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Abstract

Background: Mutations in the filaggrin gene (FLG) affect epidermal barrier function
and increase the risk of atopic dermatitis (AD). We hypothesized that FLG mutations
affect immune cell composition in a general pediatric population. Therefore, we in-
vestigated whether school-aged children with and without FLG mutations have differ-
ences in T- and B-cell subsets.

Methods: This study was embedded in a population-based prospective cohort study,
the Generation R Study, and included 523 children of European genetic ancestry
aged 10 years. The most common FLG mutations in the European population (R501X,
S1085CfsX36, R2447X, and $3247X) were genotyped. Additionally, 11-color flow cy-
tometry was performed on peripheral blood samples to determine helper T (Th), regu-
latory T (Treg), and CD27* and CD27 memory B cells. Subset analysis was performed
in 358 non-AD and 102 AD cases, assessed by parental questionnaires.

Results: FLG mutations were observed in 8.4% of the total population and in 15.7%
of the AD cases. Children with any FLG mutation had higher Th22 cell numbers com-
pared to FLG wild-type children in the general and non-AD population. Children with
and without FLG mutations had no difference in Th1, Th2, Th17, Treg, or memory

Abbreviations: AD, Atopic dermatitis; FLG, Filaggrin gene; Ig, Immunoglobulin; IL, Interleukin; ILC2, Type 2 innate lymphoid cells; IV, Ichthyosis vulgaris; IQR, Interquartile range; N,
Number; OR, Odds ratio; SC, Stratum corneum; Tcm, Central memory T cell; Th, Helper T cell; Tem, Effector memory T cell; TNF, Tumor necrosis factor; Treg, Regulatory T cell.
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B-cell numbers. Furthermore, in children with AD, FLG mutation carriership was not
associated with differences in T- and B-cell subsets.

Conclusions: School-aged children of a general population with FLG mutations have
higher Th22 cell numbers, which reflects the immunological response to the skin bar-
rier dysfunction. FLG mutations did not otherwise affect the composition of the adap-

tive immunity in this general pediatric population.

KEYWORDS

atopic dermatitis, Filaggrin, IgE memory B cell, T helper cell, T regulatory cell

Key Message

This study in a general pediatric population showed that filaggrin haploinsufficiency is associated
with higher Th22, but not with other T and B cells. This might reflect the immunological response
to the altered skin barrier in children with filaggrin haploinsufficiency.

1 | INTRODUCTION

Filaggrin is a filament-associated protein that is encoded by the
filaggrin gene (FLG) and is an important contributor to the preser-
vation of the skin barrier.%? Approximately 10% of the European
population is a heterozygote carrier of a disrupting mutation in
FLG.% Both complete loss-of-function and reduced functional ac-
tivity of filaggrin lead to destruction of the stratum corneum (SC)
and consequently skin barrier dysfunction.?* This barrier dys-
function due to FLG mutations is presumed to be caused by lower
numbers of tight junctions, reduced density of the protein cor-
neodesmosin, and impaired maturation and excretion of lamellar
bodies in the epidermis which are important in maintaining cell-
to-cell integrity.

Failure in barrier function through mutations in FLG results in in-
creased skin permeability for percutaneous transfer of exogenous
particles including allergens and pollutants.%?* Accordingly, FLG
mutations are the strongest genetic risk factor for atopic dermatitis
(AD).%%> A previous meta-analysis showed that FLG haploinsuffi-
ciency results in an odds ratio (OR) of 3.12 for the incidence of AD.®
In addition, FLG mutations are associated with a form of AD that
starts in early infancy and persists into adulthood, a higher incidence
of skin infections, and a higher likelihood of having asthma, inhalant,
or food aIIergies.1’7'9

The increased permeability of the skin as a result of FLG mu-
tations is thought to affect immune responses and maturation of
adaptive immune cells. Filaggrin is also expressed in the thymus, the
primary lymphoid organ in which T cells are formed.*® Hence, FLG
mutations potentially affect the peripheral immune cell compart-
ment through effects in skin and thymus, and previous studies ob-
served higher y8T17 and T helper (Th) 17 in filaggrin-deficient flaky
tail (ft/ft) mice.!® In addition, a case study reported higher num-
bers of circulating thymus-emigrated regulatory T (Treg) cells and
Th2 in 6 AD patients with a heterozygote FLG mutation.'* Another

study, including 2 heterozygous, 2 homozygous, and 1 compound

heterozygous AD patient, showed increased Th17 cells in the FLG
mutation group.12 On the other hand, literature on the role of B-cell
dysregulation in AD is scarce and conflicting.** It can be hypothe-
sized that mutations in FLG can affect B-cell numbers due to skewing
of the Th cell populations.

We hypothesized that FLG mutations affect T- and B-cell matu-
ration in children through effects on the skin and thymus. Until now,
no studies on this association have been performed in the general
pediatric population and only case studies have been performed in
AD patients.“’12 It is of interest to examine the role of FLG muta-
tions in adaptive immune maturation in both a general population, a
non-AD, and AD population to further understand the role of FLG in
the immune maturation. Therefore, we here studied the associations
between common FLG mutations in the European population and
immune cell numbers, as determined using 11-color flow cytometry,
within a population-based birth cohort study including a subgroup
non-AD and AD patients.

2 | METHODS
2.1 | Study design

This study was embedded within the Generation R Study, a
prospective birth cohort study conducted in Rotterdam, the
Netherlands. The Medical Ethical Committee of the Erasmus MC,
University Medical Center Rotterdam approved the study (MEC-
2012-165)." Written informed consent was obtained from parents
or legal representatives of all children. We included all children
with European genetic ancestry® with information on FLG muta-
tion (homozygous, compound heterozygous, heterozygous, or wild
type) and information on at least one of the immune cell outcomes.
This resulted in a total number of 523 children (Figure 1). AD was
defined as physician-diagnosed eczema from parental question-

naires obtained at the child's age of 10 years (‘Was your child ever
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N=870 children with information on at least one
of the studied immune cell subsets.

N=286 children with no

A 4

v

information on the
filaggrin data

immune cell subsets.

N=584 children with information on filaggrin
mutations and at least one of the studied

N=31 with no information

v

» on genetic ancestry

immune cell subsets.

N=553 children with information on filaggrin
mutations and at least one of the studied

N=18 with African

ancestry
N=9 with Asian ancestry

v

N=523 children of European ancestry with N= 3 with mixed ancestry
i information on filaggrin mutations and at least
one of the studied immune cell subsets. !
Number of children included in analyses
Th1 n=499
Th2 n=498 i
Th17 n=496
; Th22 n=495
Treg n=493 i
i Treg naive and memory n=492
B total n=522 :
B memory subsets n=511
i CD4* total n=502
CD4* subsets n=511 ;
; CD8* total n=499
CD8* subsets n=509

FIGURE 1 Flowchart of participants included in the study. Abbreviations: Th, helper T cell; Treg, regulatory T cell.; Tcm, central memory
T lymphocytes; TemRA, effector memory RA-positive T lymphocytes; TemRO, effector memory RO-positive T lymphocytes

diagnosed by a physician with atopic dermatitis’, ‘yes; no’). This in-
formation was available for 470 children, including 102 subjects
with AD.*

2.2 | FLG genotype

DNA samples obtained from umbilical cord blood were genotyped by
modified Tagman allelic discrimination assays for common European
mutations in FLG (R501X (rs61816761), S1085CfsX36 (rs41370446),
R2447X (rs138726443), and S3247X (rs150597413) with the use
of primers as described previously.!”?° The distribution of the FLG
mutations was as follows: 4.2% had R501X (rs61816761), 1.1% had
S1085CfsX36 (rs41370446), 3.5% had R2447X (rs138726443), and

0.0% had S3247X (rs150597413). Because S3247X (rs150597413)
was not present within our study population, this mutation was not
included in the analyses. Children were classified as having a FLG
mutation if they were homozygous, compound heterozygous, or het-
erozygous for any of the three mutations that were present in our
study population. Children without any of the mutations were classi-

fied as wild type.

2.3 | Immune cell numbers

Peripheral blood samples from children were obtained at the age
of 10 years.'® The analyses were performed on fresh blood cells

within 24 hours of sampling. Absolute counts of CD3" T cells
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and CD19" B cells per pL blood were determined with diagnos-
and detailed
was performed with 11-color flow cytometry (LSR Fortessa, BD
Biosciences). We determined naive (CD45RO CCR7"), effector
memory RO-positive T cells (TemRO; CD45RO*CCR7), and effec-
tor memory RA-positive T cells (TemRA; CD45ROCCR7’) within
CD4" and CD8" lineages.*®?122 Within Treg cells, the differentia-
tion in naive (CD45RA") and memory (CD45RA") was determined.®
Finally, the following T helper (Th) cell subsets (CD4*CD45RA")

were determined after exclusion of Treg cells on the basis of

tic lyse-no-wash protocol, immunophenotyping

chemokine receptor profiles as defined previously!®?3?7; Th1
(CCR6"CXCR3"CCR47), Th2 (CCR6 CXCR3 CCR4"), Th17 (CCR6*
CXCR3 " CCR4*CCR107), Th17.1(CCR6"CXCR3*CCR4"), and Th22
(CCR6"CXCR3 CCR4"CCR10%). In addition, CD27" and CD27" 1gG",
IgA*, IgE* CD19*CD38%™IgD" memory B-cell subsets were de-
fined.*® Gating strategies for Th cell determination are presented

in eFigure 3.

2.4 | Statistical analyses

First, characteristics of the study population were determined, strati-
fied for FLG mutation status and AD diagnosis. P-values for determin-
ing differences between the categorical variables of both groups were
calculated with chi-squared tests. Next, median cell numbers with inter-
quartile range (IQR) were determined. Differences in cell numbers be-
tween children with and without FLG mutations were determined with
the non-parametric Mann-Whitney U tests. Subset analyses on the as-
sociations of FLG genotype with immune cell numbers were performed
within non-AD and AD children. The possibility of effect modification
by AD diagnosis was tested by performing linear regression analyses be-
tween immune cell numbers and FLG mutation status with the addition

of an interaction term between FLG mutation status and AD diagnosis.

(A)
1
0o Population
Wlldtype
3_ Fllaggnn
@ 75
©
A=A
€
=]
8 50
©
o
c
S
T 25
=
0
<« «v”f‘ <@ R
«e@ e
Cell type

To assure a normal distribution of the outcome in the linear regression
analysis, a natural-log transformation for the immune cell outcomes was
used. No adjustment for multiple testing was performed because of
strong correlation between the immune cells studied. Statistical analy-
ses were performed with SPSS version 21.0 (IBM Corp.) and R version

3.6.1 (R Foundation for Statistical Computing).

3 | RESULTS

3.1 | Study population

Characteristics of the study population are presented in Table 1.
Within the total group of 523 children with European ancestry, FLG
mutations were detected in 44 (8.4%) children, including 3 biallelic
mutations (2 compound heterozygous and 1 homozygous). The pro-
portion of patients with AD was lower in the wild-type group com-
pared to the group with FLG mutations (20% versus 42%; P < .01).
Within the non-AD population, 6.1% of the children had a FLG
mutation, including one compound heterozygous. Within the AD
population, 15.7% of the children had a FLG mutation, including one

homozygous and one compound heterozygous.

3.2 | Higher Th22 cell counts in children of the
general population with FLG mutations

Children of the general population with a FLG mutation had higher
Th22 cell numbers compared to children of the wild-type popula-
tion (Figure 2A, eTable 1). The median cell number within the FLG
mutation group was 5.60/uL (IQR 4.04;8.94) and 4.5/pL (IQR 2.5;7.4,
P = .03)within the wild-type group. To determine whether this asso-

ciation between Th22 and FLG was different between children with
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FIGURE 2 Absolute numbers of blood T-cell subsets stratified by FLG mutation status. A, The median (IQR) cell count per pL blood for
Th and Treg cell numbers stratified for FLG mutation. B, The median (IQR) cell count per pL blood for CD4" and CD8" effector memory T-cell
numbers stratified for FLG mutation. Abbreviations: IQR, interquartile range; Tcm, central memory T lymphocytes; TemRA, effector memory
RA-positive T lymphocytes; TemRO, effector memory RO-positive T lymphocytes; Th, helper T cell; Treg, regulatory T cell. * denotes a two-
sided P-value < .05. Supplementary Tables 1 and 3 show absolute numbers and P-values
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and without AD, we performed a linear regression analysis with the
following interaction term: FLG mutation status*AD. This interaction
term was non-significant (P = .13) and therefore effect modification
by AD in this association is not likely. However, when the analyses
were stratified, the association between FLG and Th22 was slightly
stronger in the non-AD group with a median cell number of 6.8/uL
(IQR 4.9;11.4) in non-AD children with FLG mutations compared to
4.5/uL (IQR 2.4;7.5, P = .006) in non-AD children without FLG muta-
tions (eTable 2). In contrast, when studying the differences in ab-
solute Th22 cell numbers between children with and without FLG
mutations in the AD population, no significant differences were ob-
served (median 5.0/pL (IQR 3.6;6.4) and 4.6/uL (IQR 2.9;7.4), respec-
tively (P = .64, eFigure 1A)).

3.3 | No associations between Th1, Th2, Th17, and
Treg and FLG mutations

No differences in median cell numbers between FLG mutation
and wild-type group were observed for Thl, Th2, Thl7, and Treg
(Figure 2A, eTable 1). This was similar in the subset analyses that
were stratified for AD diagnosis (eFigure 1A, eTable 2). No differ-
ences in median cell numbers between the FLG mutation and the
wild-type group were observed for the effector memory CD4"
and CD8" T-cell subsets: naive, Tcm, TemRA, TemRO (Figure 2B,
eFigure 1B).

3.4 | No associations between memory B cells and
FLG mutations

No differences in median cell numbers between the FLG mutation
and the wild-type group were observed for total B cells and naive

mature B cells (eTable 1). In addition, no associations between FLG

25

20

10

Median cell count (cells/uL)

FIGURE 3 Absolute numbers of blood
memory B-cell subsets stratified by FLG
mutation status. The median (IQR) cell
count per pL blood for B memory cell
numbers stratified for FLG mutation is

g

mutations and the following CD27" and CD27 memory B-cell sub-
sets were observed: IgA*, IgE", IgG*, IgM* (Figure 3). Similarly, no
changes were observed in the subset analyses that stratified the
analyses for AD diagnosis (eFigure 2, eTable 2).

4 | DISCUSSION

In this population-based study among children of European ge-
netic ancestry, we observed a prevalence of 8.4% for FLG mu-
tations. In addition, we demonstrated that children with FLG
mutations had higher Th22 cell numbers than children without
FLG mutations. In contrast, the Thl, Th2, Thl7, Treg, and mem-
ory B-cell numbers were comparable between children with and
without FLG mutations. In addition, among children with AD,
those with or without FLG mutations had no differences in B- or

T-cell subsets.

4.1 | Comparison with literature and interpretation

All previous studies on FLG mutations and immune cell numbers
have been performed within mice models or smaller numbers of
AD patients.’?*228 This is the first study that provides insight
in the role of FLG mutations on immune cell numbers in school-
aged children of a general population. The setting of this study
within a population-based pediatric cohort study is unique to
study the association of FLG on immune cell numbers in a general
population.

We observed higher Th22 cell numbers in children with FLG
mutations in the general populations, with a slightly higher median
Th22 cell number in non-AD children with a mutation in FLG. No
previous studies that assess the association between FLG muta-

tions and Th22 have been performed within a general population.

Population

. Wildtype
. Filaggrin

-

shown. Abbreviations: IQR, interquartile
. : G prcs o AF oF AP e
range; lg, Immunoglobulin. Supplementary W oLl ol ol ol oLl ol
c® c® ® ® ® ®
Table 2 shows absolute numbers and
P-values Cell type
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Interestingly, in contrast to our findings, several studies have ob-
served increased Th22 cell numbers in the skin and circulation of
patients with AD.?*3° Within AD patients, the role of Th22 is still
not fully elucidated. Current literature suggests both protective and
pro-inflammatory roles for Th22 by the production of 1L-22.3 [L-22
contributes to skin integrity and is known for its role in the defense
against different pathogens in the skin by the production of antimi-
crobial proteins.®?*% However, the combined secretion of IL- 22 and
TNF-a is thought to have an pro-inflammatory effect as observed
in AD.3! Possible explanations for the higher number of Th22 cell
numbers in children without AD but with FLG mutations could be the
following. First, the increase in Th22 could represent some level of
inflammation due to FLG mutations without apparent clinical symp-
toms. Second, hypothetically, the increase in Th22 could contribute
to skin homeostasis in children without AD to prevent further in-
flammatory processes leading to AD. However, further studies are
needed to elaborate on the Th22 cell function in children with and
without AD.

In contrast to previous studies investigating the effect of FLG
mutation status, we did not observe differences in Th2, Th17, and
Treg cell numbers between children with and without FLG mutations
both in the total study population and in the subgroup of patients
with AD.1°1228 The discrepancies between previous studies and
our current study could be explained by differences in investigated
populations and species. Previous mice studies and skin equivalents
studied the effect of complete absence of filaggrin, compared to the
filaggrin haploinsufficiency in our study population which leads to
50% reduction in filaggrin expression.>!%?8 |n addition, these stud-
ies could represent a different immunological setting than is present
in human skin.?® It is also expected that previous results on immune
cell numbers in AD populations are affected by disease severity.
Namely, the presence of different immune cells is dependent on
disease state, including disease flare and chronic AD.?%%0 |n turn,
immune cells in active AD skin can induce downregulation of filag-
grin protein expression in the skin independent of FLG mutations,
subsequently affecting immune cell composition.?° Although we
do not have information on disease severity in our AD population,
this study included a population-based, relatively healthy cohort in
which we expect most children to have mild AD. Therefore, alter-
ation in immune cell numbers is probably not only dependent on FLG
mutation genotype, but also on AD severity and epigenetic and en-
vironmental factors.

In addition, we did not observe differences in memory B-cell
numbers between children with and without FLG mutations. This is
in line with our previous study in which we did not observe any asso-
ciation between B cells and AD.*® No previous studies have investi-
gated B-cell subsets in relation to FLG mutations.

Finally, within our study, we studied the associations between
FLG mutations and the adaptive immunity. It can be speculated that
FLG mutations cause alterations in the innate immunity such as eo-
sinophilic granulocytes and ILC2 cell numbers. Future studies are
needed to determine whether FLG mutations are associated with

altered innate immunity cell numbers.

4.2 | Methodological considerations

A major strength is that this study investigated the association be-
tween FLG genotype and a large panel of B and T cells in the gen-
eral population for the first time. We had detailed and extensive
information on immune cell numbers from 11-color flow cytometry
and obtained objective information on genetic ancestry. However,
the following four limitations need to be addressed. First, we used
chemokine receptor profiles which are surrogate markers of Th cells.
Due to the large scale of our study and the need to process fresh
blood within 24 hours, in vitro activation and cytokine staining were
not feasible. Importantly, multiple studies have shown that the use of
surface chemokine receptors is a robust approach to define Th sub-
sets with the corresponding cytokine profiles.?>?* Second, the AD
population for the subset analyses was relatively small which could
have limited the power in the statistical analyses. Nevertheless, in
comparison with previous studies, only including a maximum of 6
AD patients with FLG mutations, this is the largest study on FLG
mutations in both the general population and AD patients. Third,
our AD population was defined by ever-having physician-diagnosed
AD before or at the age of 10 years and no information on current
disease activity was available. Therefore, it is likely that a subset of
the children has outgrown AD at the age of 10 and this might affect
theirimmunophenotype. Fourth, as mentioned previously, our study
included the four most common FLG mutations in the European pop-
ulation. To prevent misclassification, we selected children with ge-
netic European ancestry for the current study. Although the choice
for including the most common FLG mutations in European popu-

lations is in line with previous studies, ™12

other less frequent FLG
mutations could exist in low numbers since up to 113 FLG mutations
resulting in premature protein termination have been described. A
recent study including patients with AD and ichthyosis vulgaris (IV)
showed that screening the entire encoding region of FLG for muta-
tions led to an improvement of the diagnostic yield.3* As this is the
first study in a general cohort addressing the association between
FLG mutation and immune cell numbers, future studies are needed
for validation of our results.

In conclusion, school-aged children of a general population with
FLG mutations have higher Th22 cell numbers, which might reflect
the skin barrier dysfunction that is caused by decreased filaggrin ex-
pression in the epidermis. In our study population, FLG mutations do
not otherwise affect the composition of T and B cells in a general
pediatric population, nor in the children with AD.
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