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Abstract

Pemphigus foliaceus (PF) is an autoimmune blistering skin disease charac-

terized by the presence of pathogenic autoantibodies against desmoglein 1,

a component of intercellular desmosome junctions. PF occurs sporadically

across the globe and is endemic in some Brazilian regions. Because PF is a

B-cell-mediated disease, we aimed to study the impact of variants within

genes encoding molecules involved in the different steps of B-cell develop-

ment and antibody production on the susceptibility of endemic PF. We

analysed 3,336 single nucleotide polymorphisms (SNPs) from 167 candidate

genes genotyped with Illumina microarray in a cohort of 227 PF patients

and 193 controls. After quality control and exclusion of non-informative

and redundant SNPs, 607 variants in 149 genes remained in the logistic

regression analysis, in which sex and ancestry were included as covariates.

Our results revealed 10 SNPs within or nearby 11 genes that were associated

with susceptibility to endemic PF (OR >1.56; p < 0.005): rs6657275*G
(TGFB2); rs1818545*A (RAG1/RAG2/IFTAP); rs10781530*A (PAXX),

rs10870140*G and rs10781522*A (TRAF2); rs535068*A (TNFRSF1B);

rs324011*A (STAT6); rs6432018*C (YWHAQ); rs17149161*C (YWHAG);

and rs2070729*C (IRF1). Interestingly, these SNPs have been previously

associated with differential gene expression, mostly in peripheral blood, in

publicly available databases. For the first time, we show that polymorphisms

in genes involved in B-cell development and antibody production confer

differential susceptibility to endemic PF, and therefore are candidates for

possible functional studies to understand immunoglobulin gene rearrange-

ment and its impact on diseases.

Keywords: genetics; immunogenetics; immunoglobulin; immunology;

pemphigus foliaceus.

Abbreviations: Add, additive model; AICDA, activation-induced cytidine deaminase gene; AID, activation-induced cytidine
deaminase molecule; AIMs, ancestry-informative markers; BMP, bone morphogenetic protein; CIITA, class II major histocompat-
ibility complex transactivator; cpm, case per million; CSR, class-switch recombination; DNA-PKcs, DNA-dependent protein
kinase, catalytic subunit; Dom, dominant model; eQTL, expression quantitative trait loci; HGDP-CEPH, Human Genome Diver-
sity Project – Centre d’Etude du Polymorphisme Humain; HLA, human leucocyte antigen; HSC, haematopoietic stem cells;
IFTAP, intraflagellar transport-associated protein; Ig, immunoglobulin; IGH, immunoglobulin heavy locus; IGK, immunoglobu-
lin kappa locus; IGL, immunoglobulin lambda locus; IL, interleukin; IRF1, interferon regulatory factor 1; LD, linkage disequilib-
rium; MAF, minor allele frequency; NHEJ1, non-homologous end-joining factor 1 (XLF); OR, odds ratio; PAXX, PAXX non-

homologous end-joining factor; PF, pemphigus foliaceus; RAG1, recombination-activating gene 1; RAG2, recombination-acti-

vating gene 2; Rec, recessive model; SHM, somatic hypermutation; SNP, single nucleotide polymorphism; sQTL, splicing quanti-
tative trait loci; STAT6, signal transducer and activator of transcription 6; TGFB2, transforming growth factor-beta 2; TNF,
tumour necrosis factor; TNFRSF1B, TNF receptor superfamily member 1B; TRAF2, TNF receptor-associated factor 2; XRCC4,
X-ray repair cross complementing 4; XRCC5, X-ray repair cross complementing 5 (Ku80); XRCC6, X-ray repair cross com-

plementing 6 (Ku70); YWHAG, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein gamma;
YWHAQ, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein theta
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INTRODUCTION

Pemphigus foliaceus (PF) is a blistering skin disease char-

acterized by epidermal cell detachment (acantholysis) in

the upper layer of the epidermis. In PF, the loss of cell

adhesion is a consequence of the presence of autoanti-

bodies, mostly IgG1 and IgG4, against desmoglein 1

(DSG1), a desmosomal component of keratinocytes.1,2 PF

occurs sporadically across the globe, with an incidence of

one case per million (cpm).3–6 In Brazil, however, its inci-

dence reaches 25–35 cpm in some endemic regions.7 As a

multifactorial disease, multiple genetic and environmental

factors contribute to the risk of developing PF. The envi-

ronmental factors that trigger the disease in the Brazilian

endemic regions are not well established; however, they

are possibly related to exposure to sunlight, mosquito

bites, certain foods and poor living conditions.8 In terms

of susceptibility, several genetic variants have been identi-

fied as playing a role in the risk of developing PF,9

including HLA (human leucocyte antigen) genes,10–13 KIR

(killer-cell immunoglobulin-like receptor)14–16 genes and

genes of the complement system,17–19 among others.20–24

Antibodies are immunoglobulin (Ig) molecules pro-

duced by B cells after a series of somatic rearrangements

in immunoglobulin genes. Structurally, antibodies can be

divided into the variable domain, responsible for antigen

binding, and the constant domain, which determines their

effector function. Ig is a homoheterodimer composed by

two identical heavy chains and two identical light chains;

the heavy chain is encoded by the immunoglobulin heavy

locus (IGH), and the light chains are encoded by im-

munoglobulin lambda locus (IGL) or immunoglobulin

kappa locus (IGK).25 Each one of these genes is composed

of multiple gene segments in a way that their germline

configuration does not allow the transcription to a func-

tional mRNA. To be transcribed, these genes first

undergo a complex somatic DNA rearrangement process

called V(D)J recombination during the initial steps of B-

cell development,26 which results in a V(D)J exon that

will encode the variable region.26–28 Following antigen

encountering, a process called somatic hypermutation

allows positive selection of B cells that exhibit Ig with

increased antigen-binding affinity and results in a more

effective immune response.29 Finally, immunoglobulin

genes undergo a process called class-switch recombination

(CSR) that changes the isotype expressed by the B cells,

from IgM and IgD to IgA, IgG or IgE (Figure 1), which

changes the Ig effector function.30 All these processes

involve molecules responsible for the recognition of target

sequences, double-strand cleavage, non-homologous end

joining, as well as nucleotide deamination, excision, and

addition. Because PF is an antibody-mediated disease, we

hypothesized that germline variants in genes that affect

the development of immunoglobulins are candidates for

disease association. Here, we screened 3,336 variants in

167 genes directly involved in antibody production and

observed that ten single nucleotide polymorphisms

(SNPs) were associated with PF.

METHODS

Study population

DNA was isolated from peripheral blood of 227 unrelated

endemic PF patients and 193 unrelated controls without

a history of any autoimmune disease (Table 1). To mini-

mize possible population stratification, we included only

individuals of predominantly European ancestry. We

excluded individuals self-declared as non-Euro-descen-

dants and those who reported a family history of misce-

genation with non-European. The study participants were

contacted at Hospital Adventista do Pênfigo (Campo

Grande, Mato Grosso do Sul), Hospital das Cl�ınicas da

Faculdade de Medicina da USP (Ribeir~ao Preto, S~ao

Paulo), Lar da Caridade – Hospital do Fogo Selvagem

(Uberaba, Minas Gerais), Hospital de Cl�ınicas da UFPR,

Hospital de Dermatologia Sanit�aria S~ao Roque and

Hospital Santa Casa de Miseric�ordia (Curitiba, Paran�a).

The diagnosis was based on clinical characterization by spe-

cialized dermatologists, immunological tests, histopathology

and immunohistochemistry of skin biopsies. All individuals

voluntarily agreed to participate in this study and signed

informed consent, according to the Declaration of Helsinki.

This study was performed under Brazilian federal laws and

approved by the Human Research Ethics Committee of the

Federal University of Paran�a under protocol number CAAE

02727412.4.0000.0096.

Selection of candidate genes and genotyping

We selected 167 genes knowingly implicated in antibody

production, including those encoding Ig (heavy, kappa

and lambda chains). To select the candidate genes, we

performed an extensive search in the literature databases

(Google Scholar and PubMed) for review articles pub-

lished in the last five years, using the terms ’V(D)J rear-

rangement’, ’class-switch recombination’ (or ’CSR’) and

’somatic hypermutation’. We comprehensively searched

all the references cited by the retrieved articles. The full

list of candidate genes is given in Table S1. Genotyping

was performed by SNP microarrays using InfiniumTM

CoreExome-24 v1.1 BeadChip (Illumina, San Diego,

USA).

Population structure analysis

Even though we carefully matched patients and controls

for ancestry, the Brazilian population is admixed. To
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account for the possibility of population structure, we

included another level of rigour by analysing a panel of

71 previously validated31–34 ancestry-informative markers

(AIMs) (Table S2). The allelic frequencies of these SNPs

differ across the major continental population groups

(FST >0.25, d > 0.40), and the genotypes of HGDP-

CEPH (Human Genome Diversity Project – Centre

d’Etude du Polymorphisme Humain) populations are

publicly available.35 Pairwise FST was calculated using

Arlequin v3.5.2 software,36 and d was considered the dif-

ference between the frequencies of pairs of populations.

We compared the study population to the HGDP-CEPH

populations most closely related to the three major ances-

tral groups of the Brazilians:37 sub-Saharan Africans
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Figure 1. Stages of antibody production (i) In the bone marrow, haematopoietic stem cells (HSC) can give rise to common lymphoid progenitor

when stimulated by bone morphogenetic protein (BMP) signalling and by the suppression of transforming growth factor-beta (TGF-b) stimula-

tion. (ii) During B-cell development, in the pro-B-cell stage, immunoglobulin heavy chain genes (IGH) undergo a somatic reassembly of their V,

D and J segments through DNA cleavage by RAG1 and RAG2 (recombination-activating proteins 1 and 2), followed by non-homologous end

joining (NHEJ) of the DNA. These steps result in a VDJ exon that will encode the variable region of Ig heavy chain and will be expressed with

the adjacent constant gene segments, IGHM and IGHD (IgM and IgD heavy chain). If this rearrangement is successful, V and J gene segments of

immunoglobulin light chains (kappa or lambda) are also rearranged (not shown), and complete IgM and IgD molecules are expressed. The cells

are now called mature na€ıve B cells. (iii) In secondary lymphoid organs, immunoglobulin molecules on the surface of na€ıve B cells recognize and

bind to their specific antigens, which are internalized by endocytosis and proteolyzed. (iv) The resulting peptides are presented in the context of

HLA class II to cognate (with same antigen specificity) CD4+ T helper cells through their T-cell receptor (TCR). Afterwards, T cells express

CD40L and cytokines, which bind to specific receptors of B cells, promoting B-cell activation, class-switch recombination (CSR) and somatic

hypermutation (SHM) of the immunoglobulin gene. CSR requires precise orchestration of signalling molecules, transcription factors and adaptor

molecules (14-3-3) that recognized specific switch (S) regions of the DNA located upstream of each constant gene segment. 14-3-3 molecules are

recognized by activation-induced cytidine deaminase (AID) that promotes DNA cleavage, which is followed by NHEJ that links the rearranged

VDJ exon to the selected constant IGH gene segment. As a result, this process changes the isotype expressed by the B cells from IgM and IgD to

IgA, IgG or IgE. AID also plays a role in SHM by introducing single nucleotide substitutions in the V(D)J exon, which increases the diversity of

immunoglobulins and allows positive selection of B cells with increased antigen-binding affinity. These steps result in the transcription of the

rearranged genes into immunoglobulin molecules that can be secreted by B cell, which are called antibodies, with different effector functions and

higher binding affinity for a specific antigen. This figure was made with biorender (https://biorender.com/).
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(n = 120) – Biaka Pygmy, Mbuti Pygmy, Mandenka, Yor-

uba, San, Bantu; Amerindians (n = 83) – Surui, Kari-

tiana, Pima, Piapoco and Curripaco; and Europeans

(n = 118) – French, French Basque, North Italian, Orca-

dian, Sardinian, Tuscan. For estimation of individual and

populational ancestry, we used the software STRUCTURE

v.2.238–40 with a run length of 100 000 burn-in and 500

000 Markov chain Monte Carlo (MCMC) replications,

the admixture model and independent allele frequency

model.

Association analysis

We used PLINK v1.941 for all manipulation of SNP data.

We extracted a total of 3,336 SNPs located within 3 Kbp

upstream and downstream of each one of the 167 genes.

From the total SNPs initially retrieved, we removed vari-

ants as follows: (a) whose genotypes deviated from the

Hardy–Weinberg equilibrium in controls (p < 0.05); (b)

or in strong linkage disequilibrium (LD) with any other

variant (r2 ≥ 0.80). We established MAF ≥0.20 (minor

allele frequency) to reach at least 80% power with a one-

sided type I error rate a = 0.05 to detect small to moder-

ate effect sizes (0.38 < d < 0.50) 42,43. We established the

significance threshold as p < 0.005. After quality control

and removal of redundant or non-informative SNPs, a

total of 607 variants in 149 genes remained for the associ-

ation analysis (Table S3). We performed logistic regres-

sion for additive, dominant and recessive models using

sex and two principal components as covariates.

In silico analysis

We used the online tool HaploReg44 to evaluate whether

the associated SNPs could be implicated in structural and

regulatory effects. To search for eQTL (expression quanti-

tative trait loci) for variants that were associated with PF

or in LD with them (r2 > 0.8), we used the tool Qtlizer,45

which compiles information from several databases.44,46–

54 We obtained splicing quantitative trait locus (sQTL)

data from GTEx Portal46 and searched the transcript vari-

ants of the affected genes in Ensembl.55 We assessed LD

between variants in the database LDlink56 using European

populations (CEU, TSI, FIN, GBR, IBS) of the 1000 Gen-

omes Project.57

RESULTS

Lack of population stratification in patients and
controls

Patients and controls were previously classified as pre-

dominantly Euro-descendants based on phenotypic char-

acteristics and detailed assessment of family history. Here,

our analysis using 71 AIMs showed that patients and con-

trols were, in fact, homogeneous regarding ancestry

(p = 0.14). The proportions of sub-Saharan African,

Amerindian and European compounds were 0.15, 0.12

and 0.73 for controls and 0.16, 0.15 and 0.69 for patients,

respectively (Table 1, Figure 2).

Genetic associations

We found 10 SNPs within 11 genes, or in their vicinity,

related to B-cell development and antibody production

associated with differential susceptibility to endemic PF

either in the dominant (Dom), in the recessive (Rec) or

in the additive (Add) models (Table 2). All variants asso-

ciated with endemic PF were located in intronic or inter-

genic regions. One SNP is within a gene implicated in B-

cell development, two are in genes involved in V(D)J

rearrangement, and seven are close to or within genes

that participate in antibody class-switch recombination.

Functional annotation

We performed a comprehensive in silico analysis using

several publicly available databases and online tools. We

found that all variants associated with endemic PF, or

their proxy SNPs (r2 > 0.8), had been previously associ-

ated with variable gene expression levels in different tis-

sues, mainly in peripheral blood (Table 2).45 Our in silico

analysis also showed that these variants are located in

sites containing chromatin regulatory histone marks and

may be related to the regulation of promoters and enhan-

cers in T and B cells44 (Table S4), as summarized below.

The intergenic variant rs1818545*A is in nearly absolute

LD with nine other SNPs (r2 � 1; D’ � 1), including

rs7104753*C, which is located in a predicted regulatory

region of RAG2 (recombination-activating gene 2)

(Table S4). We found three variants that have eQTL

effects: the regulatory region variant rs10781530*A,
located at 921 bp 5’ of the PAXX (PAXX non-homologous

end-joining factor) gene, which is involved in non-homol-

ogous end joining; and rs10870140*G and rs10781522*A,
two intronic variants of TRAF2 (TNF receptor-associated

factor 2), which have cis-eQTL effects on TRAF2 in whole

Table 1. Characterization of patients and controls.

Median age.

Years old (range) Sex

% of

SSA

% of

AMER

% of

EUR

Patients 40.9 (6–83) 53% female 15 12 73

Controls 44.8 (11–86) 52% female 16 15 69

Percentages are the estimated proportion of sub-Saharan African

(SSA), Amerindian (AMER) and European (EUR) ancestry of the PF

patients and control samples, based on the analysis of 71 ancestry-in-

formative markers and using the HGDP-CEPH database 35 as refer-

ence.
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blood. Another SNP associated with endemic PF was the

variant rs2070729*C, located in an intron of the gene

IRF1 (interferon regulatory factor 1). This variant has a

cis-eQTL effect on IRF1 and also a trans-eQTL effect on

the gene IL13 (interleukin13). We also observed that

rs6432018*C, an intronic variant in the gene YWHAQ (ty-

rosine 3-monooxygenase/tryptophan 5-monooxygenase acti-

vation protein, theta isoform), is in high LD (r2 > 0.95)

with other 12 SNPs that have sQTL effects on YWHAQ

(Table 2, Table S5, and Table S6).

DISCUSSION

Break of immune homeostasis and self-tolerance in some

autoimmune disorders are directly related to the produc-

tion of autoantibodies by B cells that differentiate into

plasma cells.58 In our study, we focused on genetic vari-

ants within genes related to B-cell development, activa-

tion and maturation, and also immunoglobulin gene

rearrangement, class-switch recombination and somatic

hypermutation. We aimed to contribute to a better

understanding of these mechanisms in the context of

endemic PF.

Our analysis with 71 previously validated ancestral-in-

formative markers confirmed no ancestry bias between

patients and controls from our study. Their conspicuous

differences in genotypic frequencies among Europeans,

Africans and Amerindians indicate that these markers

constitute a robust set to assess the continental ancestry

of the study population. Nevertheless, we used two prin-

cipal components as covariates in our logistic regression

model to correct for possible minor differences that could

contribute to spurious associations.

We used the p-value of 0.005 as a cut-off to identify

genetic associations, as suggested by others,59–61 to achieve

a low risk of false associations while not excluding possible

real associations with smaller effects. Although the use of

arbitrary cut-offs always brings the risk of type I error, we

have taken several precautions to reduce the chances of

false discoveries: (a) we only analysed variants for which

our sample size allowed statistical power of at least 80% to

detect low and moderate effects (MAF ≥0.20); (b) we quan-
tified the individual ancestry compound of each individual

and adjusted our analysis using principal components as

covariates even though our samples were carefully

matched; and (c) we adjusted our analysis for sex and age.

As we discuss in detail below, all our associations are pro-

vided with a plausible biological explanation, increasing the

confidence of our results. Nevertheless, further replication

in pemphigus or other autoimmune disease cohorts would

be desirable to corroborate our findings.

We found 10 variants located within or in the vicinity

of 11 genes related to B-cell development (TGFB2), V(D)

J recombination (RAG1, RAG2, PAXX), B-cell activation,

somatic hypermutation and class-switch recombination

(TNFRSF1B, TRAF2, STAT6, IL13, IRF1, YWHAG and

YWHAQ). The allele rs6657275*G, associated with

increased risk to endemic PF, is located in the third

intron of TGFB2 (transforming growth factor 2) and has

been previously associated with susceptibility to cerebral

malaria.62 This SNP is in strong LD with other 39 vari-

ants, several of which have been predicted to have eQTL

effects in different tissues on the gene TGFB2 and its anti-

sense long non-coding RNA (lncRNA) gene TGFB2-AS1.

Some of the SNPs in LD with rs6657275 are possibly

related to regulatory histone marks H3K4me3 and

PC1 (25%)

k 
=

 3

Controls
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PF Patients
Amerindians

Europeans
Sub-Saharan African

PF Patients

Amerindians Europeans Sub-Saharan Africans

(i) (ii)

P
C

2 
(1

6.
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)

Figure 2. Lack of population structure in the study population. (i) Principal component analysis and (ii) bar plot of inferred ancestry propor-

tions performed with 71 ancestry-informative markers comparing PF patients and control samples with HGDP-CEPH samples from three regio-

nal populations: sub-Saharan Africans (n = 120), Amerindians (n = 83) and Europeans (n = 118) 35.
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H3K4me1 in T and B cells (Table S4), which suggest that

they may be involved in transcriptional regulation of

TGFB2, and/or of the lncRNA genes TGFB2-AS1 and

TGFB2-OT1, which physically overlap (antisense gene

overlap) the TGFB2 gene. Interestingly, the lncRNA

TGFB2-AS1 has been associated with regulatory functions

Table 2. Variants associated with increased risk to endemic pemphigus foliaceus.

Association analyses Predicted eQTL of the associated SNPs and their proxy

SNP

Genomic position* Location Model

OR (95% CI)

p-value

Affected

gene Cell, tissue or organ

Effect

p-value

B-cell modulation

rs6657275*G

Chr1:218596461

Intron of TGFB2 Rec 2.26 (1.33-3.84)

p = 2.6x10�3

TGFB2 Lung, testis, brain eQTL<8.2x10�3

TGFB2-

AS1

Whole blood, skeletal muscle eQTL<2.8x10�9

V(D)J rearrangement

rs1818545*A

Chr11:36612090

Intergenic between RAG1,

RAG2 and IFTAP

Dom 1.85 (1.22-2.81)

p = 3.6 x10�3

IFTAP Brain eQTL<7.1x10�3

rs10781530*A

Chr9:139885948

921 bp 5’ of PAXX Add 1.58 (1.16-2.15)

p = 3.6x10�3

PAXX Whole blood, lung, heart, brain,

artery, adipose

eQTL<8.9x10�5

Class-switch recombination and somatic hypermutation

rs10870140*G

Chr9:139796419

Intron of TRAF2 Rec 1.76 (1.19-2.61)

p = 4.9x10�3

TRAF2 Whole blood eQTL<1.2x10�9

PAXX Brain eQTL<6.5

x10�6

rs10781522*A

Chr9:139815053

Intron of TRAF2 Add 1.61 (1.22-2.14)

p = 9x10�3

TRAF2 Whole blood, transverse colon,

testis, lymphoblastoid cell,

monocytes, skeletal muscle,

skin, tibial nerve, dendritic

cells

eQTL<3.5

x10�4

Rec 1.99 (1.30-3.05)

p = 1.5x10�3

PAXX Blood, brain eQTL<1.2

x10�3

rs535068*A

Chr1:12189561

Intron of TNFRSF8 Dom 3.11 (1.46-6.62)

p = 3.2x10�3

TNFRSF1B Whole blood, skin, brain eQTL<3.1

x10�3

rs324011*A

Chr12:57502182

Intron of STAT6 Add 1.56 (1.16-2.10)

p = 3.3x10�3

STAT6 Whole blood, CD4+

lymphocytes,

monocytes, brain, liver, colon

sigmoid

eQTL<1.4

x10�4

Dom 1.94 (1.30-2.90)

p = 1.3x10�3

rs2070729*C

Chr5:131819921

Intron of IRF1 Add 1.56 (1.17-2.09)

p = 2.8x10�3

IRF1 Whole blood, heart, monocytes eQTL<4.7

x10�4

Rec 2.02 (1.25-3.27)

p = 4.4x10�3

IRF1-AS1 Whole blood, thyroid, spleen,

skin,

tibial nerve, Skeletal muscle,

lung, heart, oesophagus, colon,

brain, artery, adipose

eQTL<1.1

x10�4

IL13 Tibial nerve eQTL<4.2

x10�5

rs6432018*C

Chr2:9721896

2.2 kb 3’ of YWHAQ Add 1.69 (1.28-2.24)

p = 3x10�3

YWHAQ Tibial artery sQTL<1.3

x10�6

Dom 2.04 (1.32-3.14)

p = 1.2 x10�3

rs17149161*C

Chr7:75978229

intron of YWHAG Add 1.63 (1.20-2.21)

p = 1.7 x10�3

YWHAG Monocytes, adipose, lung eQTL<1.6

x10�4

SNP: rs ID of the single nucleotide polymorphism, Chr: chromosome, OR: odds ratio, CI: confidence interval. eQTL: expression quantitative trait

loci. *Genomic position according to GRCh37.p13 primary assembly. The frequency of the associated alleles in patients and controls is given in

Table S3. The complete list of proxy SNPs is available in Table S5.
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on TGF-b (product of TGFB2 gene) and bone morpho-

genetic protein (BMP) signalling on keratinocytes.63 The

TGF-b and BMP also regulate the differentiation of

haematopoietic stem cells (HSC) to the myeloid lineage

or the lymphoid lineage, respectively.64 Additionally,

TGF-b is secreted by B cells and may regulate B-cell pro-

liferation.65 Dysregulation of TGF-b pathways is known

to be implicated in antibody-mediated autoimmune dis-

orders.64

Two SNPs associated with endemic PF are located in

genes whose products participate in the DNA cleavage

and joining phases of the V(D)J recombination process:

rs1818545 (RAG2) and rs10781530 (PAXX), respectively.

The allele rs1818545*A has been previously associated

with radiation-induced pneumonitis in lung cancer

patients.66 The impact of rs1818545 on RAG1 and

RAG2 expression can hardly be detected by the

approaches applied for the investigation of gene expres-

sion because these genes are only expressed in develop-

ing lymphocytes,67 which were not included in the

published studies. However, this variant and their proxy

SNPs have cis-eQTL effects on the IFTAP (intraflagellar

transport-associated protein) gene, whose expression is

inversely correlated with RAG1 and RAG2 expression.68

Moreover, rs12283331 is in absolute LD (r2 = 1; D’ =1)
with rs1818545 and is located in a predicted binding

motif for the transcription factor Ik-2 in primary

haematopoietic stem cells.44 Ik-2 promotes RAG1 and

RAG2 transcription and downregulates IFTAP expres-

sion.69 RAG1 is responsible for recognizing specific

conserved recombination signal sequences adjacent to

gene segments V, D and J of immunoglobulins, respon-

sible for the specificity of the double-strand cleavage of

the DNA. RAG2, on the other hand, is necessary for

the catalytic activity of RAG1.70 Both RAG1 and RAG2

are part of the RAG complex, which also mediates alle-

lic exclusion of Ig, ensuring that each B cell expresses

only one allele of the Ig genes.71 Therefore, the associa-

tion of rs1818545*A with increased risk to endemic PF

could be related to the RAG1 and RAG2 role in the V

(D)J regulation.

The variant rs10781530*A is located upstream of PAXX

and is associated with a higher expression of this gene.

PAXX molecules stabilize the enzymatic complex com-

posed by XRCC4, XRCC6 (Ku70), XRCC5 (Ku80), DNA-

PKcs, DNA ligase 4 and NHEJ1, which is required for the

non-homologous end-joining pathway in V(D)J recombi-

nation.72 This complex repairs the double-strand break in

the first step of the rearrangement process. The two SNPs

rs10870140 and rs10781522, located within intronic

regions of the gene TRAF2 (73 Kbp of the gene PAXX),

are associated with endemic PF and have trans-eQTL

effects on PAXX. Therefore, it is plausible that the associ-

ations observed for these SNPs are related to the DNA

repair process during V(D)J rearrangement.

After antigen recognition, B-cell activation may be

mediated by T cells. The variant rs2070729, located in the

intron 9 of the IRF1 gene, together with five other SNPs

in strong LD with it, have eQTL effects on IRF1 and IL13

gene expression. IRF1 is a transcription factor that pro-

motes the expression of CIITA (class II major histocom-

patibility complex transactivator) molecules,73 a critical

regulator of HLA class II expression in antigen-presenting

cells, including B cells. HLA class II molecules are neces-

sary for antigen presentation to T cells, T-cell activation

and, consequently, activation of B cells with the same

antigen specificity.74 Interestingly, a combination of cer-

tain HLA-DRB1 alleles with a promoter variant in CIITA

was strongly associated with endemic PF (OR = 14.05,

p < 10�6). 13

T-cell activation also stimulates the production of TNF

(tumour necrosis factor) by B cells, which activates the

TNF receptor superfamily member 1B (TNFRSF1B or

CD120b) in B cells. Activated TNFRSF1B interacts with

TNF receptor associated factor 2 (TRAF2), triggering the

secretion of IgM.75 Furthermore, Ig class switch is also

regulated by another receptor on the surface of B cells,

TNF receptor superfamily member 8 (TNFRSF8 or

CD30), which prevents the class switching in B cells that

are non-antigen-specific.76 Associated with differential

endemic PF risk was the intronic SNP rs535068 located in

TNFRSF8. This SNP and other ten in strong LD with it

(r2 > 0.8) are located in a regulatory region of TNFRSF8.

This region, which appears to be relevant for the regula-

tion of T- and B-cell lineages, includes enhancer and pro-

moter segments that contain epigenetic chromatin marks

such as H3K4me1, H3K4me3, H3K27ac and H3K9ac

(Table S4). The SNP rs535068 and six of the SNPs in

strong LD with it also have trans-eQTL effects on the

gene TNFRSF1B in blood and skin. Two other SNPs asso-

ciated with endemic PF, rs10870140 and rs10781522, were

located in intronic regions of TRAF2, whose product also

plays a critical role in B-cell activation. These variants

have not only cis-eQTL effect on TRAF2 but are also

associated with differential expression of the gene PAXX,

as mentioned above. The interaction between CD40

receptor and TRAF2 is essential for CD40-regulated class

switch of Ig from IgM to IgG and B-cell activation.77,78

Defects in these pathways have been suggested to cause

the generation of pathogenic autoantibodies.76

The class switch to IgG and IgE in B cells activated by

IL-4 and IL-13 is also mediated by the transcription fac-

tor STAT6 (signal transducer and activator of transcrip-

tion 6).79,80 STAT6 acts as a regulator of several genes in

IL-4-stimulated B cells,81 which includes the AICDA.82

The AICDA gene encodes the AID molecule (activation-

induced cytidine deaminase), which plays a pivotal role

during class-switch recombination by generating a dou-

ble-strand break of the DNA.83 Moreover, AID action

produces point mutations during somatic
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hypermutation.84 The intronic SNP rs324011 in STAT6,

also associated with endemic PF, is in LD with six other

SNPs (Table S5). All these seven variants have eQTL

effects on STAT6 expression in whole blood and other

tissues. Additionally, four of them are located within

enhancer or promoter regions and are predicted to par-

ticipate in epigenetic chromatin modifications in several

tissues, including T and B cells. Therefore, in the context

of immunoglobulin gene rearrangement, it is plausible to

suggest that the association of rs324011*A with endemic

PF may be related to differential expression of STAT6,

which consequently affects the expression of AICDA.

The CSR process requires the precise recognition of the

DNA cleavage sites on the switch (S) regions.85 The adap-

tor molecules 14-3-3 recognize these regions and function

as scaffolds of the CSR machinery, interacting and stabi-

lizing AID and other molecules, such as PKA-Ca (cAMP-

dependent protein kinase catalytic subunit alpha) and

Ung (uracil-DNA glycosylase).86 SNPs within two genes

encoding 14-3-3 molecules (YWHAG and YWHAQ) were

associated with differential susceptibility to endemic PF.

The variant rs17149161*C has an eQTL effect on

YWHAG, and rs6432018*C has an sQTL effect on

YWHAQ. sQTL are genetic variants that can change the

splicing ratios of gene transcripts.87 Interestingly, of the

five transcript variants that have been described for

YWHAQ, two of them do not encode protein due to

alternative splicing (Table S6).

One limitation of our study is that some critical vari-

ants implicated in the disease may have been excluded

due to three main reasons: i) some relevant variants may

not have been genotyped in the microarray. A large num-

ber of immune-related genes, including immunoglobulin

genes and others related to B-cell function, are overall

poorly covered in microarray chips due to homology and

structural variation that impose technical limitations for

genotyping. ii) Other variants may have been removed

from the analysis due to their low frequency in our

cohort. iii) Some relevant genes for B-cell development

are unknown or were missed. Therefore, some variants

affecting PF pathogenesis may not have been uncovered

by our study. However, we were able to screen over 3,000

SNPs and select the 607 most informative to our associa-

tion analysis, which constitutes an unprecedented and

comprehensive analysis of B-cell-related variants in this

autoimmune disease. Our observations provide evidence

that variation in B-cell-related genes has a pivotal effect

on PF risk. Besides, we presented a comprehensive in sil-

ico analysis suggesting that regulation of molecules

involved in B-cell activation, immunoglobulin isotype

switching and hypermutation may explain the associa-

tions that we observed for endemic PF. Therefore, our

results justify further in-depth analysis of genes that were

not well covered in our study, applying different tech-

nologies that allow high-resolution characterization.

In summary, we carefully explored the variation in

genes implicated in B-cell development and function in

the context of the autoimmune B-cell-mediated nature of

endemic PF. The associations that we observed can be

explained by possible effects on the regulation of expres-

sion levels of molecules involved in the complex process

of B-cell modulation, DNA sequence recognition, DNA

cleavage and joining, and somatic hypermutation. For the

first time, we show that polymorphisms in genes involved

in autoantibody production might confer differential sus-

ceptibility to this disease. Therefore, we identified candi-

date genes for possible high-resolution and functional

studies to understand Ig production and its impact on

the aetiology of endemic PF and other diseases.
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