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Abstract

Background Community-acquired pneumonia (CAP) is associated with high morbidity and hospitalization rate.

In infectious diseases, host genetics plays a critical role in susceptibility and immune response, and the immune
pathways involved are highly dependent on the microorganism and its route of infection. Here we aimed to identify
genetic risk loci for CAP using a case-control genome-wide association study (GWAS).

Methods We performed a GWAS on 3,765 Spanish individuals, including 257 adult patients hospitalized with CAP
and 3,508 population controls. Pneumococcal CAP was documented in 30% of patients; the remaining 70% were
selected among patients with unidentified microbiological etiology. We tested 7,6 million imputed genotypes using
logistic regressions. UK Biobank GWAS of bacterial pneumonia were used for results validation. Subsequently, we
prioritized genes and likely causal variants based on Bayesian fine mapping and functional evidence. Imputation and
association of classical HLA alleles and amino acids were also conducted.

Results Six independent sentinel variants reached the genome-wide significance (p <5x 10°®), three on
chromosome 6p21.32, and one for each of the chromosomes 4g28.2, 11p12, and 20g11.22. Only one variant at
6p21.32 was validated in independent GWAS of bacterial and pneumococcal pneumonia. Our analyses prioritized
C4orf33 on 4928.2, TAPBP on 6p21.32, and ZNF341 on 20q11.22. Interestingly, genetic defects of TAPBP and ZNF341
are previously known inborn errors of immunity predisposing to bacterial pneumonia, including pneumococcus and
Haemophilus influenzae. Associations were all non-significant for the classical HLA alleles.

Conclusions We completed a GWAS of CAP and identified four novel risk loci involved in CAP susceptibility.
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Introduction

Infections are one of the main causes of death globally
and nearly one in eight deaths continue to be due to bac-
terial infections [1]. Community acquired pneumonia
(CAP) is considered a major public health problem due to
its high morbidity and mortality [2, 3]. Yearly CAP inci-
dence varies widely worldwide, with estimates between
11 and 169 cases per 10,000 persons. The available data
for adults in Spain is 46.3 cases per 10,000 inhabitants
[4]. The most common CAP complications are sepsis or
severe respiratory failure, and mortality by CAP is mostly
associated to hospitalized patients, reaching 23% in
intensive care units (ICUs) [4, 5].

Host genetics plays a central role in the response to
pathogens and contribute to explain the differences in
susceptibility and severity among patients [6-8]. Spe-
cifically, single nucleotide polymorphism (SNP)-based
heritability assessments in pneumonia support that
genetic host factors explain a greater proportion of sever-
ity than of susceptibility [7]. However, there is a paucity
of genetic studies aimed at identifying genetic factors
involved in CAP susceptibility or prognosis. In addition,
most of them have focused on candidate genes, espe-
cially on genes involved in the immune response such as
those encoding the MBL, SFTPA1, SFTPA2, SFTPD, IL6,
and IL10, among others [9, 10]. A few other studies have
relied on genome-wide association studies (GWAS) to
reveal pneumonia susceptibility loci in the human leuko-
cyte antigen (HLA), MUCS5AC, IL6R, and TNFRSFIA [11,
12], and pneumonia severity loci in CFTR, R3HCCIL,
and HBB [7]. However, it must be noted that these stud-
ies have not distinguished the source of infection, imply-
ing that the patients are a heterogeneous mixture of
patients with CAP and with nosocomial infections, i.e.,
with hospital-acquired pneumonia (HAP).

CAP is typically caused by several bacteria, includ-
ing Streptococcus pneumoniae and Haemophilus influ-
enzae, or viruses [13, 14]. S. pneumoniae is one of the
leading causes of CAP and has been identified in about
one-third of hospitalized cases in Europe, although
these frequencies may be underestimated [13-16]. The
immune response varies widely depending on the caus-
ative pathogen. Inborn errors of immunity (IEL, usually
referred to as primary immunodeficiencies) strongly sup-
port that predisposition to infection by different micro-
organisms usually relies on different components of the
immune system. For example, IEI impairing type I inter-
feron-mediated immunity predispose to susceptibility to
severe pneumonia by SARS-CoV-2 or influenza viruses,
whereas IEI predisposing to pneumococcal infection are
particularly involved in opsonization or phagocytosis of

opsonized bacteria by splenic macrophages [6, 17, 18].
Therefore, studies aimed to identify the genetic basis of
susceptibility or severity of infections may benefit from
a precise homogenization of the source of infection and
the causative microorganism.

To identify genetic variants associated with CAP, here
we have conducted a GWAS of hospitalized patients
with the only diagnosis of CAP, focusing on patients
with pneumococcal infection or without identified causal
microorganism.

Materials and methods

Study design

We conducted a one stage case-control GWAS of adult
subjects of European ancestry from Spain (Fig. 1). No
statistical calculation for adequate sample size was per-
formed before the study was conducted. A total of 259
adult hospitalized patients with CAP diagnosis were
recruited between March 2001 and 2016 from six Span-
ish hospitals and constituted the cases. These patients
were included in previous candidate gene association
studies of CAP [9, 19]. It is assumed that pneumococci
cause most CAP cases in which negative test results were
found using conventional microbiological methods [14,
16, 20]. Therefore, to keep homogeneous the causative
microorganism of CAP, we only included patients with
confirmed pneumococcal infection or those in whom no
identified causative microorganism was identified. The
study inclusion criteria and phenotype descriptions are
available in the Supplementary material.

As controls, we used the genetic data available from
3,526 donors from the Spanish DNA Biobank (https://
www.bancoadn.org), collected from the National Blood
Service and have been used in a previous GWAS of
severe COVID-19 [21]. All control participants were
unrelated and clinically uncharacterized adults. They
self-reported being of Spanish origin and having no per-
sonal or familial history of diseases, such as infectious,
cancerous, circulatory, endocrine, mental, or behavioral,
nervous, visual, auditory, respiratory, and immunologi-
cal, among others.

Genotyping, quality control, and variant imputation

Both cases and controls were genotyped with the Axiom
Spain Biobank Array (Thermo Fisher Scientific) follow-
ing the manufacturer’s instructions in the Santiago de
Compostela Node of the National Genotyping Center
(CeGen-ISCIIL; http://www.usc.es/cegen). Genotyping
quality control and variant imputation procedures are
detailed in the Supplementary material. We conducted
a principal component (PC) analysis (PCA) to derive the
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main PCs for model adjustments and to identify genetic
outliers (Figure S1). These procedures left us with a total
of 603,603 genetic variants for 257 hospitalized CAP
patients and 3,508 controls.

Statistical analysis and the functional assessment of
associated loci

Variant association testing

To test the association of genetic variants with CAP, we
used additive logistic regression models across all the
imputed variants satisfying a good imputation quality
(Rsq=>0.3) and a MAF>1% using EPACTS v.3.2.6 [22].
The association model was adjusted for sex and the first
3 PCs and the results were assessed using the genomic
inflation factor (A) calculated with the gap package for
R. Variant associations were considered statistically sig-
nificant at a threshold p<5.0x 1078, Independent sentinel
variants were identified as those surpassing p<5.0x10~8
and showing weak linkage disequilibrium (LD; r?<0.1)
with others in each locus after clumping in PLINK. The
pseudo-R? of Nagelkerke was calculated based on a poly-
genic risk scores (PRS) model to determine the amount of
variance being explained by the sentinel variants. Study
power for detecting the statistically associated variants
was assessed ad hoc. Detailed information is available in
the Supplementary material.

A sensitivity analysis of the sentinel variants was con-
ducted by including other covariates in the logistic
regression model (e.g., age), the etiology of CAP, exclud-
ing the genetic outliers based on the PCA, and also test-
ing their association with other two recorded severe
pneumonia outcomes in the case series by separate
and combined: (i) severe sepsis or septic shock accord-
ing to the criteria available at the moment of the start of
the recruitment [23]; and (ii) severe respiratory failure,
defined as oxygen saturation<90% on room air, or a par-
tial pressure of oxygen [PaO,] <60 mmHg.

Since there is a lack of independent GWAS of CAP
which can serve as a formal replication of the findings,
we accessed publicly available summary GWAS of pneu-
monia of infectious, bacterial, fungal, and viral origin
from UK Biobank (UKBB) data [24] to validate the asso-
ciation of the independent sentinel variants. We consid-
ered that the results were validated if the variant in the
UKBB showed significance after Bonferroni correction
for the number of variants assessed (p-value<8.33x1073)
and the same direction of effect as in our study.

Bayesian fine mapping and functional analysis

We performed a fine mapping on the association results
in a 2 Megabase pairs (Mb) region around the indepen-
dent sentinel variants to identify the credible variant set
that most likely harbors the causal variant with 95% con-
fidence. For this, we used the corrcoverage package [25]
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for R assuming that is only one causal variant in each
locus. To validate the results, we also inferred the cred-
ible set with 95% confidence using the R package SuSiE
[26] and assumed 3, 5, or 10 causal variants. Further
details of the fine mapping are available in the Supple-
mentary material.

We assessed the biological consequences of the vari-
ants included in the credible sets of the associated loci.
In addition, we used the Variant-to-Gene (V2Q) score to
prioritize the genes that were most likely affected by the
functional evidence based on data from the Open Targets
Genetics portal [27]. To interpret the CADD score and
predict the biological impact of the variants on the pri-
oritized genes, we used the Mutation Significance Cut-
off (MSC) v.1.6 of genes [28] with a confidence interval
of 99%. For those variants deemed to predict a high bio-
logical impact (with a CADD>MSC), we performed an
in silico analysis to determine their potential regulatory
roles. Further details of the functional analysis are avail-
able in the Supplementary material.

To assess tissue expression of the genes prioritized
in the associated loci and the existence of eQTL in the
sentinel variants on artery, esophagus, lung, and whole
blood, we used The Genotype-Tissue Expression (GTEx)
Release v.8 data [29]. Protein quantitative loci (pQTLs)
were evaluated using data available in Open Target
Genetics. In parallel, we accessed a public transcrip-
tomic dataset (GSE65682) available to assess expression
differences in the genes prioritized in the associated loci
among 108 ICU patients with CAP diagnosis and 42
healthy controls. Detailed information of this analysis is
available in the Supplementary material.

Association of classic HLA alleles and amino acids

Due to the sequence complexity of the human leuko-
cyte antigen (HLA) complex, its key role in immunity,
and the previously reported association with pneumonia
susceptibility [12], we also performed a targeted associa-
tion testing of the variation in genes of the HLA complex
with CAP. To this end, we imputed the genetic variation
at eight classical HLA genes (-A, -B, -C, -DPA1, -DPBI,
-DQA1, -DQBI, and -DRBI) and tested the association of
the amino acids and the classical four-digit HLA alleles.
The significance was established through the Bonfer-
roni correction at p<1.93x107° for the amino acids and
p<4.35x10"* for the classical HLA alleles. Further infor-
mation of this analysis is available in the Supplementary
material.

Results

The study tested the association with CAP in a total of
7,638,472 variants from 3,508 controls and 257 patients
(Fig. 2), in which S. pneumoniae was identified in 30% of
cases, and the remaining 70% were patients where the
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Fig. 2 Manhattan plot of the genome-wide association study results for adult CAP. The x-axis represents the chromosome positions while the y-axis rep-
resents the transformed p-values (-log10 [p-value]) obtained by logistic regression models using EPACTS v.3.2.6. Each point represents the result of a ge-
netic variant analyzed. The variants that were deemed to be significantly associated with CAP exceed the significance threshold set at p-value=50x 1078,
represented by the horizontal line. The inset on the top right represents the Quantile-Quantile (QQ) plot comparing the observed -log10 (p-values) from
the GWAS analysis on the y-axis with the expected p-values under the null hypothesis on the x-axis. The genomic inflation factor (\=1.04) did not suggest
inflation of the results obtained

Table 1 Results of the sentinel variants independently associated with CAP

Variant Position p-value MAF OR[95% Cl] A1/A2 Rsq Func.Gene Nearest gene(s)
rs34955650 4:130254264 241%x1078 0.05 246 [1.80-3.38] T 0.99 intergenic C4orf33, LINC02466
15213226 6:33209310 864x107° 0.17 1.84[1.49-2.26] A/G 0.36 intergenic RING1, HCG25
rs456261 6:33258443 400x107%8 0.02 8.23 [5.65-11.99] G/A 033 intronic PFDN6

152076775 6:33394253 7.26x1071° 0.14 0.50[0.41-0.63] /G 0.36 intronic SYNGAPT
rs117203606 11:42330132 290x 1078 0.1 0.21[0.12-0.36] G/A Genotyped intergenic LINC02740, HNRNPKP3
1545577437 20:32341041 121x107 044 046 [0.37-0.56] T Genotyped exonic ZNF341

Position: chromosome and base pair according to GRCh37/hg19; MAF: minor allele frequency in the study population; OR: odds ratio; Cl: confidence interval; Al:
Non-effect allele; A2: Effect allele; Rsq: Imputation R squared; Func.Gene: gene location

rs456261 and rs2076775 that are both intronic to PEFDN6
(p=4.00x10"%%) and SYNGAPI (p=7.26x10"19),
respectively, and rs213226 that is intergenic to RINGI
and HCG25 (p=8.64x1077); rs117203606 at 11pl2

causative microorganism was not identified. The clini-
cal and demographic characteristics of the study subjects
are shown in Supplementary Table 1. Overall, we did not
detect inflation of the association results as the lambda

of the study barely deviated from the expected under
the null (A=1.04). Association testing revealed a total
of 67 genome-wide significant variants (Supplementary
Table S2) which were located on chromosomes 4q28.2,
6p21.32, 11p12, and 20q11.22. Regional association plots
for these results are provided in the Supplementary Fig-
ure S2.

There were six independently associated sentinel vari-
ants (Table 1): rs34955650 at 4q28.2 (p=2.41x107%)
intergenic to C4orf33 and LINC02466; three at 6p21.32,

(p=2.90x10"%) which is intergenic to LINC02740
and HNRNPKP3; and rs45577437 at 20ql1.22
(p=1.21x10"'%) that is exonic to ZNF34I1. However,
the results for rs456261 should be interpreted with
caution given its unexpected low MAF (Table 1) com-
pared with the gnomAD data from non-Finnish Euro-
peans and because no other variant in the region was in
strong LD with it. A PRS model using the six indepen-
dent sentinel SNPs explained 11% variance in our study
(p-value=2.09x10"3, OR=1.67[95%CIL:  1.53-1.82]).



Suarez-Pajes et al. Respiratory Research (2024) 25:374

However, we warn that this must be considered an over-
estimate and that independent studies should be ascer-
tained to validate the results. An ad hoc statistical power
calculation indicated that the study had>80% power to
detect variant associations with an OR>1.80.

Models adjusting for other covariates did not sub-
stantially modify these results (Supplementary Table
S3). The significance and effect size of the sentinel vari-
ants remained unaltered by the exclusion of the genetic
outliers (Supplementary Table S4). Sensitivity analyses
stratifying by the origin of CAP show that the associa-
tions of the six sentinel variants are maintained at least
when patients have a non-definite CAP etiology, probably
because there was still sufficient sample size to detect the
effect of variants (Supplementary Table S5). The results
for the association of the two severe pneumonia out-
comes considered by separate or combined (i.e., severe
sepsis or septic shock and severe respiratory insuffi-
ciency) for the six independently sentinel variants are
shown in Supplementary Table S6. For these sub-anal-
yses, despite the low sample size reduction, all variants
reach significance at the nominal level and the direction
of effect is still maintained.

To validate the results, we then evaluated the asso-
ciation of the independent sentinel variants in UKBB
GWAS of pneumonia by bacteria, Pseudomonas, pneu-
mococcus, fungi, or virus. Results for three out of the six
independent sentinel variants had nominal significance
(p<0.05) and the same direction of effect. However, only
rs2076775 was significantly associated with bacterial and
pneumococcal pneumonia after Bonferroni correction
(Supplementary Table S7).

Bayesian fine mapping by corrcoverage around each
of the four chromosome loci to identify the most likely
causal variants driving the association was able to delin-
eate a credible set of 52 variants for 4q28.2 and 25 vari-
ants for 6p21.32 (Supplementary Table S8 and Figure
S3). The variant from each credible set with the high-
est V2@G score was used to assign the most likely gene
involved in the association. At 6p21.32, the ranking pri-
oritized the TAPBP gene (V2G max. score=0.41 and
MSC=4.26), encoding the TAP binding protein. At
4q28.2, the C4orf33 gene was prioritized (V2G max.
score=0.15 and MSC=4.87). For downstream functional
analysis, we selected those genetic variants with the high-
est probability of biological effect based on the CADD
score from the delineated credible sets in the associ-
ated loci. For the 6p21.32 locus, we assessed 10 variants
(CADD>MSC), and the predictions suggest a relevant
biological impact since some of these SNPs predict the
affectation of transcription factor binding and regulatory
motif and DNase I hypersensitive sites. Furthermore,
rs381847, rs2247385, and rs456261 may affect enhancer
(H3K4mel and H3K27ac) and promoter (H3K4me3 and
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H3K9ac) histone marks in several cell lines, including
lung tissue and immune cells. Moreover, these 10 vari-
ants are eQTLs of immunity genes, including HLA genes
and TAPBP (Supplementary Table S9). For the credible
set of 4q28.2, we selected 13 variants with CADD>MSC.
Two of these are rs17014611 and rs35004602, both linked
to predictions of enhancer histone marks affectation in
lung and immune cell lines, and DNase I hypersensitive
sites in fetal lung (Supplementary Table S10). Fine map-
ping with SuSiE assuming different numbers of causal
variants increased the number of SNPs within the cred-
ible sets and the uncertainty. The credible sets in the
chromosomes 4q28.2 and 6p21.32 were also fragmented
in two sets (Supplementary Figure S3) although it did not
change the prioritized gene on each case. Neither cor-
rcoverage nor SuSiE were able to provide credible sets for
11p12 and 20q11.22.

According to GTEx, the TAPBP gene is highly
expressed (i.e., has higher average levels of Transcripts
Per Millions) on spleen, lungs, lymphocytes, and whole
blood. In fact, the three independent sentinel variants
of 6p21.32 were pQTLs on blood plasma for the TAPBP
gene and eQTLs on artery, esophagus, lung, and whole
blood (Supplementary Table S11). No significant eQTLs
were found for any tissue at GTEx for the other three
independent sentinel variants at chromosomes 4q28.2,
11p12, and 20q11.22 (rs34955650, rs117203606, and
rs45577437). Furthermore, we found a significant upreg-
ulation of TAPBP (lowest p=1.44x10"° among the four
probe sets available) and for C4orf33 (p=9.67x107°)
among ICU patients with CAP compared to controls
(GEO: GSE65682). ZNF341 did not show a significant
gene expression difference (Supplementary Figure S4).

Finally, we assessed the association of 155 classical
HLA alleles and the 2,584 amino acids for eight classical
HLA genes with CAP. Despite the key implication of the
HLA genes in infectious diseases, all associations tested
were found non-significant (Supplementary Figure S5,
and Table S12).

Discussion

Here, we describe the results of a GWAS of CAP con-
ducted in Spanish population. We identified six inde-
pendently associated variants from four chromosome
loci (4q28.2, 6p21.32, 11pl2, and 20ql11.22) reach-
ing genome-wide significance. Results for one of them
rs2076775 (6p21.32) were validated with susceptibility to
bacterial and pneumococcal pneumonia in independent
studies with cases that were likely a mixture of CAP and
HAP patients.

One of the independent variants detected is located
on 4q28.2, intergenic to C4orf33 and a long non-coding
RNA (LINC02466) which has been involved in cancer
[30]. Besides, the sentinel variants on chromosome 6
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have been previously associated with platelet and blood
cell count, type-I diabetes, or celiac disease, among other
traits (GWAS data available at Open Target Genetics).
The variant rs2076775, with evidence of validation in
UKBSB, is intronic to SYNGAPI which encodes for the
synaptic Ras GTPase activating protein 1 which has been
associated with neurodevelopmental disorders [31]. This
variant has been previously associated (p<5x10~%) with
hematopoietic cell count, rheumatoid arthritis, type 1
diabetes based on Open Targets Genetics data. Finally,
another variant was prioritized in 11p12 intergenic to a
long non-coding RNA and a pseudogene (HNRNPKP3).
To our knowledge, these genes have not been associated
with prior susceptibility or severity of infections. How-
ever, formal replication of results and further studies
of functional characterization are needed to assess the
biological effects of the identified genes and variants in
phneumonia.

The sentinel variant of the 20q11.22 locus observed in
this study is located in exon 5 of ZNF341 and predicts a
missense change (p.Prol85Ser). The association at this
locus was also supported by two other genome-wide sig-
nificant intronic variants residing in this gene. ZNF341
acts as a DNA-binding transcription factor, primarily as
an activator of Signal Transducer and Activator of Tran-
scription STAT3 gene, and, to a lesser extent, a number
of other genes such as STATI [32-34]. Mutations at
ZNF341, have been reported to cause of hyper-immu-
noglobulin E syndrome (HIES). HIES is characterized
by elevated serum IgE levels, recurrent bacterial and
Candida infections, eczema with cold staphylococ-
cal skin abscesses, and other non-immunologic features
that affect the skeleton, dentition, and connective tissue.
HIES patients have recurrent skin and lung infections,
including pneumonia, caused by S. aureus, S. pneu-
moniae, or H. influenzae, and the pulmonary recovery
can involve abnormalities characterized by bronchiecta-
sis and pneumatoceles [33-35]. Based on this evidence,
variants affecting the function of ZNF341 could also play
an important role in CAP and its severity, although func-
tional studies and replication cohorts are necessary to
validate and describe the role of the repotted variants.

The study also prioritized possibly damaging variants
in the TAPBP gene that were eQTLs for that gene in dif-
ferent tissues and pQTLs on plasma. It also revealed that
TAPBP gene expression was upregulated among ICU
patients with CAP compared to controls, although the
role of profound inflammatory dysregulation in critical
patients cannot be discarded. The TAPBP gene encodes
the transporter associated with antigen processing (TAP)
binding protein, also called tapasin. Tapasin is part of
the peptide loading complex (PLC), which coordinates
loading of high affinity peptides onto nascent HLA class
I (HLA-I) molecules [36, 37]. Tapasin has a central role
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in the classical pathway of HLA-I presentation of endog-
enous peptides and in cross-presentation of exogenous
antigens by professional antigen presenting cells [37].
Multiple HLA-I molecules have been reported to be
tapasin-dependent, among them the HLA-B*08:01 allele
[38]. In spite that a previous GWAS found this class I
HLA allele associated with pneumonia susceptibility [12],
HLA-B*08:01 was not associated with CAP in our study
(p=0.45). Gene defects in TAPBP or in other PLC com-
ponents cause an extremely rare IEI known as bare lym-
phocyte syndrome type I (BLS-I) [39-41]. Despite the
clinical and biological heterogeneity, BLS-I patients usu-
ally develop symptoms well into late childhood, although
some patients remain asymptomatic even in adulthood.
They are characterized by recurrent respiratory tract
infections, by S. pneumoniae and H. influenzae among
others, associated with the development of bronchiecta-
sis and respiratory insufficiency, as well as to cutaneous
manifestations [39, 40, 42].

We acknowledge some limitations of the study. First
and foremost, the study was based on a small sample
of cases. Studies with larger sample sizes would permit
providing a more robust estimation of the effects of the
reported associations, especially for the low MAF vari-
ants, and possibly to reveal additional susceptibility
loci beyond those identified here. Secondly, half of the
patients had a low Pneumonia Severity Index. However,
when the analyses only included the patients with severe
sepsis or septic shock, or those with severe respiratory
insufficiency, association results of the sentinel variants
were maintained. Thirdly, our study lacks a formal assess-
ment of the full spectrum of genetic variants (including
other types of variation beyond SNPs and small INDELSs,
and variants with MAF lower than 1% which accumulate
most of the disease-causing variation) for which comple-
mentary approaches based on Next-Generation Sequenc-
ing, such as whole exome or genome sequencing, would
be ideal. Fourth, the precise causative pathogen of CAP
was undetermined in 70% of the patients studied. There-
fore, besides highlighting the interest in confirming the
findings in patients with CAP by other pathogens, we
could not draw conclusions regarding the associations
with the response to a specific pathogen. Despite this,
only one of the variants (rs34955650) did not reach the
nominal statistical significance in the analysis of the
reduced sample of CAP patients by S. pneumoniae infec-
tion. Furthermore, previous studies suggest that pneu-
mococci cause most CAP cases in which negative test
results were found using conventional microbiological
methods, particularly in Spain [14, 16, 20]. However,
infection by other bacteria and viruses is still expected. In
addition, a substantial proportion of patients with CAP
present coinfections, particularly pneumococcus [14, 20,
43]. Finally, we used controls that could have introduced
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some confounding in the results since, despite hospital-
ization for CAP was not recorded for these donors dur-
ing the recruitment, we cannot discard that they could
develop it during their lifetime. Controls not ascertained
for the disease risk are widely used in genetic studies for
multiple infectious diseases, providing equivalent results
as if controls comprise mild or asymptomatic patients [7,
8, 21]. In addition, it was not possible to perform addi-
tional sensitivity analyses or consider other variables
of interest, such as smoking, due to the limited char-
acterization of the personal history of health of these
individuals.

Despite the limitations, this study has been completed
for a specific sub-phenotype of pneumonia and is one
of the first steps in understanding the genetics of this
condition. Besides, mutations at ZNF341 and TAPBP,
cause previously known IEIs involved in the susceptibil-
ity to bacterial infections, particularly pneumonia. Thus,
sequencing studies, together with experimental analyses
of function, will be key to evaluate whether deleterious
mutations in the novel CAP loci could define new IEIs
predisposing to bacterial pneumonia [44]. Although the
clinical application of the presented results is limited for
the moment, they are valuable for downstream targeted
analyses to potentially assist in CAP risk stratification
and to inform of potential drug targets.

Conclusion

In summary, we report four novel loci associated with
CAP, including two genes that were previously known to
cause IEIs predisposing to bacterial pneumonia. Comple-
mentary studies are required to replicate the findings
in larger studies and to better define the mechanistic
links of these variants and genes on predisposition to
phneumonia.
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