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IntroductIon

In recent years, there has been a dramatic increase in the 
spread of dermatophyte. The infection affects more than 
20–25% of the world’s population.[1] However, the defense 
mechanism of host skin against infection is not clear so 
far. The latest investigations suggest that keratinocytes as 
immune mediators play a vital role in innate immunity.[2,3] 
As the first line of defense against infection, keratinocytes 
can directly recognize the conserved pathogen‑associated 
molecular patterns (PAMPs) on the invading pathogens 
and initiate immune response by their pattern recognition 
receptors (PRRs).[4] Then, keratinocytes can initiate 
effective immune responses through constantly secreting 

some endogenous antimicrobial substances, such as 
NO, β‑defensin, and RNase 7, to resist microorganism 
invasion directly,[2,5,6] or recruit and activate neutrophils 
and macrophages to head to the infection site through the 
production of proinflammatory cytokines and chemokines. 
Although emerging evidence has proved a crucial role of 
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keratinocyte as the participants in the innate defense against 
bacteria, viruses, and fungi, the precise role played by 
keratinocyte in fighting against dermatophyte has not been 
completely understood.

In vivo, colonization of dermatophyte is characteristically 
restricted to the horny layer of skin. This characteristic 
suggests that the soluble fungal substances might play 
an even more important role in the immunomodulation 
than the insoluble compounds located in the fungal cells. 
Analyses have indicated that the culture supernatants of 
dermatophytes can effectively stimulate immune response 
of keratinocytes.[7,8] However, all the culture mediums used 
in these studies are complete mediums containing simple 
and absorbable nutrients. Consequently, the immunogenicity 
and pathogenicity of dermatophyte surviving in such a 
cultivation condition are distinct from those in vivo, where 
Trichophyton rubrum must adhere to and invade keratin to 
live.[9] Therefore, these results might not be able to reflect 
the immune response of keratinocyte to the special substance 
secreted by dermatophyte during infection in vivo. Thus, it is 
necessary to investigate the immune response of keratinocyte 
to soluble factors released by dermatophyte grown in keratin 
culture medium.

In the development of infections, the host innate defense 
response to fungus is critical for the severity of fungal 
diseases. It is described that the mutation in the well‑known 
PRRs and their intracellular signaling molecules, such as 
toll‑like receptor‑2 (TLR2), TLR4, and Dectin‑1, as well as 
the intracellular signaling molecule of Dectin‑1 CARD9, 
can increase the risk of fungus infection, highlighting the 
specific role of these host defense genes in human antifungal 
response.[4,10,11] Our previous research has also found that 
TLR2, TLR4, and Dectin‑1 of keratinocyte might participate 
in the recognition of the viable T. rubrum.[12] The C‑type 
lectin family of PRRs, dendritic cells‑specific intercellular 
adhesion molecule 3‑grabbing nonintegrin (DC‑SIGN) can 
recognize mannan and signal in response to dermatophyte 
fungi such as Aspergillus fumigatus conidia.[13] The 
antimicrobial peptides RNase 7 is constitutive expressed 
in keratinocytes of the epidermis, exhibit ribonuclease 
activity, and antimicrobial activity.[14] Interleukin‑8 (IL‑8) 
is an important effector molecule of the acute inflammation 
due to its roles in recruiting and activating neutrophils to 
kill microorganisms.[15] Although these PRRs, RNase 7, 
and IL‑8 expressions and functions in classical immune 
cells have been studied profoundly, very few studies have 
been performed to characterize PRRs on keratinocytes. So 
far, the ligands recognized by PRRs of keratinocytes have 
been found to be the same as the ones of classic immune 
cells.[4,16,17] The aim of this study was to investigate the effect 
of T. rubrum culture supernatant derived from T. rubrum 
grown in the medium using keratin as the only carbon 
and nitrogen source on the innate immune response of 
keratinocytes. In this medium, T. rubrum have to adhere to 
and invade the keratin to live, which could mimic the actual 
condition that T. rubrum infect the host in vivo.

Methods

Preparation of nail medium
The nail medium was prepared as previously described 
with some modifications.[18] The fresh nails from healthy 
adults were washed with double distilled water, dried 
at 60°C for 24 h. Then the dried nails were milled into 
powder. The liquid culture medium contained the following 
substances (g/L, pH 7.0): Nail powder, 10.0; K2HPO4·3H2O, 
1.30; KH2PO4 0.46; and MgSO4·7H2O, 0.10. The pH was 
adjusted to 7.0 and the medium was sterilized by autoclaving 
at 121°C for 15 min.

Cells and Trichophyton rubrum strains
The HaCaT cell line was purchased from CLS (Cell Lines 
Service, 300493, Eppelheim, Germany). Cell cultures, 
containing high glucose Dulbecco’s modified Eagle’s 
medium (Gibco, Beijing, China) supplemented with 10% 
fetal bovine serum, were grown at 37°C in a 5% CO2 
incubator.

Two strains of T. rubrum (T1a, TXHB) were used in this study. 
The standard T. rubrum strain, T1a was obtained from China 
Medical Microbiological Culture Collection Center; TXHB 
was isolated from a tinea corporis patient. Both strains were 
identified by morphological analysis, and specific DNA 
sequences of nuclear ribosomal internal transcribed spacer 
regions and the D1–D2 domain of the large‑subunit ribosomal 
RNA genes were as previously described.[19] T. rubrum 
was subcultured at least twice to provide enough viability. 
After 14 days of growths on potato dextrose agar (Oxoid, 
England, UK) at 28°C, cultures on agar slants were covered 
with sterile 0.85% saline and scraped gently to harvest 
conidia. The conidia suspension was filtered with Whatman 
filter model 1 (pore size, 11 μm) to collect microconidia. 
A conidial suspension (1 ml, 107 microconidia/ml) was 
washed twice in 0.85% sterile NaCl, and then moved into 
the 100‑ml Erlenmeyer flasks containing 30‑ml nail medium 
and incubated on a rotary shaker at 100 r/min at 28°C for 
14 days. To obtain the fungal supernatants, the T. rubrum and 
the rest nail powder were removed by centrifugation. The 
supernatant of T1a was then subjected to ultrafiltration with a 
30,000‑cutoff ultra‑filtration tube (Millipore, Billerica, USA), 
centrifugation at 5000 ×g at 4°C for 30 min. Concentrated 
supernatants of both T1a and TXHB were filter sterilized 
through 0.22‑μm pore size filters (Millipore, Billerica, 
USA). The nail medium that had been shaken under the same 
condition was also filter sterilized for negative control. The 
filtered nail medium and fungal supernatants were freshly 
used or frozen at −30°C for further disposal.

Determination of β‑glucan
The free β‑glucan concentration in supernatant of T1a was 
determined through a chromogenic end‑point assay, with 
the fungal G‑test kit (Xiamen Limulus Experiment Factory, 
China) according to the manufacturer’s instructions.

HaCaT cells stimulated with the culture supernatant of 
Trichophyton rubrum
HaCaT cells were plated in 6‑well plates (Corning, New York, 
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USA)  at a density of 2.0 × 105 cells/well. Upon reaching 
subconfluence, cells were exposed to the fresh medium 
containing 10% (v/v) nail medium or supernatants of both 
strains of T. rubrum. For time‑response assay, HaCaT was 
treated with supernatants of both strains for 3 h, 6 h, 12 h, 
24 h, and 48 h. For the dose‑response assay, the final protein 
concentrations of T1a supernatant in cell culture wells were 10, 
20, 40, 80, 100, and 120 μg/ml diluted in phosphate‑buffered 
saline, to stimulate HaCaT for 24 h. The protein concentrations 
of the supernatants were determined with bicinchoninic acid 
protein quantitative method (Thermo Scientific, China).

RNA isolation and complementary DNA synthesis
Total RNA was extracted with TriPure Isolation Reagents (Roche, 
Mannheim, Germany) according to the manufacturer’s protocol. 
Purity and concentration of the RNA were determined by 
measuring 260/280 absorbance ratios using a spectrophotometer 
(DU 730 Beckman Coulter, Fullerton, USA). Complementary 
DNA (cDNA) synthesis was achieved using the Transcriptor 
First Strand cDNA Synthesis Kit (Roche) with oligo‑dT primers 
according to the manufacturer’s protocol.

Relative quantification real‑time polymerase chain 
reaction analysis
Quantitative polymerase chain reaction (qPCR) was performed 
on a 7500 Fast Real‑time PCR System (Applied Biosystems, 
Foster City, USA)  in a 20‑μl reaction volume using FastStart 
Universal SYBR Green Master (ROX) (Roche, Mannheim, 
Germany). The PCR setup was 10 min at 95°C for activation 
of FastStart Taq DNA Polymerase, followed by 40 cycles 
of denaturation at 95°C for 10 s, annealing at 60°C for 30 s 
and elongation at 72°C for 30 s. Melting curve analysis was 
performed to confirm the amplification of a single product 
in each reaction. Relative real‑time PCR data were analyzed 
using the 2−ΔΔCt method[20] to calculate the relative level of each 
messenger RNA (mRNA) in each sample and expressed as a 
ratio relative to endogenous GAPDH housekeeper genes. The 
primer sequences (in 5′‑3′ direction) used are shown in Table 1.

Statistical analysis
Data were expressed as mean ± standard deviation (SD). The 
statistical significance was performed by one‑way analysis 
of variance (ANOVA), followed by the least significant 
difference test for comparison of mRNA expression using 
SPSS 19.0 software (SPSS, Chicago, USA). A P < 0.05 was 
considered statistically significant.

results

Beta‑glucan concentrations detected in nail medium 
culture supernatants of Trichophyton rubrum
The T. rubrum strains (T1a and TXHB) released β‑glucan 
of 87.530 ± 37.581 pg/ml and 15.747 ± 6.453 pg/ml, 
respectively to the media.

HaCaT cells treated with supernatant of Trichophyton 
rubrum for 24 h exhibited morphogenetic transition in 
a dose‑dependent manner
Usually, HaCaT is polygonal‑shaped, adherent cells 

growing as a confluent monolayer (0 μg/ml) [Figure 1a]. 
Our results showed that treatment with concentrations 
lower than 20 μg/ml of T. rubrum supernatant for 24 h, no 
change or only moderate morphological changes could be 
discerned, meaning that cells were viable [Figure 1b‑d]. 
At higher concentrations (40 μg/ml), however, T1a 
supernatant significantly increase the refractivity of the 
cell nucleus [Figure 1e]. When the concentrations rose to 
80–120 μg/ml, the highly refractive nucleus was much more 
obvious. Meanwhile, the increase of the refractivity of the 
edge of cells was accompanied with the widened cell‑to‑cell 
contact, which implies the cells began to detach from the 
bottom. Also, more cells with visible polynuclear, atypical 
vacuoles, or granules in cell plasma appeared as more cells 
turned round [Figure 1f‑h].

HaCaT cells treated with Trichophyton rubrum 
supernatant for immunity analysis were normal in 
morphology
As shown in Figure 2, HaCaT cells with normal morphology 
were seen in the negative control group. After cells 
were treated with supernatants from the two strains of 
T. rubrum (T1a, TXHB) for 3 h, 6 h, 12 h, 24 h, and 48 h, the 
morphology showed no significant change when compared 
with nail‑treated controls. Repetition of this experiment 
revealed similar changes in cellular morphology, indicating 
that the observed effects of supernatants were reproducible.

Effects on the expression of defense gene of HaCaT 
keratinocytes stimulated with Trichophyton rubrum 
culture supernatant
To investigate whether the defense gene expression in HaCaT 
keratinocytes was regulated by T. rubrum culture supernatant, 
Dectin‑1, TLR2, TLR4, RNase 7, IL‑8, CARD9, and DC‑SIGN 
mRNA were analyzed by real‑time PCR [Figure 3]. Based 
on the results obtained [Figure 2], the medium contained 

Table 1: Primers used in quantitative PCR

Gene Nucleotide sequence
Dectin‑1 5′‑ACACTTCGACTCTCAAAGCA‑3′

5′‑TACCCAGGACCACAGCTATC‑3′
CARD9 5′‑CCCTCACGCATCACACCTTAC‑3′

5′‑GCACACCCACTTTCCGTTTG‑3′
TLR4 5′‑GTGATGTTTGATGGACCTCTGA‑3′

5′‑AAGGAGCATTGCCCAACAG‑3′
TLR2 5′‑ACTTCTCCCATTTCCGTCTT‑3′

5′‑GGACTTTATCGCAGCTCTCA‑3′
RNase 7 5′‑GGAGTCACAGCACGAAGACCA‑3′

5′‑CATGGCTGAGTTGCATGCTTGA‑3′
DC‑SIGN (CD209) 5′‑AATGGCTGGAACGACGACAAA‑3′

5′‑CAGGAGGCTGCGGACTTTTT‑3′
IL‑8 5′‑GCCAACACAGAAATTATTGTAAAGCTT‑3′

5′‑AATTCTCAGCCCTCTTCAAAAACTT‑3′
GAPDH 5′‑AAGGCTGGGGCTCATTTGC‑3′

5′‑GCTGATGATCTTGAGGCTGTTG‑3′
PCR: Polymerase chain reaction; TLR: Toll‑like receptor; 
DC‑SIGN: Dendritic cells‑specific intercellular adhesion molecule 
3‑grabbing nonintegrin; IL‑8: Interleukin‑8.
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20 μg/ml T. rubrum proteins was chosen for the treatment 
group, and the nail medium was used for negative control. 
As shown in Figure 3a‑c, short periods of 6 h incubation with 

T1a or TXHB supernatant significantly enhanced the mRNA 
expression of TLR2, TLR4, and CARD9 in HaCaT cells. 
The respective ANOVA F‑values were 12.080 (TLR2 6 h, 

Figure 1: The effect of different concentrations of T1a supernatant on HaCaT morphology. The final concentrations of Trichophyton rubrum 
proteins in medium were 0 μg/ml (a), 5 μg/ml (b), 10 μg/ml (c), 20 μg/ml (d), 40 μg/ml (e), 80 μg/ml (f), 100 μg/ml (g), and 120 μg/ml (h). 
Nail medium treated cells were used as negative control (a) (bar, 20 μm).
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Figure 2: Photomicrograph of HaCaT cells after exposure to supernatants of Trichophyton rubrum for 48 h. The final concentration of Trichophyton 
rubrum proteins in the media was 20 μg/ml. HaCaT cells were incubated with nail medium (a‑e), supernatants from two strains of Trichophyton 
rubrum, T1a (f‑j) and TXHB (k‑o). Nail medium was used as negative control. After 3 h (a, f, and k), 6 h (b, g, and l), 12 h (c, h, and m), 
24 h (d, i, and n), and 48 h (e, j, and o) continuous exposure, changes in cellular morphology were assessed using light microscopy (bar, 20 μm).
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df = 2.9), 24.618 (TLR4 6 h, df = 2.9), and 7.710 (CARD9 6 h, 
df = 2.9) and all F with P < 0.05. Curiously, HaCaT cells 
were more responsive to T1a than TXHB [Figure 3c‑g]. The 
expression of CARD9 by T1a was upregulated at 6 h and 24 h, 
longer than 6 h by TXHB [Figure 3c] (ANOVA CARD9 6 h, 
F = 7.710, df = 2.9, P < 0.05; CARD9 24 h, F = 8.436, 
df = 2.9, P < 0.05). The mRNA expression of DC‑SIGN was 
slightly up‑regulated after application of T1a supernatant 
for 3 and 6 h, the increases were 2–4 times higher than in 
the control groups, while the slightly increase happened 
only at 24 h with TXHB supernatant [Figure 3d] (ANOVA 
DC‑SIGN 3 h, F = 363.865, df = 2.9, P < 0.05; DC‑SIGN 
6 h, F = 26.450, df = 2.9, P < 0.05). The mRNA expression 
of Dectin‑1 was slightly up‑regulated after application of 
T1a supernatant for 6 h (P < 0.05), and then downregulated 
after 48 h (P < 0.05), while no significant change was seen 
with TXHB supernatant [Figure 3e] (ANOVA Dectin‑1 6 h, 
F = 15.040, df = 2.9, P < 0.05; Dectin‑1 48 h, F = 6.506, 
df = 2.9, P < 0.05). IL‑8 was minimally upregulated applied 
with T1a supernatant for 6 h (P < 0.05), and moderately 
declined at 48 h with TXHB supernatant [Figure 3f] (ANOVA 
IL‑8 6 h, F = 8.154, df = 2.9, P < 0.05; IL‑8 48 h, F = 8.678, 
df = 2.9, P < 0.05). Moderate decrease was detected at 24 h 
and 48 h for RNase 7 at mRNA level respectively in response 
to T1a except TXHB [Figure 3g] (ANOVA RNase 7 24 h, 
F = 7.790, df = 2.9, P < 0.05; RNase 7 48 h, F = 5.500, 
df = 2.9, P < 0.05).

dIscussIon

In this study, whether the culture supernatant derived 
from T. rubrum grown in the nail medium could enhance 
the immune response of keratinocyte was examined. It is 
reported that high concentration of the extracellular lipase 

from culture supernatant of Candida albicans can damage 
cell viability, which will also influence the innate immune 
response.[21,22] Therefore, an analysis is performed in the 
first part to select a suitable dosage of T. rubrum culture 
supernatants so as to stimulate HaCaT under different 
concentrations of T. rubrum culture supernatant with 
morphological method. The supernatant of T1a seems to 
be able to exert cytotoxic effects on HaCaT depending on 
the applied dose, as the concentrations were higher than 
40 μg/ml. Then morphological examination of HaCaT 
exposed to supernatants of 20 μg/ml from two strains of 
T. rubrum within 48 h revealed that cell viability was not 
likely to be affected. Since the immunity analysis requires 
functional, metabolically active cells without obvious 
injury, the HaCaT was stimulated by culture supernatants 
of T. rubrum, in which the final concentration of T. rubrum 
proteins was 20 μg/ml.

The culture supernatants of a standard strain T1a and a clinical 
strain TXHB were compared for β‑glucan concentrations and 
their capacity to impact the innate immunity of stimulated 
keratinocytes. Both of their supernatants could induce 
transient upregulation of TLR2 and TLR4 mRNA in 
keratinocytes. It is reported that many cell types, including 
corneal epithelial cells, can upregulate mRNA expression 
of TLR2 and TLR4 by antigens from the supernatant of 
A. fumigatus.[23] The above results support the hypothesis that 
TLR2 and TLR4 could play an important role for epithelial 
cells in vitro responses to the fungal culture supernatants. 
As an adaptor of Dectin‑1,[10] CARD9 was elevated at 
mRNA levels after incubation for 6 h and 24 h with both 
supernatants. However, only the corresponding enhancement 
in Dectin‑1 at 6 h with supernatant from T1a could be 
detected, without any enhancement at any given point of 
time with supernatant from TXHB. This is probably because 

Figure 3: The relative expression of TLR2 (a), TLR4 (b), CARD9 (c), DC‑SIGN (d), Dectin‑1 (e), RNase 7 (f) and interlukin‑8 (g) messenger RNA in 
HaCaT cells cultured with the supernatants of nail medium (nail), T1a or TXHB for 3, 6, 24, and 48 h. The expression of each gene in HaCaT treated 
with nail medium was regarded as the standard control and normalized for the housekeeping gene GAPDH (RQ = 1). Mean values ± standard 
deviation of four different experiments are performed. (*P < 0.05, †P < 0.001, least significant difference).
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that CARD9 can be activated by other receptors unknown 
yet, and the different immunomodulation of keratinocyte 
corresponding to the two strains could be the result of the 
intraspecies diversity of PAMPs in the supernatants.

Although the ligands of PRRs had been extensively studied in 
classical immune cell, such as macrophages and dendritic cell 
subsets, it is still presently unknown how keratinocyte could 
recognize the threatened T. rubrum without direct contact with 
living fungus. The outermost layer at the surface of T. rubrum, 
β‑glucan is known to elevate Dectin‑1 mRNA expression of 
keratinocytes.[17,24] Studies on C. albicans had presented the 
native phospholipomannan from the surface of C. albicans 
cell wall can augment the keratinocyte mRNA expression 
of TLR2 and trigger inflammatory responses of human 
keratinocytes in the TLR2 signaling‑pathway dependent 
manner.[25] Chitin could induce the expression of the TLR4 
on keratinocytes at mRNA and protein level.[26] The mannan 
receptor DC‑SIGN was found to recognize several pathogenic 
fungi, including C. albicans and A. fumigatus conidia.[13] All 
these ligands (β‑glucan, phospholipomannan, chitin, mannan, 
and galactomannan) are located in the cell wall or cell surface 
of Trichophyton.[27,28] All the results above indicate that there 
are certain soluble factors, PAMPs derived from the fungal 
wall and other stimulating components released by T. rubrum.

In this work, we found that the mRNA expressions of 
DC‑SIGN enhanced by the supernatants of both T1a 
and TXHB, but the time and extent of enhancement were 
different. This could be because the ligands for DC‑SIGN 
in the supernatant of T1a were different with those in 
the supernatant of TXHB, which might in turn reflect the 
various capacities to trigger the innate immune response of 
keratinocytes.

Besides, IL‑8 expression in keratinocytes was slightly and 
transiently increased only in exposure to the supernatant of 
T1a but decreased by supernatant of TXHB. However, some 
other findings found that the culture supernatant of T. rubrum 
can strongly enhance IL‑8 secretion of keratinocytes.[29] As 
found from previous reports, β‑glucan, a ligand for TLR2 and 
Dectin‑1, can promote the production of IL‑8 in keratinocyte 
effectively at an optimal concentration of 10 μg/ml. Lower 
or higher amounts of β‑glucan (1 or 100 μg/ml) could not 
enhance the IL‑8 significantly.[17] In this study, the final 
content of β‑glucan in the HaCaT cultivation medium 
was <20 pg/ml, far below the optimal level to elevate IL‑8. 
Furthermore, the difference in the composition of the culture 
supernatant between T. rubrum that grows in the complete 
medium and those in the mineral medium with keratin might 
also attribute to the variety among study results.

Also, according to the clinical features of dermatophytosis, 
T. rubrum may only cause mild or asymptomatic symptoms 
in human infections.[30] These results show the mRNA 
expression of IL‑8 and Dectin‑1 was only slightly 
up‑regulated by the standard strain, even the elevated defense 
genes (Dectin‑1, TLR2, TLR4, IL‑8, CARD9, and DC‑SIGN) 
were all decreased over 24 h. The mechanisms of the weak 

immune response and the subsequent decline of host defense 
genes expression in response to T. rubrum supernatants 
beyond 24 h are unclear. It is possible that T. rubrum might 
suppress the immune response of keratinocyte with some 
inhibitory factor. Although whether the fungal wall mannan 
can also be detected in the culture supernatant of T. rubrum 
as in that of C. albicans has not been reported yet, mannan 
from T. rubrum can inhibit IL‑2 production and proliferation 
of keratinocytes.[31,32] The production of inhibitory factors 
by T. rubrum may induce a limited inflammatory response 
in the skin, which prolongs the survival of T. rubrum in the 
long term. Thus, further studies are required to analyze the 
culture supernatant components of T. rubrum that account 
for the limited immune response of keratinocytes.
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