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Abstract

The objective of this study was to investigate whether a single defect in skin barrier function simulated by filaggrin silencing

could induce Th2-predominant inflammation. Filaggrin gene expression was silenced in cultured normal human epidermal

keratinocytes (NHEKs) using small hairpin RNA (shRNA, GTTGGCTCAAGCATATTATTT). The efficacy of silencing was

confirmed by polymerase chain reaction (PCR) and Western blotting. Filaggrin-silenced cells (LV group), shRNA control cells

(NC group), and noninfected cells (Blank group) were evaluated. The expression of cornified cell envelope-related proteins,

including cytokeratin (CK)-5, -10, -14, loricrin, involucrin, and transglutaminase (TGM)-1, was detected by Western blotting.

Interleukins (IL)-2, IL-4, IL-5, IL-12p70, IL-13, and interferon-gamma (IFN-c) were detected by enzyme-linked immunosorbent

assay (ELISA). After filaggrin was successfully silenced by shRNA, the expressions of CK-5, -10, -14, involucrin, and TGM-1 in

NHEKs were significantly downregulated compared to the Blank and NC groups (P,0.05 or P,0.01); only loricrin expression

was markedly upregulated (P,0.01). Filaggrin silencing also resulted in significant increases of IL-2, IL-4, IL-5, and IL-13

(P,0.05 or P,0.01), and significant decreases of IL-12p70 and IFN-c (P,0.01) compared with cells in the Blank and NC

groups. Filaggrin silencing impaired normal skin barrier function mainly by targeting the cornified cell envelope. The immune

response after filaggrin silencing was characterized by Th2 cells, mainly because of the inhibition of IFN-c expression. Lack of

filaggrin may directly impair skin barrier function and then further induce the immune response.
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Introduction

Atopic dermatitis (AD) is an inflammatory, immunologi-

cally mediated skin disease characterized by intensely

pruritic and subacute or chronic eczematous plaques (1).

AD usually occurs in infants and children, and its prevalence

of over 20% in both developed and developing countries is

increasing (2). It has been reported that an interaction

between keratinocytes and immune cells resulting in the

activation of keratinocytes by T cells through soluble factors

is essential in the development of AD (3). Immunoglobulin

E (IgE) hyperproduction and the expression of T-helper 2

(Th2) cytokines have also been reported to occur in the AD

model established in NC/Nga mice (1). Moreover, serum

levels of cytokines produced by Th2 cells including CCL17,

CCL12 and CCL27 are significantly correlated with the

severity of AD in infants (4). Therefore, a Th2 cell bias can

be regarded as a characteristic immune response in atopic

dermatitis.

Filaggrin is a filament-associated protein derived via

dephosphorylation from profilaggrin, which is the major

component of keratohyalin granules within epidermal

granular cells. The primary function of filaggrin is modula-

tion of epidermal homeostasis via interaction with keratin

filaments (5). Filaggrin is important for the retention of water

in the stratum corneum (SC), which serves as the external

barrier of the human body. Filaggrin mutations can lead to

reduced SC natural moisturizing factor (NMF) components,
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increased pH in the SC, and consequent dysfunction of the

skin barrier (6). The reduction or complete loss of filaggrin

expression can lead to abnormal skin barrier function, which

permits enhanced percutaneous transfer of allergens,

and finally induces AD. Research by Morar et al. further

confirmed the importance of filaggrin mutations and the role

of the skin barrier in AD pathogenesis (7). In Chinese AD

patients, more than 18 filaggrin mutations have been

reported, of which 3321 delA and K4671X are two of the

most common (8). A recent study found that the frequency

distribution of f3321 delA was significantly correlated with

a number of clinical presentations of AD (9). Chinese AD

patients with filaggrin mutations were more susceptible to

bacterial skin infection than those without filaggrin muta-

tions (10).

Although most studies have found that immune

dysregulation resulting in Th2-predominant inflammation

and an intrinsic defect in skin barrier function are closely

associated with the pathogenesis of AD, the precise

mechanism is still unknown (11). There is intense debate

as to whether the observed changes in skin barrier function

are the cause or the consequence of the inflammation that

accompanies AD (12). We conducted the current study to

investigate whether the single defect in skin barrier function

simulated by filaggrin gene silencing in normal human

epidermal keratinocytes (NHEKs) could induce Th2-pre-

dominant inflammation. We first silenced the filaggrin gene

in NHEKs, detected the expression of proteins related to

skin barrier function, and then compared the generation

of typical inflammatory cytokines with that seen in normal

cells. The results of our study will provide new insights into

the precise pathogenesis of AD.

Material and Methods

Cell culture
NHEKs were obtained from Invitrogen (USA) and

cultured in EpiLife medium (Invitrogen) with 5% CO2 at

376C on 6-cm dishes. The EpiLifemedium consisted of 10%

fetal calf serum (FCS, Gibco, USA), 1.5 mM L-glutamine,

100 IU/mL penicillin, and 100 mg/mL streptomycin (Gibco).

The culture medium was replaced twice weekly.

Silencing by lentivirus infection
We chose a small hairpin RNA (shRNA) with the

sequence GTTGGCTCAAGCATATTATTT (position: nt-

274), which had the best silencing effect based on the

results of a preliminary experiment. The cDNA of the

selected shRNA was inserted into the lentivirus gene

transfer vector, and the double-stranded shRNA oligo was

cloned into pGLV-H1-GFP (GenePharma Co., China) with

the help of BamHI and EcoRI. The construct was verified

by real-time polymerase chain reaction (PCR) and

Western blotting. The infected cells comprised the LV

group, the NC group included cells infected with a con-

trol shRNA unrelated to the filaggrin sequence, and cells

without infection treatment served as a control or Blank

group.

The construct system solution was diluted with 4

volumes of 10% fetal calf serum (FBS), supplemented

with Polybrene (Shanghai Genechem Co., Ltd., China)

and adjusted to a final concentration of 5 mg/mL to make

the lentivirus working solution. When the NHEK cultures

reached 90% confluence, the cells were digested using

1 mL Trypsin-EDTA solution, and a single cell suspension

was prepared. Cells were transferred to 6-well plates

(106105 cells/well) and incubated with 5% CO2 at 376C

for 24 h. Then, 1 mL lentivirus working solution was added

to each experimental well and incubated for 24 h before

adding EpiLife medium. After incubation in EpiLife medium

for a further 24 h, the cells were observed by fluorescence

microscopy (Olympus America, USA).

Real-time PCR
To measure the silencing efficiency of shRNA at the

mRNA level, quantitative RT-PCR was performed using an

Mx3000 real-time PCR Instrument (Stratagen, USA)

according to the manufacturer’s instructions. The primers

used were filaggrin forward, 59-CACAAGATTCTGCGTATC

ACTCAGG-39 and reverse, 59-GCCTTTCAGTGCCCTCAG

ATTG-39; and glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) forward, 59-CATGAGAAGTATGACAACAGCCT-

39 and reverse, 59-AGTCCTTCCACGATACCAAAGT-39.

GAPDH primers were used as an internal control. Ampli-

fication was performed for 40 cycles under the following

conditions: denaturation at 956C for 3 min, annealing

at 956C for 30 s, and extension at 626C for 40 s. PCR pro-

ducts were separated by electrophoresis on 2% agarose

gels and visualized by staining with ethidium bromide.

Western blot analysis
Cells in the LV, NC, and Blank groups were collected,

washed twice in ice-cold PBS, and then lyzed and

homogenized using lysis buffer for 30 min on ice. The

resulting samples were diluted 1:1 with 26 sodium dodecyl

sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

loading buffer, followed by thermal denaturation at 1006C

for 5 min. After cooling, the supernatants were centrifuged

at 10,000 g for 10 min at 46C to remove the insoluble

precipitate. The samples were separated on 10% SDS-

polyacrylamide gels, followed by 2 h blocking with blocking

buffer. After that, the membranes were incubated overnight

at 46C with primary antibodies, and then with secondary

antibodies for 2 h at room temperature, followed by en-

hancement with a chemiluminescence reagent (Pierce,

USA) in the dark. The level of protein expression was

quantified by the Gel-Pro Analyzer software (Media Cybe-

rnetics, USA). GAPDH was used as the internal reference.

The following polyclonal primary antibodies were obtained

from GeneTex (Irvine, USA): rabbit anti-human cytokeratin

5 (CK-5, Cat #GTX113219), cytokeratin 10 (CK-10, Cat

#GTX108883), cytokeratin 14 (CK-14, Cat #GTX104124),
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loricrin (Cat#GTX116013), and involucrin (Cat #GTX116012);

rabbit anti-human transglutaminase-1 (TGM-1) polyclonal

antibody (Cat #12912-3-AP) was from Proteintech (USA).

ELISA assays
After infection or treatment, cells were collected from

each study group and washed twice with ice-cold PBS.

The cells were lyzed and homogenized in lysis buffer for

30 min on ice, and then centrifuged at 10,000 g at 46C for

10 min to remove the insoluble precipitate. The super-

natants were assayed for IL-2, IL-4, IL-5, IL-12p70, IL-13,

and IFN-c using commercial ELISA kits (ExCell Biology

Inc., China), following the manufacturer’s protocols. The

ELISA plates were read with an ELX-800 plate reader

(Bio-Tek Instruments Inc., USA) at 450 nm.

Statistical analysis
Data are reported as means±SD, and statistical

analysis was performed using the SPSS software (version

13.0; SPSS, USA). Differences among the 3 experimental

groups were analyzed using one-way analysis of variance

(ANOVA) with the least significant difference (LSD) post hoc

test. P,0.05 was considered to be statistically significant.

Results

Filaggrin silencing by lentivirus encoding a filaggrin
shRNA

NHEKs exposed to green fluorescent protein (GFP)

and the lentivirus encoding filaggrin shRNA or the control

shRNA were observed and photographed with an inverted

Figure 1. Filaggrin silencing in normal human

epidermal keratinocytes (NHEKs). Cell sorting

was carried out by selecting cells expressing the

green fluorescent protein (GFP) marker. NHEKs

after 72 and 96 h infection were analyzed by

PCR and Western blotting analysis, respectively.

A and B, Photographs of NHEKs in the LV

(filaggrin-silenced cells) and NC (shRNA control

cells) groups taken after cell sorting under a

fluorescent microscope (1006). C and D,
Photographs of NHEKs in the LV and NC groups

taken after cell sorting under a light microscope

(1006). E and F, PCR results of filaggrin

targeted mRNA expression rate to NC group

and GADPH primer as the internal reference.

Infection for 72 h could effectively reduce the

expression of filaggrin targeted mRNA (.75%,

P,0.01) whereas for 96 h the silencing efficacy

was not efficient, by 61% (,75%). G and H,
Western blotting results of NHEKs after 72-h

infection and GADPH as the internal reference.

After infection with lentivirus encoding shRNA of

filaggrin, the expression of filaggrin protein was

significantly inhibited by the shRNA. **P,0.01 vs
Blank group (noninfected cells); ##P,0.01 vs
NC group (least significant difference test).
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fluorescence microscope (Eclipse TE300; Nikon Corp.,

Japan) at 72 and 96 h after infection. The GFP sequence

was encoded in the lentivirus transduction vector under the

control of a separate promoter. GFP was expressed in

lentivirus-infected cells as the marker for cell sorting and to

indicate that the cells were successfully infected with the

shRNA for filaggrin (Figure 1A and B). The PCR results

showed that the knockdown efficiencies were 91 and 61%,

respectively, at 72- and 96-h after infection (Figure 1E

and F). Protein expression was virtually eliminated in

NHEKs after filaggrin shRNA transduction, indicating

efficient targeting of filaggrin mRNA. The lentivirus carrying

unrelated shRNAdid not influence the expression of filaggrin

(Figure 1G and H). Because filaggrin silencing by lentivirus

encoding shRNA at 72 h was found to be successful and

efficient, cells undergoing 72 h transfection were used for

the subsequent experiments.

Influence of filaggrin silencing on epidermal protein
expression

After shRNA silencing, the expression of CK-5, -10, -14,

involucrin, and TGM-1 in NHEKs was significantly down-

regulated (Figure 2A,C-F, P,0.05 or P,0.01) compared

with cells in the Blank andNC groups. As shown in Figure 2B,

only loricrin expression was markedly upregulated in the

LV group compared to the Blank and NC groups (P,0.01).

Influence of filaggrin silencing on cytokines
determined by ELISA

Filaggrin silencing resulted in significant increases in the

generation of IL-2, IL-4, IL-5, and IL-13 (P,0.05 or P,0.01,

Figure 3A, B, C and E) and significant decreases in IL-

12p70 and IFN-c (P,0.01, Figure 3D and F) compared to

the Blank and NC groups.

Discussion

AD is a chronic, intensely painful disease with fre-

quent relapses, which affects a large number of patients,

especially children. It is generally accepted that AD might

be caused by immune dysregulation characterized by Th2-

predominant inflammation and/or an intrinsic defect in skin

barrier function (11). However, the precise pathogenesis of

AD is still controversial, especially the relationship between

skin barrier dysfunction and inflammatory changes. In this

study, we carried out shRNA silencing of filaggrin to

Figure 2. Western blotting detection for cytokeratin 5, 10, 14, and loricrin, involucrin, and transglutaminase-1 (TGM1) expression in

normal human epidermal keratinocytes (NHEKs) after shRNA silencing. LV group: filaggrin-silenced cells; NC group: shRNA control cells;

Blank group: noninfected cells. *P,0.05, **P,0.01 vs Blank group; #P,0.05, ##P,0.01 vs NC group (least significant difference test).
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simulate in vivo loss-of-function mutations of filaggrin, and

found that it was followed by abnormal expression of

proteins related to skin barrier function. We, thus,

confirmed that filaggrin silencing caused the expected skin

barrier dysfunction, and also observed significant altera-

tions in the generation of inflammatory cytokines in

response to silencing.

Filaggrin is a protein in the SC that plays a vital role in the

regulation of epidermal homeostasis, and loss-of-function

mutations in the filaggrin gene can disturb normal skin

barrier function (13). In the SC, filaggrin monomers become

incorporated into the lipid envelope, which is responsible for

the skin barrier function. Loricrin and involucrin are proteins

important for skin barrier formation and integrity. Involucrin

contributes to the formation of a cell envelope that protects

corneocytes in the skin by binding loricrin (14,15). TGM-1 is

an enzyme needed for the formation of the cornified cell

envelope because it facilitates the crosslinking of proteins

(16). Moreover, CK-5, -10, and -14 are all well known as

essential proteins of the cellular skeleton and are of great

importance in skin barrier function by participating in the

proliferation and differentiation of epithelial cells. In our

study, shRNA silencing succeeded in significantly inhibiting

the expression of filaggrin protein and mRNA. Filaggrin

silencing also resulted in decreased expression of CK-5,

-10, -14, involucrin, and TGM-1, but overexpression of

loricrin compared to cells in the NC and Blank groups.

Obviously, normal skin barrier function was disturbed by the

direct silencing of filaggrin, as evidenced by the significant

alterations to the cornified cell envelope-related proteins. Of

interest is the observation that the interruption of filaggrin

expression not only attenuated involucrin expression but

also resulted in the upregulation of loricrin. Mantel et al. (17)

reported that silencing of aldo-keto reductase family 1,

member C3 (AKR1C3) resulted in decreased expression of

K10 but upregulation of loricrin, which is consistent with our

results. Maybe there is an interaction between K10 and

loricrin. However, it is clear that the successful silencing of

filaggrin impaired normal skin barrier function mainly by

targeting the formation of the cornified cell envelope.

The defective skin barrier in NHEKs would allow

increased allergen and pathogen penetration through the

Figure 3. Influence of filaggrin silencing on

cytokine generation in normal human epidermal

keratinocytes (NHEKs). LV group: filaggrin-

silenced cells; NC group: shRNA control cells;

Blank group: noninfected cells. *P,0.05,

**P,0.01 vs Blank group; #P,0.05, ##P,0.01

vs NC group (least significant difference test).
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skin, which would then induce an inflammatory response in

the lesion. More than 80% of AD patients have increased

levels of total IgE, which is closely associated with Th2 cells

in the inflamed area (18). It is widely accepted that AD is a

kind of cutaneous inflammation reaction characterized by a

Th2 cell-predominant phenotype initially with the additional

acquisition of a Th1 cell phenotype during the chronic

eczematous phase (19). IL-4, IL-5, and IL-13 are the

cytokines typically secreted by Th2 cells, whereas IL-2 and

IFN-c are secreted by Th1 cells. In addition, IL-12p70 is the

determinant factor for the differentiation of TH0 cells into

Th1 or Th2 cells. IL-17 and IL-22 are cytokines secreted by

activated T cells. Recent studies indicate that IL-17- and IL-

22-producing T cells are involved in the progression of AD.

Moreover, IL-31 is also derived from Th2 cells (20,21). The

occurrence of IL-31-producing T cells was observed to be

increased in AD lesions compared to that in autologous

blood and donor skin (22).

In the present study, levels of IL-4, IL-5, and IL-13

produced by Th2 cells and IL-2 produced by Th1 cells were

significantly elevated by filaggrin silencing and levels of

IFN-c from Th1 cells and IL-12p70 were significantly

downregulated. Therefore, the activated immune response

associated with defective skin barrier function in filaggrin-

silenced NHEKs was characterized by a Th2 cell bias. This

bias may have been caused by decreased expression of

IFN-c, which can inhibit the differentiation of Th1 cells but

facilitate the differentiation of Th2 cells (23). Further, the

elevated IL-2 production in NHEKs after filaggrin silencing

may reflect the partial activation of Th1 cells. It is known

that the pathogenesis and development of AD involve a

complex interplay of genetic, pharmacological, environ-

mental, and psychological factors (12,24). However in vitro
experiments lack environmental and psychological factors

and systematic feedback. Therefore, the immune response

activated by filaggrin silencing can also have a Th2-cell

bias mainly because of the low expression of IFN-c after

silencing, and the immune response can occur mainly in

response to the defect in skin barrier function.

As stated above, the Th2-cell bias is an immune

response involving a great number of Th2 cell-producing

cytokines and plays a critical role in the development of AD.

Also, recent studies have shown that the frequency and

spectrum of filaggrin mutations detected in AD patients

varies in different populations (25-27). So far, the precise

relationship between Th2-cell dysfunction and filaggrin

mutation has not been clearly defined, but the importance

of filaggrin mutation in the pathogenesis of AD has been

supported by a great number of studies. In order to provide

novel insight into this relationship, future in vivo and in vitro

studies will need to focus on the discrepancy in immune

response between AD patients with and without filaggrin

mutations.

In this study, the silencing of filaggrin impaired normal

skin barrier function mainly by targeting formation of the

cornified cell envelope. The immune response activated by

filaggrin silencing was also characterized by a Th2-cell

bias, mainly because of decreased expression of IFN-c
after silencing. Filaggrin silencing may directly impair skin

barrier function, with the consequent induction of a Th2-

biased immune response.
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