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Abstract
Background: Fatty acid- binding protein 3 (FABP3) is a cytosolic carrier protein of 
polyunsaturated fatty acids (PUFAs) and regulates cellular metabolism. However, the 
physiological functions of FABP3 in immune cells and how FABP3 regulates inflamma-
tory responses remain unclear.
Methods: Contact hypersensitivity (CHS) induced by 2,4- dinitrofluorobenzene 
(DNFB) and fluorescein isothiocyanate was applied to the skin wild- type and Fabp3−/− 
mice. Skin inflammation was assessed using FACS, histological, and qPCR analyses. 
The development of γ/δ T cells was evaluated by a co- culture system with OP9/Dll1 
cells in the presence or absence of transgene of FABP3.
Results: Fabp3- deficient mice exhibit a more severe phenotype of contact hypersen-
sitivity (CHS) accompanied by infiltration of IL- 17- producing Vγ4+ γ/δ T cells that criti-
cally control skin inflammation. In Fabp3−/− mice, we found a larger proportion of Vγ4+ 
γ/δ T cells in the skin, even though the percentage of total γ/δ T cells did not change 
at steady state. Similarly, juvenile Fabp3−/− mice also contained a higher amount of 
Vγ4+ γ/δ T cells not only in the skin but in the thymus when compared with wild- type 
mice. Furthermore, thymic double- negative (DN) cells expressed FABP3, and FABP3 
negatively regulates the development of Vγ4+ γ/δ T cells in the thymus.
Conclusions: These findings suggest that FABP3 functions as a negative regulator 
of skin inflammation through limiting pathogenic Vγ4+ γ/δ T- cell generation in the 
thymus.
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1  |  INTRODUC TION

The skin harbors various immune cells1 and function as a frontier 
barrier that protects the host from external threats. γ/δ T cells 
express TCR γ/δ, but not TCR α/β, and these cells are divided into 
some subsets including Vγ5 or Vγ4 expressing γ/δ T cells (Vγ5+ 
γ/δ T cells and Vγ4+ γ/δ T cells, respectively).2 Although γ/δ T cells 
are a small population among circulating T cells, some certain sub-
sets of γ/δ T cells are more presented in epithelial tissues, such as 
skin and intestine.3 The skin is divided into two major compart-
ments: the epidermis and the dermis. In mice, while epidermal 
compartment predominantly contains Vγ5+ γ/δ T cells, Vγ4+ γ/δ 
T cells abundantly reside in dermal compartment.4 More than half 
of Vγ4+ γ/δ T cells are IL- 17- producing cells, and these cells are a 
major source of IL- 17 production in the early stages of skin inflam-
mation.5 It has been shown that γ/δ T cells promote inflammation 
and insulin resistance during high- fat diet- induced obesity6 and 
are involved in the pathology of psoriatic dermatitis.7 However, it 
remains elusive how systemic and/or cellular lipid metabolism af-
fects the activation of γ/δ T cells and consequently the pathology 
of skin inflammation.

T cell precursors go through the positive and negative selection in 
the thymus and differentiate into CD4+, CD8+, and γ/δ T cells. These 
precursors display a CD4−CD8− (double negative, DN) phenotype 
and are further classified into CD44+CD25− (DN1), CD44+CD25+ 
(DN2), CD44−CD25+ (DN3), and CD44−CD25− (DN4).8 Mouse γ/δ 
T- cell development initiates in the thymus at the embryonic stage, 

with some subsets of γ/δ T cells developing in an overlapping se-
quence. Unlike α/β T cells that are functionally differentiated to IL- 
17- producing effector cells only in the periphery, γ/δ T cells produce 
IL- 17 even in the early fetal thymus.9 Transcription factor (TF) Sox4, 
Sox13, and HEB have been shown to be a master regulator of γ/δ 
T- cell differentiation in the thymus and to pivotally participate in 
the differentiation of IL- 17- producing γ/δ T cells.10- 12 Although TFs 
and cytokines that regulate γ/δ T cells have been identified,13 the 
effects of lipid metabolism on T- cell differentiation have not been 
fully elucidated.

Fatty acids (FAs) are a critical source of energy for maintaining 
activation, proliferation, and function of lymphocytes.14 Although 
the immunological effects of polyunsaturated fatty acids (PUFAs) 
have been studied, the molecular mechanisms underlying these 
effects are still unknown. Fatty acid- binding proteins (FABPs) can 
bind to long- chain FAs including PUFAs and control signal transduc-
tion and transcription.15 FABP3 that preferably binds to ω- 6 PUFA 
is widely expressed throughout the tissues and organs 16- 18 and re-
cently shown to be expressed in helper T subsets.19 Regarding the 
function of FABPs in the immune cells, it is noted that tissue- resident 
memory T cells can survive for a long time by modifying their intra-
cellular lipid environment in accordance with expressing FABP4 and 
FABP5 at the differentiation stages.20 On the other hand, FABP4 
and FABP5 have been reported to be involved in the regulation of 
asthma and skin inflammation,21- 23 suggesting that FABP molecules 
regulate allergic diseases through immune regulation linked to lipid 
metabolism. Therefore, it seems likely that FABP3 plays a critical 
role in the immunological function of lymphocytes and is involved in 

G R A P H I C A L  A B S T R A C T
FABP3 negatively regulates the differentiation of thymic DN2 cells into Vγ4+ γ/δ T cells. FABP3- deficient mice exhibit higher frequency 
of Vγ4+ γ/δ T cells in skin of both juvenile and adults. FABP3 deficiency in Vγ4+ γ/δ T cells enhances production of high amounts of IL- 17A, 
which contributes to the pathogenesis of contact hypersensitivity. DN2, double negative cell; FABP3, fatty acid- binding protein 3; KO, 
knockout.
Abbreviations: DN2, double negative cell; FABP3, fatty acid- binding protein 3; KO, knockout.
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the regulation of allergic diseases, but the roles of FABP3 in immune 
cells or regulation of allergic diseases are ill- defined.

In this study, we investigated the effects of FABP3- mediated 
changes in lipid metabolism of γ/δ T cells. We demonstrate a novel 
function of FABP3 as a negative regulator of Vγ4+ γ/δ T cells devel-
opment from thymic DN2 precursors.

2  |  MATERIAL S AND METHODS

2.1  |  Cell culture

OP9/Dll1 cells were kindly gifted by Dr Akihiko Yoshimura (Keio 
University, Japan). OP9 cells were cultured in MEM- alpha supple-
mented with 20% Fetal calf serum, 50 μmol/L 2- mercaptoethanol, 
2 mmol/L L- glutamine, and 1% penicillin/streptomycin. OP9/Dll1 
co- cultures were conducted in accordance with minor modifica-
tions of the previous protocol.24 For DN cell development, thymic 
DN2 cells were placed on monolayers of OP9/Dll1, supplemented 
with 5 ng/mL IL- 7 and Flt3 ligand. After 4 days, the medium was 
replaced, and then, the cells were further incubated for 4 days 
more. For in vitro T- cell culture, naive (CD44loCD62Lhi) CD4+ T 
cells were purified from spleens of wild- type or Fabp3−/− mice with 
a naive CD4+ T- cell isolation kit II (130- 093- 227; Miltenyi Biotec). 
Naive CD4+ T cells were cultured with plate- bound anti- CD3 
(1 μg/mL) and soluble anti- CD28 (1 μg/mL), with the addition of 
cytokines shown in Table S1.

2.2  |  Mice

Fabp3−/− mice on a C57BL/6 background have been described.25 
CD45.2+ wild- type and Fabp3−/− mice of the same genetic back-
ground were used in this study. All mice were bred and maintained 
under specific pathogen- free conditions at the Institute for Animal 
Experimentation, Tohoku University Graduate School of Medicine, 
and were used at the age of 5 days old or 8- 12 weeks old. All proce-
dures were approved by the Institutional Committee for the Use and 
Care of Laboratory Animals of Tohoku University.

2.3  |  Induction of contact hypersensitivity

Two days after shaving the back hair with electrical clippers, the 
back skin was treated with 25 µL of 0.5% DNFB in a 4:1 mixture 
of acetone and olive oil or 150 µL of 1.0% FITC isomer I in a 1:1 
mixture of acetone and dibutyl phthalate. Five days later, the re-
spective mice were challenged with 40 µL of 0.2% DNFB or 0.5% 
FITC isomer I (each surface of the left ear) and 40 µL of the vehicle 
alone (each surface of the right ear). The ear thickness was meas-
ured before and after DNFB or FITC challenge using dial thickness 
gauges.

2.4  |  RNA extraction and Real- time RT- PCR

Total RNA was extracted from whole skin tissues or sorted 
Vγ4+ γ/δ T cells using RNeasy Micro Kit (QIAGEN) and reverse- 
transcribed with SuperScript III Reverse Transcriptase (Thermo 
Fisher Scientific). Real- time PCR was performed utilizing SYBR 
Premix Ex Tag (Takara Bio) on a 7500 real- time PCR system 
(Thermo Fisher Scientific). Relative gene expression was calcu-
lated by the ΔCt method and normalized to the amount of Gapdh. 
Primers were shown in Table S2.

2.5  |  Flow cytometry

Cells were incubated with anti- CD16/CD32 (2.4G2) before being 
stained with the following antibodies to cell- surface and intracel-
lular antigens. For intracellular staining, after cell activation with 
PMA/Ionomycin and staining of surface markers, cells were fixed and 
permeabilized with Cytofix/Cytoperm and Perm/Wash buffer (BD 
Biosciences) according to the manufacturer's instructions: CD3 (17A2), 
CD4 (GK1.5), CD8 (53- 6.7), CD25 (PC61), CD44 (IM7), c- kit (2B8), γ/δ 
TCR (GL3), Vγ4 (UC3- 10A6), Vγ5 (536), IL- 17 (TC11- 18H10.1), and 
IFN- γ (XMG1.2) (BioLegend). Data were acquired on a FACSCanto II 
(BD Biosciences) and were analyzed with FlowJo software (Tree Star).

2.6  |  Retroviral transfection

Retroviral transduction was previously described26 and was modified 
slightly. The cDNA that encodes FABP3 was cloned into pMY- IRES- 
EGFP. Recombinant retroviruses were prepared by transfecting the 
Plat- E packaging cells. Virus- containing supernatants were concen-
trated by centrifugation at 6000 × g at 4°C for 16 hours, and then, the 
concentrated virus particles were added into sorted DN2 cells from 
wild- type and Fabp3−/− mice in the presence of 20 μg/mL polybrene. 
Virus- containing media were replaced by fresh media, and the cells 
were used for experiments 24- 48 hours later. In some experiments, 
FABP3- transducted DN2 cells were cultured over OP9/Dll1 cells and 
were analyzed the capacity of differentiation into γ/δ T cells.

2.7  |  Histochemistry and 
Immunofluorescence staining

For HE staining, ear tissues were fixed by ALTFIX and embedded in 
paraffin. Paraffin sections were stained with hematoxylin and eosin. 
For immunofluorescence staining, the thymus was fixed with ALTFIX 
and embedded in OCT compound. Sections were stained with anti-
bodies as follows. The first and secondary antibodies were FABP3 
(mouse polyclonal antibody) and goat anti- mouse IgG- Alexa Fluor 
488 (Life Technologies), respectively. Nuclei were stained by DAPI 
(Life Technologies).
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2.8  |  Statistical analysis

To test differences among more than two groups, one- way analysis 
of variance (ANOVA) was used to establish statistical significance. In 
all other instances, an unpaired and two- tailed Student's t test was 
applied. P values of <.05 were considered statistical significance. 
*P < .05, **P < .01, ***P < .001.

3  |  RESULTS

3.1  |  FABP3- deficient mice display augmented 
contact hypersensitivity

To understand whether FABP3 regulates skin inflammatory re-
sponses, we first evaluated ear swelling after eliciting DNFB- induced 
CHS Fabp3−/− mice exhibited more severe ear swelling when com-
pared with wild- type mice (Figure 1A). Histological analysis revealed 
hyperplasia of both epidermal and dermal skin in Fabp3−/− mice 
(Figure 1B). Similarly, FITC- challenged Fabp3−/− mice exhibited more 
severe ear swelling (Figure 1C). Moreover, FACS analysis showed 
that eosinophils and neutrophils, but not CD4+ T cells and CD8+ T 
cells, were more highly accumulated in Fabp3−/− skin than wild- type 
(Figure 1D). CHS is regulated by adaptive immunity such as CD4+ 
helper T cells (Th) and CD8+ cytotoxic T cells (Tc).27,28 To examine 
the direct effect of FABP3- deficient pathogenic T cells, we per-
formed CHS to congenic wild- type mice (CD45.1), which were trans-
ferred with sensitized wild- type or Fabp3−/− α/β T cells (CD45.2). No 
difference in ear swelling between the two groups was observed 
(Figure 1E), suggesting adaptive immunity has no major role in the 
enhanced CHS phenotype observed in Fabp−/− mice. Additionally, 
mRNA expression of Ifnγ and Il17a, which play critical roles for skin 
inflammation,29 was elevated in the inflamed skin of Fabp3−/− mice 
(Figure 1F). However, there was no significant difference in the ex-
pression of Il4, Il13, Cxcl1, Cxcl2, Ccl2, and Ccl20 mRNA between 
Fabp3−/− mice and wild- type mice (Figure 1F). These results sug-
gested that FABP3 negatively regulates CHS probably by modulat-
ing inflammatory responses.

3.2  |  FABP3- deficient mice exhibited normal T- cell 
development

Although Figure 1 results showed there was no difference between 
the two groups in the number of infiltrating T cells into the inflamed 
ear tissues, it is unclear whether there is a functional difference be-
tween wild- type and Fabp3−/− T cells. As a result, Fabp3−/− mice display 
normal T- cell populations in spleen, LNs, and thymus (Figure S1A- C). 
Although Th1 and Th17 highly expressed FABP3 when compared 
with naive CD4+ T cells,19 Fabp3−/− naive CD4+ T cells could normally 
differentiate into T- bet+ and IFNγ+ (Th1), GATA3+, IL- 5+ and IL- 13+ 
(Th2), RORγt+ and IL- 17A+ (Th17), and Foxp3+ (Treg) T cells when 

compared with wild- type naive CD4+ T cells (Figure S1D- G). These 
results suggest that FABP3 has no critical effect on the differentia-
tion and function of α/β T cells.

3.3  |  Increase in γ/δ T cells in inflamed ear 
tissues of FABP3- deficient mice

In the skin, the epidermal layer exclusively contains Vγ5+ γ/δ T cells, 
while the dermal layer enriches Vγ4+ and other V chain positive γ/δ 
T cells.30,31 IL- 17- producing γ/δ T cells in dermis mainly comprise 
of Vγ4+ γ/δ T cells, which are attributed to CHS regulation.5,32 To 
clarify whether dermal Vγ4+ γ/δ T cells are responsible for the aug-
mented skin inflammation in Fabp−/− mice, we analyzed inflamed ear 
tissues by flow cytometry. We found that there were significantly 
higher numbers of Vγ5+ and Vγ4+ γ/δ T cells accumulated in the 
skin of Fabp3−/− mice when compared with that of wild- type mice 
after DNFB- challenge (Figure 2A, B). Furthermore, we found that 
Fabp3−/− mice exhibited a more infiltration of IL- 17- producing Vγ4+ 
γ/δ T cells in the inflamed ear tissues (Figure 2C). In accordance with 
intracellular cytokine staining, Fabp3−/− Vγ4+ γ/δ T cells produced 
a high amount of IL- 17A compared with wild- type cells (Figure S2). 
On the contrary, there was no difference in the number of IFN- γ- 
producing Vγ5+ γ/δ T cells between the two groups (Figure S3).

While CCR6 is involved in the positioning of IL- 17- producing 
γ/δ T cell in the skin at steady state, CCR2 controls the migration 
of these cells into inflamed skin tissues.33,34 In this process, acti-
vated γ/δ T cells downregulate CCR6 while upregulating CCR2.33 
To evaluate the effect of FABP3 deficiency on these chemo-
kine receptors, we analyzed Ccr6 and Ccr2 mRNA expression in 
Vγ4+ γ/δ T cells by quantitative PCR. Interestingly, sorted der-
mal Fabp3−/− Vγ4+ γ/δ T cells expressed higher levels of Ccr6 and 
Ccr2 when compared with wild- type cells (Figure 2D). In addition, 
sorted dermal Fabp3−/− Vγ4+ γ/δ T cells also exhibited higher lev-
els of Heb, Sox4, Sox13, Rorc, and Maf (Figure 2E). Previous stud-
ies have shown that Heb, Sox4, Sox13, Rorc, and Maf interact with 
each other to regulate mutually these genes expression in γ/δ T 
cells,12,31,35 and that Rorc expression regulates IL- 17A production 
and CCR6 expression, while Maf potentially controls CCR2 ex-
pression.36,37 Thus, our results, in line with these findings, suggest 
FABP3 regulates γ/δ T- cell activity through probably regulating 
the expression of their essential genes.

3.4  |  FABP3 deficiency affects γ/δ T- cell 
distribution in the periphery

Since we have shown that FABP3 is involved in the expression of 
molecules that control the dynamics of Vγ4+ γ/δ T cells, we next 
evaluated the distribution of this cell type in various FABP3- 
deficient organs. Although the percentage of total γ/δ T cells was 
no difference between two groups (Figure 3A- E), there was a higher 
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F I G U R E  1  FABP3 limits contact hypersensitivity. (A) Wild- type (WT) and Fabp3−/− (KO) mice were sensitized and challenged with 
DNFB. The ear skin thickness of the mice was measured at the indicated time points after challenge with DNFB or vehicle alone. *P < .05 
vs. corresponding values for vehicle- treated mice, and †P < .05 vs. hapten- challenged wild- type mice. (B) Representative histological views 
(H&E) of ear skin from WT and KO mice at 24 h after challenge with DNFB or vehicle alone. Scale bar = 50 μm. (n = 8) (C) WT and KO mice 
were sensitized and challenged with FITC. The ear skin thickness of the mice was measured at the indicated time points after challenge with 
FITC or vehicle alone. *P < .05 vs. corresponding values for vehicle- treated mice, and †P < .05 vs. hapten- challenged wild- type mice. (D) The 
absolute number of eosinophils, neutrophils, CD4+ T cells, and CD8+ T cells in indicated skin samples at 48 h after challenge. (E) WT and KO 
mice (CD45.2) were sensitized with DNFB. Five days after sensitization, purified α/β CD3+ T cells (5.0 × 106 cells) from DNFB- sensitized mice 
were transferred to naive congenic WT mice (CD45.1), and these mice were challenged with DNFB or vehicle alone 24 h after cell transfer. 
The ear skin thickness of the mice was measured at the indicated time points after challenge with DNFB or vehicle alone. *P < .05 vs. 
corresponding values for vehicle- treated mice. (F) Ifnγ, Il17a, Il4, Il13, Cxcl1, Cxcl2, Ccl2, and Ccl20 mRNA expression in whole ear skin. Results 
are normalized to those of Gapdh and are presented relative to those of vehicle- challenged WT mice. *P < .05, ***P < .001 (Student's t test). 
Data are from one experiment representative of three independent experiments with similar results (A, C, D) (mean ± SEM of total 12 mice 
per genotype (A, C, E); mean ± SEM of three replicates (D, F))
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percentage of Vγ4+ γ/δ T cells in the skin but significant lower per-
centages of the cell type in the thymus, spleen, and inguinal LNs 
(iLNs) in FABP3- deficient mice when compared with wild- type mice 
(Figure 3A, F). Nevertheless, Vγ4+ γ/δ T cells in peripheral blood 
were comparable between WT and Fabp3−/− mice (Figure 3F). γ/δ 
T cells arise from common multipotent double- negative (DN) pre-
cursors in the thymus, which can be further dissected into four 
subsets based on CD44 and CD25 expression.38,39 Contingent on 
the previous findings in adult mice, we hypothesized that FABP3 
deficiency might affect the generation of Vγ4+ γ/δ T cells at the 
fetal stage. By using juvenile mice at five days old, we identified 
that juvenile Fabp3−/− mice displayed more Vγ4+ γ/δ T cells than 
wild- type counterparts in thymus and skin tissues (Figure 4A, B), 
while no difference in the number of total thymocytes (Figure 4C). 
Moreover, sorted dermal Vγ4+ γ/δ T cells in juvenile Fabp3−/− mice 
expressed high levels of Ccr6, Ccr2, Heb, Sox4, Sox13, Rorc, and Maf, 
which is also observed in adult mice (Figure 4D, E). These results 
suggest that Fabp3−/− mice had increased generation of Vγ4+ γ/δ 
T cells highly expressed these genes in the thymus during at least 
neonatal stage, leading to an increased proportion of Vγ4+ γ/δ T 
cells in the skin.

3.5  |  FABP3 is expressed by thymic DN2 
precursors and regulates its differentiation into Vγ4+ 
γ/δ T cell

Given that FABP3 deficiency has an impact on γ/δ T- cell distribution, 
we sought to assess the expression of FABP3 in the thymus. IL- 17- 
producing γ/δ T cells (mainly Vγ4+) have shown to be derived from 
thymic DN2 cells.40 Fluorescent immunostaining demonstrated 
that FABP3 localizes in the thymic cortex (Figure 5A). In line with 
that, thymic DN2 cells abundantly express Fabp3 when compared 
with thymic cells (Figure 5B). Vγ4+ γ/δ T cells are known to be pro-
duced from DN2 precursors in the thymus during the fetal/neona-
tal stage and mainly distribute to the skin dermal layer.31 Juvenile 
Fabp5−/− mice showed a higher frequency of DN2 cells in the thymus 
(Figure 5C), suggesting that FABP3 controls differentiation in DN 
stages. To further evaluate the intrinsic developmental potential of 
DN precursors under the same conditions, we next conducted the 
OP9- DL1 co- culture system.41 Double- negative 2 cells were sorted 
and placed in the OP9- DL1 co- culture with recombinant IL- 7 and 
Flt3 ligand. Interestingly, there was a significantly higher percent-
age of Vγ4+ γ/δ T cells differentiated from FABP3- deficient DN2 
when compared with wild- type DN2 cells (Figure 5D). Moreover, to 
obtain the direct evidence of FABP3 in intrinsically controlling the 
differentiation of DN2 cells into Vγ4+ γ/δ, we infected Fabp3−/− DN2 
cells with the FABP3- encoding retrovirus vector. We found that 
FABP3- transgene thymic Fabp3−/− DN2 cells illustrated a normal dif-
ferentiation into Vγ4+ γ/δ T cells (Figure 5E). Finally, we observed 
that Fabp3−/− DN2 cells displayed a higher expression of Heb, Sox4, 
and Sox13, when compared with wild- type DN2, and transgene of 
FABP3 to Fabp3−/− DN2 cells normalized its abnormal expression 

(Figure 5F). These results suggest FABP3 in thymic DN2 cells intrin-
sically plays an important role in appropriate commitment of γ/δ T 
cells.

4  |  DISCUSSION

The skin resident immune cells work together closely to maintain ho-
meostasis of skin tissues.42,43 Obesity has been suspected as a major 
risk factor of allergic diseases, including asthma, atopic dermatitis, 
CHS, and psoriasis.44- 47 Previous reports provide many pieces of evi-
dence that obesity is tightly involved in skin inflammation through 
functional changes in immune cells.23,48 As described above, γ/δ T 
cells also are reported to regulate the skin inflammation.7,49 In line 
with previous reports, Fabp3−/− mice exhibited a severe phenotype 
of CHS accompanied by hyper- activation of IL- 17- producing Vγ4+ γ/δ 
T cells. Surprisingly, our results revealed that thymic DN2 cells were 
found to express FABP3 abundantly, and FABP3 regulates the devel-
opment of Vγ4+ γ/δ T cells from these cells in the thymus. Together 
these findings clarify a previously unknown function of FABP3 in 
pathogenic Vγ4+ γ/δ T- cell development.

Although γ/δ T cells are a minor population compared to α/β 
T cells, these cells are involved in various inflammations.50 Unlike 
αβ T cells, however, few reports are showing the relationship be-
tween lipid metabolism and γ/δ T cells. PUFA- enriched diet- fed 
mice exhibited a large number of splenic γ/δ T cells and high- 
fat diet- fed mice exhibited exacerbated dermatitis accompanied 
by accumulation of IL- 17- producing Vγ4+ γ/δ T cells in the skin,7 
suggesting that changes in the lipid environment certainly have 
some effect on γ/δ T cells. Besides, γ/δ T cells were reported to 
contain a higher cholesterol level than α/β T cells, and the in-
crease in intracellular cholesterol of γ/δ T cells affects the ac-
tivation of these cells by enhancing the basal T- cell receptor 
intensity.51 In Fabp3−/− γ/δ T cells, it is conceivable that down-
regulation of intracellular cholesterol level due to a disruption 
of the ω- 6/ω- 3 ratio by the decrease in intracellular ω- 6 PUFA, 
resulting in enhancing the activation of these cells. Meanwhile, 
γ/δ T cells are also known to be epigenetically regulated, as well 
as α/β T cells.52 Thymus development of IL- 17- producing γ/δ T 
cells is restricted to the embryonic and perinatal stages during 
embryonic development,9 and it is demonstrated that these epi-
genetic regulations in γ/δ T cells have already occurred in the 
thymus.53 Additionally, Malhotra et al have reported the histone 
modification profile of Rorc locus in immature Vγ4+ thymocytes 
was active condition.12 This knowledge suggests that changes in 
the thymic lipid microenvironment caused by FABP3 deficiency 
affect the epigenetic regulation in early γ/δ T- cell differentiation. 
Interestingly, we found that despite there was no difference in 
percentages of total skin γ/δ T cells between Fabp3−/− mice and 
wild- type mice at steady state, a higher percentage of Vγ4+ γ/δ T 
cells was present in Fabp3−/− skin accompanied with high expres-
sion of chemokine receptors and TFs. Furthermore, since juvenile 
Fabp3−/− skin also demonstrated a higher percentage of Vγ4+ γ/δ 
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F I G U R E  2  Exacerbation of CHS is associated with skin Vγ4 + γ/δ T cells increment in Fabp3−/− mice. (A, B) Frequency (left) and number 
(right) of CD3+ γ/δ TCR+, Vγ5+ and Vγ4+ γ/δ T cells in the inflamed (DNFB) ears (A) and normal (vehicle) ears (B) of WT and Fabp3−/− mice at 
24 h after challenge. (C) Frequency (left) and number (right) of IL- 17A+ Vγ4+ γ/δ T cells in the inflamed ears of WT and KO mice. (D, E) Ccr6 
and Ccr2 (D) and Heb, Sox4, Sox13, Rorc, and Maf (E) mRNA expression of sorted dermal Vγ4+ γ/δ T cells in the inflamed and normal skin. 
Results are normalized to those of Gapdh and are presented relative to those of sorted dermal Vγ4+ γ/δ T cells in vehicle- challenged WT 
mice. *P < .05 and ***P < .001 (Student's t test). Data are from one experiment representative of three independent experiments with similar 
results (A- E) (mean ± SEM of three replicates (A- E))

F I G U R E  3  FABP3- deficient adult mice displayed a high percentage of Vγ4 + γ/δ T cells in the skin, but not thymus, spleen, inguinal lymph 
nodes, and peripheral blood. (A) Percentages of CD3+ γ/δ TCR+ cells, Vγ5+, and Vγ4+ γ/δ T cells in the ear skin of adult WT and KO mice. (B- E) 
Total CD3+ γ/δ T cell profiles in the spleen (B), iLNs (C), thymus (D), and peripheral blood (E) from WT and KO mice. Numbers adjacent to 
outlined areas (left) indicate percentages of CD3+ and γ/δ TCR+ T cells. (F) Percentages of Vγ4+ γ/δ T cells in various tissues of WT and KO 
mice. *P < .05, ***P < .001 (Student's t test). Data are one experiment representative of at least three independent experiments with similar 
results (mean ± SEM of three replicates (A- F))
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T cells, we speculated that FABP3 might involve in the early γ/δ 
T- cell formation in thymus.

The thymus is an important organ for T- cell development.54 
A body of reports revealed a requirement of IL- 7 in the proper IL- 
17- producing γ/δ T- cell development.55,56 Notch ligand expressed 
by thymic epithelial cells has also been suggested to be involved 
in IL- 17- producing γ/δ T- cell differentiation.57 Additionally, IL- 17- 
producing γ/δ T cells are considered to be generated from thymic 
T- cell precursors which receive weak TCR signals during their de-
velopment.58 Although the mechanisms of γ/δ T- cell commitment 
regulated by cytokines, stimulatory molecules, and TFs have been 
elucidated, how the lipid environment in thymus affects T- cell de-
velopment remains poorly unveiled. Many studies demonstrated 
that obesity promotes thymus senescence accompanied by af-
fecting thymic epithelial cells and T- cell precursors.59,60 Moreover, 
aging alters the composition of γ/δ T cells in peripheral blood and 
LNs, resulting in an increase in IL- 17- producing γ/δ T cells includ-
ing Vγ4+ γ/δ T cells.61,62 Our results revealed that Fabp3−/− mice 
displayed a large number of Vγ4+ γ/δ T cells in the juvenile thymus. 
It is also noteworthy that the FA composition of the thymus has 

been shown to be rich in ω- 6 PUFA,63 to which FABP3 prefers 
to bind. We previously showed that FABP3 is involved in epi-
genetic regulation in B cells.64 Furthermore, PUFAs have been 
reported to be responsible for epigenetic modifications.65,66 Our 
results from the OP9- DL1 co- culture system indicate that these 
events are caused by the intrinsic effects of FABP3 in DN2 cells. 
Considering above, changes in the thymic lipid microenvironment 
during fetal γ/δ T- cell development in Fabp3−/− mice affected the 
balance in γ/δ T- cell commitment through modulating TF expres-
sion by epigenetic modifications in thymic DN2 cells due to some 
triggered induced by an abnormality in the suitable PUFA balance. 
Furthermore, our current results suggest that changes in the lipid 
microenvironment during the fetal period may regulate the com-
mitment of pathogenic γ/δ T- cell development in the thymus and 
affect the incidence of allergic dermatitis in adults. We hypothe-
size that abnormal maternal fatty acid intake causes disruption of 
lipid homeostasis during the fetal or neonatal period and promotes 
the production of pathogenic Vγ4+γ/δ T cells in the skin, which 
in turn influences the development of allergic skin inflammation 
in adulthood. Therefore, we also infer that proper regulation of 

F I G U R E  4  Juvenile FABP3- deficient 
mice showed more abundant Vγ4 + γ/δ T 
cells. (A, B) Frequency (left) and number 
(right) of CD3+ γ/δ TCR+, Vγ5+, and Vγ4+ 
γ/δ T cells in the skin (A) and thymus (B) 
of juvenile WT and Fabp3−/− mice. (C) The 
number of thymocytes in juvenile WT 
and Fabp3−/− mice. (D, E) Ccr6 and Ccr2 
(D) and Heb, Sox4, Sox13, Rorc, and Maf 
(E) mRNA expression of sorted dermal 
Vγ4+ γ/δ T cells in juvenile mice. Results 
are normalized to those of Gapdh and are 
presented relative to those of WT Vγ4+ 
γ/δ T cells. *P < .05, ***P < .001 (Student's 
t test). Data are from one experiment 
representative of three independent 
experiments with similar results (A- E) 
(mean ± SEM of three replicates (A- E))
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fatty acid intake (or composition) in the motherhood may be able 
to control some of the onset and pathological exacerbations of 
skin allergic inflammation in the offspring.

Some studies reported that lipid metabolism in α/β T cells plays 
important role in generating memory T cells67,68 and that the meta-
bolic pattern dramatically changes when transitioning from naïve T 

cells to effector T cells and from effector T cells to memory T cells.69 
Recently, FABP3 was shown to be abundantly expressed by Th17 
compared with naïve CD4+ T cells.19 However, our current results 
demonstrated that FABP3- deficient naive CD4+ T cells exhibited a 
comparable capacity of Th17 differentiation when compared with 
wild- type counterparts. Since Th17 drastically changes its activity 

F I G U R E  5  FABP3 regulates differentiation thymic DN2 cells into Vγ4 + γ/δT cells. (A) Immunofluorescence staining of FABP3 (green) and 
DAPI (blue) in the thymus. C: cortex, M: medulla, Scale bar: 50 μm. (B) Fabp3 mRNA expression of thymic double- negative cells (DN), CD4 
single- positive thymocyte (CD4 SP), CD8 single- positive thymocyte (CD8 SP), and double- positive cell (DP) (C) Frequency (left) and number 
(right) of thymic DN1 (CD44+CD25−), DN2 (CD44+CD25+), DN3 (CD44−CD25+), and DN4 (CD44−CD25−) cells in juvenile WT and KO mice. 
(D) Sorted DN2 cells from juvenile WT and KO mice were co- cultured with OP9/Dll1 cells in the presence of IL- 7 (5 ng/mL) and Flt3 ligand 
(5 ng/mL). Representative dot plots show the frequency of Vγ4+ γ/δ T cells while graphs indicate the number of Vγ4+ γ/δ T cells. (E) WT and 
KO DN2 cells were retrovirally transduced with FABP3, and GFP+ DN2 cells were co- cultured on OP9/Dll1 cells with IL- 7 (5 ng/mL) and Flt3 
ligand (5 ng/mL). Representative dot plots show the frequency of GFP+ Vγ4+ γ/δ T cells while graphs indicate the number of GFP+ Vγ4+ γ/δ 
T cells. (F) Heb, Sox4, and Sox13 mRNA expression of thymic DN2 cells in juvenile mice. Results are normalized to those of Gapdh and are 
presented relative to those of WT transducing EV. EV: empty vector, *P < .05, ***P < .001 (Student's t test). n.s. not significant. Data are from 
one experiment representative of three independent experiments with similar results (A- F) (mean ± SEM of three replicates (B- F))
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due to arachidonic acid and/or arachidonic acid metabolites,70,71 it 
is possible that FABP3, which preferably binds to arachidonic acid,16 
is involved in functional expression of Th17 cells, including memory 
T cells formation, but not Th17 differentiation. Interestingly, since 
it has been reported that FABP4/5, which is highly homologous to 
FABP3, regulates longevity of tissue- resident memory T cells,20 
FABP3 maybe participate in memory T- cell regulation by linking with 
ω- 6 PUFA. Further consideration will be needed to yield any findings 
about this point.

In conclusion, we have revealed a critical role of FABP3 in 
regulating γ/δ T- cell development and activity via modulating 
the expression of TFs in the thymus. This study demonstrates a 
novel mechanism in skin inflammation that illustrates a linkage 
between lipid metabolism and γ/δ T- cell- mediated responses and 
thus provides a new therapeutic approach to treat several immune 
diseases.
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