 (0.67–1.25) 0.5652 
AC 31.96% (302) 38.1% (104) Dominant 1.06 (0.73–1.55) 0.8571 
CC 6.03% (57) 2.2% (6) Recessive 0.29 (0.08–0.98) 0.0044 

rs6870632 GG 30.08% (284) 38.6% (105) Additive 0.82 (0.63–1.07) 0.0479 
GA 50.53% (477) 43.01% (117) Dominant 0.67 (0.46–0.99) 0.0086 
AA 19.39% (183) 18.38% (50) Recessive 0.95 (0.59–1.52) 0.7500 

rs6896215 AA 81.9% (774) 74.36% (203) Additive 1.56 (1.05–2.33) 0.0031 
AG 17.14% (162) 24.54% (67) Dominant 1.65 (1.07–2.55) 0.0034 
GG 0.95% (9) 1.1% (3) Recessive 1.42 (0.25–8.15) 0.6 

rs6898082 GG 64.41% (608) 63.24% (172) Additive 1.16 (0.85–1.59) 0.28 
GA 32.52% (307) 29.04% (79) Dominant 0.99 (0.68–1.47) 1 
AA 3.07% (29) 7.72% (21) Recessive 2.76 (1.26–6.03) 0.0007 

rs9968728 TT 52.87% (497) 59.71% (163) Additive 0.75 (0.56–0.999) 0.0096 
TC 37.66% (354) 34.07% (93) Dominant 0.71 (0.49–1.03) 0.0159 
CC 9.47% (89) 6.23% (17) Recessive 0.61 (0.30–1.24) 0.0803 

†Logistic regression adjusted for sex, age, helminth infections, and principal components 1 and 2. 
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production in our study. None of the investigated variants were associ-
ated with IL-5 or IL-13 production in whole blood. 

3.6. Functional annotation prediction 

A correlation between the rs6898082-A and increased PDE4D 
expression in whole blood was observed in the GTEx database (Fig. S4). 
No other SNV was associated with PDE4D expression (Data not shown). 

3.7. Replication and meta-analysis 

Four (rs12188950, rs4699942, rs6870632 and rs958851) of the 24 
variants were genotyped and available in the replication cohort and 
were further tested for association by considering the same phenotypes 
from the discovery population. None of the investigated variants were 
replicated. However, in the meta-analysis conducted with both pop-
ulations (SCAALA and PROAR), the rs6870632 was significantly asso-
ciated with a lower chance of asthma (OR: 0.71; CI 99%: 0.54–0.94; p: 
0.0076). 

4. Discussion 

Limited research has been conducted, particularly in Latin-American 
populations, regarding the association between variants in PDE4D and 
asthma and atopy, despite previous findings in this area. (Himes, 2009; 
Ding, 2013) Here, we investigated the association between genetic 
variants in PDE4D gene and asthma and atopic conditions in Brazilian 
children. 

We identified six SNVs significantly associated with a greater chance 
of having asthma and ten with atopic phenotype. Considering that some 

atopy and asthma-associated variants might impair gene regulation 
promoting a greater expression of PDE4D, the mechanism whereby those 
variants functionally impact could be related to PDE4D activity. A 
higher expression of PDE4D is observed in activated T cells, which is 
inversely correlated with cAMP levels. (Peter, 2007) Thus, this finding 
may explain its impact on increased PDE4D transcription that poten-
tially relates to lower cAMP production and consequently increased 
asthma and atopy susceptibility by suppressing immunoregulatory 
mechanisms (Bodor et al., 2012; Lee, 2015; Rueda et al., 2016). 

The variants rs6898082, rs16889869, rs33950471, rs1824154, 
rs6896215, and rs16889878 were positively associated with asthma. 
The AA genotype of rs6898082 increased almost three times the chance 
of having asthma symptoms. Furthermore, this same genotype was 
related to increased PDE4D expression in whole blood. The rs6898082, 
rs1824154 and rs6896215 are located in an enhancer region in fetal 
lung tissue and shown to modify the sequence of motifs that interact 
with transcription factors (TF) (Ward and Kellis, 2012). 

The variants rs33950471, rs6896215 and rs16889869 are located on 
regions marked as enhancers in T helper cells. The rs6896215 is also in a 
CEBPB (glucocorticoid-responsive TF) binding region, and the alterna-
tive allele also impacts in a higher affinity the FOXP1 TF, transcription 
factors involved in lung organogenesis and immune response (Roos and 
Nord, 2012; Pniewska, 2014). In this sense, FOXP1 is also differentially 
methylated in patients with asthma which can be related to changes in 
FOXP1 expression observed in asthmatics (Pniewska, 2014; Hoang et al., 
2020). Therefore, recognizing that FOXP1 is critical for T-cell develop-
ment and function, including effector in regulatory T-cells (Ren et al., 
2019), it is possible that variants in putative response gene (i.e. PDE4D) 
influencing the interaction between the genome and the epigenetic 
machinery may play a role in asthma susceptibility. 

Table 4 
Significant associations between PDE4D SNVs and atopy.  

SNV Genotype Control Case Model OR (CI 99%) P-value†

rs10472114 TT 73.82% (561) 66.95% (310) Additive 1.37 (1.01–1.85) 0.0053 
TC 24.47% (186) 29.59% (137) Dominant 1.37 (0.97–1.93) 0.0205 
CC 1.71% (13) 3.46% (16) Recessive 2.1 (0.77–5.73) 0.0432 

rs112873625 TT 29.58% (226) 37.8% (175) Additive 0.78 (0.61–0.98) 0.0054 
TC 52.36% (400) 48.81% (226) Dominant 0.71 (0.51–0.99) 0.0101 
CC 18.06% (138) 13.39% (62) Recessive 0.74 (0.48–1.15) 0.0906 

rs13177163 GG 76.83% (587) 68.68% (318) Additive 1.41 (1.03–1.94) 0.0049 
GA 21.47% (164) 29.59% (137) Dominant 1.52 (1.07–2.16) 0.0022 
AA 1.7% (13) 1.73% (8) Recessive 1.02 (0.31–3.36) 1 

rs159625 CC 76.18% (582) 68.47% (317) Additive 1.39 (1.01–1.91) 0.0082 
CT 21.99% (168) 30.02% (139) Dominant 1.52 (1.07–2.16) 0.0023 
TT 1.83% (14) 1.51% (7) Recessive 0.80 (0.23–2.71) 0.6000 

rs17782374 TT 72.91% (557) 67.17% (311) Additive 1.38 (1.02–1.85) 0.0056 
TC 25.26% (193) 28.08% (130) Dominant 1.33 (0.95–1.88) 0.0260 
CC 1.83% (14) 4.75% (22) Recessive 2.75 (1.07–7.07) 0.0033 

rs194368 TT 76.12% (577) 69.48% (321) Additive 1.31 (0.95–1.8) 0.0389 
TC 22.03% (167) 29.22% (135) Dominant 1.43 (1.003–2.03) 0.0089 
CC 1.85% (14) 1.3% (6) Recessive 0.68 (0.19–2.49) 0.3830 

rs4699942 GG 29.58% (226) 37.8% (175) Additive 0.78 (0.61–0.98) 0.0054 
GT 52.36% (400) 48.81% (226) Dominant 0.71 (0.51–0.99) 0.0101 
TT 18.06% (138) 13.39% (62) Recessive 0.74 (0.48–1.15) 0.0906 

rs4700340 CC 76.7% (586) 69.76% (323) Additive 1.40 (1.01–1.94) 0.0110 
CT 22.12% (169) 28.08% (130) Dominant 1.44 (1.01–2.06) 0.0080 
TT 1.18% (9) 2.16% (10) Recessive 1.62 (0.45–5.84) 0.2800 

rs75699812 TT 88.35% (675) 83.59% (387) Additive 1.64 (1.07–2.51) 0.0043 
TC 11.39% (87) 15.33% (71) Dominant 1.62 (1.03–2.56) 0.0074 
CC 0.26% (2) 1.08% (5) Recessive 4.81 (0.54–42.64) 0.0147 

rs80075656 TT 88.32% (673) 83.33% (385) Additive 1.69 (1.11–2.59) 0.0018 
TG 11.55% (88) 15.37% (71) Dominant 1.63 (1.04–2.57) 0.0045 
GG 0.13% (1) 1.3% (6) Recessive 11.74 (0.71–194.1) – 

rs958851 GG 67.32% (513) 59.83% (277) Additive 1.33 (1.00–1.77) 0.0108 
GT 29.53% (225) 36.72% (170) Dominant 1.41 (1.02–1.96) 0.0079 
TT 3.15% (24) 3.46% (16) Recessive 1.25 (0.52–3.00) 0.4571 

rs9942415 GG 67.23% (513) 63.42% (293) Additive 1.26 (0.95–1.66) 0.0439 
GA 29.75% (227) 30.74% (142) Dominant 1.2 (0.86–1.67) 0.1589 
AA 3.01% (23) 5.84% (27) Recessive 2.25 (1.01–4.99) 0.0064 

†Logistic regression adjusted for sex, age, helminth infections, and principal components 1 and 2. 
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The presence of rs958851, rs17782374, rs159625, rs4700340, 
rs13177163, rs75699812, and rs80075656 variants increased the 
chance to atopy. All variants were related to the enhancer, promoter, 
DNAse peak, or protein binding sites. The variant rs17782374 altered 
relative affinity to RXR-α (Retinoid X receptor alpha). There is some 
evidence that individuals with IgE-mediated food allergy exhibit a dif-
ferential DNA methylation pattern at key genes involved in Th1/Th2 

differentiation in T CD4+ cells, including RXRA. (Imran, 2022) The 
RXR-α is known to interact with the VDR-Vitamin D complex acting as 
corepressors to regulate gene expression, in this way, it was shown that 
vitamin D resistant cancer cells were characterized by PDE4D hypo-
methylation and consequent overexpression (Lai et al., 2020), rein-
forcing the role of VDR-RXR-α pathway in regulating PDE4D gene 
expression. Also, rs75699812 is related to altered binding of FOXP1, 

Fig. 1. IL-10 production (pg/mL) according to genotypes of (A) rs112873625, (B) rs4699942, (C) rs75699812, (D) rs8007656, and (E) rs958851. Bars represent the 
geometric means, and vertical bars represent 95% CIs. Graph generated using GraphPad Prism version 5.00 for Windows, GraphPad Software, San Diego California 
USA, www.graphpad.com“. 

Fig. 2. Replication and meta-analysis of association between rs6870632 and asthma in the dominant model. Graph generated using GraphPad Prism version 5.00 for 
Windows, GraphPad Software, San Diego California USA, www.graphpad.com“. 

H.S. Silva et al.                                                                                                                                                                                                                                  
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which can be related to the same molecular mechanism presented for 
rs6896215. The rs159625 and rs4700340 variants were both located in 
PU.1 TF motifs, which might change the interaction with such protein 
that is associated with Th2 response profile differentiation. (Yashiro 
et al., 2015) Moreover, a correlation between rs4700340 and greater 
expression of PDE4D is reported by a blood eQTL database (Westra, 
2013). 

With regard to haplotype analysis, the combination of a few risk 
alleles was observed, and these combinations were related to increasing 
asthma and atopy susceptibility. For example, the GCAGG (rs33950471- 
rs2112910-rs1824154-rs6870632-rs16889869) whose frequency is 
higher in asthmatic when compared to non-asthmatic subjects. Also, a 
haplotype composed of rs958851, rs75699812, and rs80075656 is more 
observed in atopic than non-atopic individuals. 

Additionally, we could see that rs958851, rs75699812, and 
rs80075656 variants, associated with a higher chance of having atopy, 
were related to lower levels of the immunomodulatory cytokine IL-10. 
Another possible mechanism is related to dendritic cell activity, in 
which low concentrations of cAMP are crucial to induce a Th2 profile by 
stimulating the activation of lymphocytes, which also express high 
levels of PDE4D (Peter, 2007; Chinn and Insel, 2020). Therefore, vari-
ants that increase the PDE4D activity can lead to a reduction in imbal-
ance in the immunoregulatory network, increasing the likelihood of 
asthma and atopy. 

Alternatively, other six variants were related to a lower chance of 
having asthma, while other two SNVs were negatively associated with 
atopy. The variants rs12188950, rs298024, rs2112910, rs34762247, 
rs6870632, and rs9968728 were associated as protective factors for 
asthma symptoms. Consistently, rs6870632 showed an association as a 
protective factor to asthma in the meta-analysis that included both 
populations, SCAALA and PROAR. These variants are located on regu-
latory regions in multiple tissues based on Haploreg data. The 
rs12188950 lies on promoters and enhancer regions in several cells, 
including in primary T helper naive cells and fetal lungs. The presence of 
the variant allele reduces the affinity with the TF RFX5 based on in silico 
prediction (Ward and Kellis, 2012). Moreover, RFX5 is known as an 
important TF in immune system development by promoting the 
expression of other genes. (Xia, 2012) In the same direction, rs6870632 
changes the relative affinity to the nuclear factor of activated T-cells 
(NFAT), resulting in weaker binding of this TF on DNA (Ward and Kellis, 
2012). 

The rs112873625 and rs4699942 were associated with protection for 
atopy and increased production of IL-10. Also, both SNVs are in com-
plete LD and were related to changing the sequence of DNA motifs in 
Haploreg. One of the motif sequences changed by rs4699942 is a binding 
site for IK-2 (Ikaros 2). The IK-2 is expressed in many T cells, but the 
modulation activity is best known for in T regulatory cells, being 
important for Treg suppressive function (Kim et al., 2015). In accor-
dance with this finding, rs4699942 is associated with a lower expression 
of PDE4D in a large meta-analysis study of eQTLs in blood (Westra, 
2013). 

It is possible that variant affecting the binding to TF modulates the 
expression of PDE4D. Since a reduced expression of PDE4D increases the 
cAMP levels, in effectors T lymphocytes, high levels of cAMP promote 
the inhibition of nuclear factor-kappaB (NF-κB) and nuclear factor of 
activated T cells activation (NFAT), resulting in the suppression of in-
flammatory cytokines production, such as IL-2 (Jimenez, 2001). More-
over, Treg cells activity is cAMP-dependent, in which its turn can induce 
IL-10 production and cAMP can also be released into the cytoplasm of 
other lymphocytes and dendritic cells through GAP junctions (Jimenez, 
2001). Accordingly, the arctigenin, a PDE4D inhibitor, is able to reduce 
IgE production and Th2 cytokines in PMBC of allergic individuals (Cao 
et al., 2022). Another plausible mechanism is related to the effect of 
cAMP in dendritic cells, as it was previously shown an increased IL-10 
production by dendritic cells when treated with a PDE4 inhibitor, 
which attenuates their Th2-promoting ability (Bros et al., 2016). In 

addition, arctigenin is related to inhibition of mast cell-mediated allergic 
responses, which could be associated with other immunological mech-
anisms (Kee and Hong, 2017). We propose that genetic variants that 
reduce the activity and/or expression levels of PDE4D may have a bio-
logical effect similar to pharmacological inhibition of the enzyme, 
resulting in increased anti-inflammatory activity. 

Our study has several limitations, including the absence of functional 
assays such as evaluating PDE4D expression or enzyme activity. How-
ever, the findings can contribute to a more comprehensive under-
standing of the molecular changes associated with asthma and allergic 
diseases. It is possible that some variants contribute to the reduction of 
PDE4D expression, additional studies should be conducted in order to 
address this. This, in turn, may enhance the development or rescue of 
pharmacological therapies that target the modulation of PDE4D activity. 
Therefore, our study reinforces the importance of reevaluating asthma 
and allergy treatments, particularly by considering the identification of 
genetic biomarkers associated with specific endotypes. This approach 
could potentially improve efficacy while reducing side effects or adverse 
reactions. 

5. Conclusions 

In summary, SNVs and their haplotypes in PDE4D are significantly 
associated with asthma and allergy. Therefore, these variants may play a 
crucial role in asthma and atopy pathophysiology, possibly by affecting 
the regulation of gene expression and, consequently, the production of 
the phosphodiesterase enzyme. These variants may be modulating 
inflammation by impairing IL-10 production and also modifying lung 
development. Further studies are necessary to better understand the 
mechanism whereby PDE4D variants affect asthma and allergy. 
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Riley, J., de Mello, L.M., Cruz, Á.A., 2018. Eosinophilic asthma, according to a blood 
eosinophil criterion, is associated with disease severity and lack of control among 
underprivileged urban Brazilians. Respir. Med. 145, 95–100. 

Luna, A., Nicodemus, K.K., 2007. snp.plotter: An R-based SNP/haplotype association and 
linkage disequilibrium plotting package. Bioinformatics 23, 774–776. 
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