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TNF Receptor-Associated Factor S Limits Function of
Plasmacytoid Dendritic Cells by Controlling IFN Regulatory
Factor S Expression

Shuhei Kobayashi,* Tsuyoshi Sakurai,* Takanori So,*’* Yuka Shiota,* Atsuko Asao,*
Hai The Phung,* Riou Tanaka,* Takeshi Kawabe,* Takashi Maruyama,fF Emi Kanno,§
Kazuyoshi Kawakami, Yuji Owada," and Naoto Ishii*

The physiological functions of TNF receptor-associated factor 5 (TRAFS5) in the skin inflammation and wound healing process are
not well characterized. We found that Traf5~'~ mice exhibited an accelerated skin wound healing as compared with wild-type
counterparts. The augmented wound closure in Traf5~'~ mice was associated with a massive accumulation of plasmacytoid
dendritic cells (pDCs) into skin wounds and an enhanced expression of genes related to wound repair at skin sites. In accordance
with this result, adoptive transfer of Traf5~'~ pDCs, but not wild-type pDCs, into the injured skin area in wild-type recipient mice
significantly promoted skin wound healing. The expression of skin-tropic chemokine receptor CXCR3 was significantly upregu-
lated in Traf5™'~ pDCs, and treatment with a CXCR3 inhibitor cancelled the promoted wound healing in TrafS~'~ mice,
suggesting a pivotal role of CXCR3 in pDC-dependent wound healing. Traf5~'~ pDCs displayed significantly higher expression
of IFN regulatory factor 5 (IRF5), which correlated with greater induction of proinflammatory cytokine genes and CXCR3
protein after stimulation with TLR ligands. Consistently, transduction of exogeneous TRAFS5 in Traf5~'~ pDCs normalized the
levels of abnormally elevated proinflammatory molecules, including IRFS and CXCR3. Furthermore, knockdown of IRFS also
rescued the abnormal phenotypes of Traf5~'~ pDCs. Therefore, the higher expression and induction of IRF5 in Traf5 ™'~ pDCs
causes proinflammatory and skin-tropic characteristics of the pDCs, which may accelerate skin wound healing responses. Col-
lectively, our results uncover a novel role of TRAFS5 in skin wound healing that is mediated by IRF5-dependent function of

pDCs. The Journal of Immunology, 2019, 203: 1447-1456.

threats, including microbial infections and trauma. Upon

acute skin injury, the cellular components of the immune
system, the blood coagulation and inflammatory pathways are
activated and coordinated to restore the tissue integrity and ho-
meostasis (1). Skin resident and infiltrating cells, including neu-
trophils, monocytes, lymphocytes, dendritic cells, endothelial cells,
keratinocytes, and fibroblasts, work together and react rapidly to the

T he skin is a barrier that protects the host from external
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stimulus, and this event immediately initiates wound repair and
regeneration responses (1-3). In particular, inflammatory responses
mediated by immune cells play important roles in wound healing
(4, 5). However, because skin wound healing processes involve too
many cell/cell networks spatiotemporally, the precise molecular
mechanisms remain unclear.

Plasmacytoid dendritic cells (pDCs) are a small cell population
in the periphery and are identified as cells producing large amounts
of type I IFNs in response to viral infections (6-9). These cells
specially equip endosomal TLR7 and TLRO that recognize virus-
and host-derived nucleic acids (9-11). TLR-mediated activation of
pDCs plays a pivotal role for protective immunity, whereas ex-
cessive activation of pDCs gives rise to autoimmune diseases,
such as systemic lupus erythematosus and psoriasis (9-15). Ad-
ditionally, self-nucleic acids released from the damaged tissues in
the presence of an antimicrobial peptide activate pDCs to induce
type I IFN responses that drive autoimmunity in psoriasis (10, 15).
Thus, it is considered that pDCs may play important roles in the
regulation of tissue homeostasis in the skin. Although a previous
study reported that pDCs sensed tissue damage and promoted skin
wound healing through the secretion of type I IFNs (16), it is still
unknown how pDCs are regulated during skin wound healing.

In this study, we found that Traf5 ~/~ mice showed a massive
infiltration of pDCs into injured skin tissues. Adoptive transfer of
Traf5~'~ pDCs into the skin of wild-type mice led to accelera-
tion of skin wound healing. In addition, Traf5 '~ pDCs showed a
significant increase in proinflammatory cytokines and skin-tropic
chemokine receptor CXCR3 in comparison with wild-type pDCs.
Inhibition of CXCR3 function restored the accelerated skin wound
healing in Traf5 '~ mice, suggesting a critical role of CXCR3. Upon
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stimulation with TLR agonists in vitro, Traf57/ ~ pDCs produced
higher levels of inflammatory cytokines and CXCR3 accompanied
by enhanced nuclear accumulation of IFN regulatory transcrip-
tion factor 5 (IRF5). The transduction of TRAF5 restored the
expression of CXCR3 in Traf5 '~ pDCs, and short hairpin
RNA-mediated knockdown of IRF5 significantly corrected the
enhanced expression of CXCR3, implying that TRAFS may limit
CXCR3 expression via IRF5. To our knowledge, our study first
reveals a critical function of TRAFS for the regulation of pDCs
in the process of skin wound healing.

Materials and Methods
Mice

Traf5~'~ mice on a C57BL/6 background have been described (17). All
mice were bred and maintained under specific pathogen-free conditions,
and experiments were in compliance with protocols approved by the In-
stitute for Animal Experimentation, Tohoku University Graduate School of
Medicine (2018MdA-190).

Bone marrow transplantation

Irradiated wild-type and Traf5 '~ mice (9.5 Gy) at age of 6 wk were used as
recipients for transplantation. To obtain donor cells, the femurs and tibias
were collected aseptically from euthanized mice, and the bone marrow was
washed out with sterile RPMI 1640. Recipient mice were given i.v. injection
of 5 X 10° donor bone marrow cells via tail vein and were checked the
proportion of donor cells in later time points. Eight weeks after trans-
plantation, mice were used for experiments.

Wound creation and tissue collection

The dorsal hair of anesthetized mice was shaved to fully expose the skin, and
then the skin was rinsed with 70% ethanol. Six full-thickness wounds
extending to the panniculus carnosus (depth of ~1 mm from the dorsal
surface of the skin), at least 5 mm apart, were created on each mouse using
a 3-mm-diameter biopsy punch under sterile conditions. The injured areas
were covered with a polyurethane film (3M Health Care, St. Paul, MN) and
an elastic adhesive bandage (Hilate, Iwatsuki, Tokyo, Japan) as an oc-
clusive dressing. The day when the wounds were made was designated as
day 0. At various time points, mice were sacrificed, and the wound tissue
was collected by excising the tissue using an 8-mm-diameter biopsy
punch. The tissue was used for histological, gene expression, and flow-
cytometric analyses. For histological analysis, the skins were fixed with
10% formalin and embedded in paraffin. Sections, 5 wm in thickness, were
stained with H&E.

Measurement of the wound area

At various time points, the wounds were photographed. The wound area was
quantified by calculating the pixel area using ImageJ software. Percentage
of wound closure was calculated using the following formula: % closure of
wound area = (1.0 — wound area at the indicated time point/wound area on
day 0) X 100. For histological analysis, the area of granulation tissues was
measured on these H&E-stained sections and was evaluated by calculating
the pixel area. Granulation region was determined by thin collagen and
narrow vessels, because thick collagen bundle is usually observed in the
dermis of normal unwounded skin.

Isolation of immune cells in the wound tissue

For isolation of cells in the wound tissue, mice were sacrificed before or 3, 6,
24, 48, and 72 h after wounding. The wound tissue was excised using
an 8-mm-diameter biopsy punch and teased apart using stainless steel
mesh. Minced wound tissues were digested with 1 mg/ml collagenase
(Sigma-Aldrich, St. Louis, MO), 500 p.g/ml DNase (Sigma-Aldrich), 1 mg/ml
hyaluronidase (Sigma-Aldrich), and 1 mg/ml dispase (Roche Diagnostics,
Tokyo, Japan) in RPMI 1640 medium at 37°C for 90 min. The tissue ho-
mogenate was disaggregated by vigorous pipetting, and single-cell suspension
was prepared by filtrating through a 40-pm cell strainer. The isolated cells
were evaluated by flow cytometry.

Trans-well migration assay

Polycarbonate membrane inserts with 5-um pore size (Corning-Costar,
Lowell, MA) were used. For pDC migration, wild-type mouse embryonic fi-
broblast cells were initially cultured in the lower well, then stimulated with IFN-y
to induce CXCL chemokines. Splenic pDCs (PDCA-1"B220*CD11c¢™Ly-6C*)

(2 X 10* cells per well) isolated from wild-type or Traf57/ " mice were
suspended in RPMI 1640 medium containing 1% FBS and incubated at
37°C for 2 h in the presence or absence of AMG487, and then pDCs were
placed and cultured for 3 h in the upper chambers. The number of migrated
pDCs in the lower chambers were evaluated by flow cytometry.

Lentiviral transduction into bone marrow cells

The lentiviral vector for exogenous TRAF5 expression was constructed by
inserting mouse Traf5 cDNA into the CS2 vector (Riken). For IRF5 gene
knockdown, the lentiviral vector construct was previously described (18).
The lentiviral vectors were transiently transfected into HEK293T cells
along with packaging plasmids (pCAG-HIVgp), virus-containing me-
dia were harvested at 48 h after transfection. Virus-containing super-
natants were concentrated by centrifugation at 6000 X g at 4°C for 16 h,
and then the concentrated virus particles was added into bone marrow
cells from Traf5 '~ mice in the presence of 8 p.g/ml polybrene.

Culture of bone marrow—derived pDCs

One day after lentiviral infection, virus-containing media were removed
from the bone marrow cell culture and replaced with a pDC differentiation
medium supplemented with FIt3 ligand (50 ng/ml). On day 3, GFP" cells
were sorted by FACS and further cultured for 5 d to differentiate into
PDCA-1"B220*CD11c™Ly-6C" cells as pDCs.

s.c. Adoptive transfer

Peritoneal macrophages (CD11b*F4/80%) and splenic pDCs (PDCA-
1"B220*CD11¢™Ly-6C*) were isolated from wild-type and Traf5 ™'~
mice and then were independently s.c. transferred (2.0 X 10° cells) into
the wound area on wild-type mice.

Peptide, chemicals, Abs, and cytokines

APC-conjugated anti-mouse CD3 (17A2), APC-conjugated anti-mouse
CD8a (53-6.7), APC-conjugated anti-mouse/human CD45R/B220
(RA3-6B2), APC-conjugated anti-mouse CD45.2 (104), PE-conjugated
anti-mouse CD8a (53-6.7), PE-conjugated anti-mouse CD11b (M1/70),
PE-conjugated anti-mouse CD45 (30-F11), PE-conjugated anti-mouse CD45.1
(A20), PE-conjugated anti-mouse CD183 (CXCR3-173), PE-conjugated anti-
mouse CD317 (BST2, PDCA-1) (927), FITC-conjugated anti-mouse CD11c
(N418), FITC-conjugated anti-mouse Ly-6G/Ly-6C (Gr.1) (RB6-8CS5), FITC-
conjugated anti-mouse TCR-y/d (GL3), FITC-conjugated anti-mouse CD45
(30-F11), Pacific Blue—conjugated anti-mouse CD4 (GK1.5), Pacific Blue—
conjugated anti-mouse CD317 (BST2, PDCA-1) (927), and Brilliant Violet
421 anti-mouse F4/80 (BMS8) Abs were purchased from BioLegend (San
Diego, CA). APC Annexin V was purchased from BioLegend. PE-conjugated
anti-mouse IL-6 (MP5-20F3) and PE Ki67 (SolA15) Abs were obtained from
eBioscience (San Diego, CA). PE rat anti-mouse TNF (MP6-XT22) Ab was
obtained from BD Biosciences (San Jose, CA). Biotinylated anti-mouse Siglec-
H (440c) was obtained from Hycult Biotech (Canton, MA). Mouse rIFN-y was
obtained from PeproTech (Rocky Hill, NJ). AMG487 was obtained from
Tocris Bioscience (Bristol, U.K.). CpG oligodeoxynucleotide was purchased
from InvivoGen (San Diego, CA), and R848 peptide was purchased from Enzo
Life Sciences (New York, NY). Anti-IkB-a (C-21), anti-ERK1/2 (C-14),
anti-p38 (C-20), and anti-JNK (C-17) were purchased from Santa Cruz
Biotechnology (Dallas, TX). Anti—-phospho-ERK1/2 (E10), anti—phospho-
p38 MAPK (D3F9), and anti—phospho-JNK (81E11) were purchased from
Cell Signaling Technology (Danvers, MA). Anti—3-actin (C4; MAB1501) was
from MilliporeSigma.

RNA extraction and real-time RT-PCR

SYBR Premix Ex Tag (Takara Bio) and a 7500 real-time PCR system (Life
Technologies) were used for quantitative RT-PCR. Total RNA was extracted
with RNAiso Plus (Life Technologies), and cDNA was then synthesized
with SuperScript III Reverse Transcriptase and oligo(dT)20 (Life
Technologies). Each transcript was analyzed concurrently on the same
plate with the gene encoding GAPDH, and results are presented relative
to the abundance of transcripts encoding GAPDH. The primer sequences
used were commonly described elsewhere.

Flow cytometry

Cells were incubated with anti-CD16/CD32 (2.4G2; produced in-house)
before being stained with the appropriate Abs to cell-surface and intra-
cellular Ags. For intracellular staining, after cell activation with TLR ag-
onists and staining of surface markers, cells were fixed and permeabilized
with Cytofix/Cytoperm and Perm/Wash buffer (BD Biosciences) or Foxp3
staining buffer (Affymetrix) according to the manufacturer’s instructions.
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FIGURE 1. TRAF5 limits wound healing responses. (A) Wound photographs of wild-type (WT) and Traf5 '~ knockout (KO) mice. Representative
results from three independent experiments with at least three animals in each group are shown. (B) Percentages of the wound closure in WT and KO mice
after wounding on days 3, 5, and 7. (C) Representative histological views (H&E) of skin wounds on day 3 (left panel). Arrows and the dotted line indicate
the re-epithelialized leading edges and granulation area, respectively. The area of granulation tissue on H&E-stained sections was measured by calculating
the pixel area, as described in the Materials and Methods section. (D) Expression of a-SMA, Collal, KRTS, and KRT14 mRNAs in wound tissues at 72 h
after wound injury. (E) Expression of IL-6, TNF-a, IFN-a, IFN-B, MIP-1a, TGF-3, IL-1c, and PDGF-A mRNAs in wound tissues at the indicated
time points. Data are from three (B) or two (C) pooled experiments or are from one experiment representative of at least three independent exper-
iments with similar results (D and E) [mean = SEM of nine mice per genotype (total 54 wounds) (B); mean * SD of seven mice per genotype (C);
mean = SEM of three replicates (D and E)]. *p < 0.05, **p < 0.01, ***p < 0.001 by Student 7 test.
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Data were acquired on a SPECTRAL CELL ANALYZER SP6800 (Sony)
or a FACSCanto II (BD Biosciences) and were analyzed with FlowJo
software (Tree Star).

Statistical analysis

Statistics were analyzed using Student 7 test (two-tailed), and one-way
ANOVA was used to test differences between groups for continuous
variables. A p value < 0.05 (indicated as *p < 0.05, **p < 0.01, and
##%p < 0.001 in the figure legends) was considered statistically significant.

Results
TRAFYS deficiency promotes wound healing in the skin

To understand how TRAFS controls the wound healing process in
the skin, we first examined the rate of wound closure in back skin
after full-thickness injury (19, 20). Wound closure was signif-
icantly accelerated in Traf5~'~ mice compared with wild-type
mice on days 3, 5, and 7 (Fig. 1A, 1B). Next, to determine the
effects on granulation tissue formation, which is mainly comprised
of new vessels and novel collagen deposition, and those on the
wound depth, we conducted a histological analysis of the wound
tissues. In Traf5 '~ mice, the granulation tissues were markedly
well developed compared with those in wild-type mice on day 3
(Fig. 1C). In accordance with enhanced wound closure in Traf5 -
mice, keratin 5 (KRTS) and KRT14, which are associated with
physiological keratinocyte cell proliferation, were significantly in-
creased on day 3 in Traf5~ '~ mice (Fig. 1D). Collagen type I, o 1
(Collal) and a—smooth muscle actin (a-SMA), which are re-
lated to granulation tissue formation and myofibroblast differ-
entiation, were also significantly elevated on day 3 in Traf5 '~
mice (Fig. 1D). The expression of proinflammatory cytokines
and chemokines, including IL-6, TNF-a, IFN-a, IFN-$, and
MIP-1a (CCL3), was significantly higher at early time points in
Traf5~'~ mice than in wild-type mice (Fig. 1E). Additionally,
TGF-B, which is an important factor involved in tissue regeneration
by promoting the construction of granulation tissue (3, 21, 22), was
also increased in Traf5 '~ mice (Fig. 1E). However, there was no
significant difference in the expression of IL-1a, platelet-derived
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growth factor—A, keratinocyte chemoattractant, and vascular
endothelial growth factor between these two groups (Fig. 1E;
data not shown). These results demonstrate that TRAF5 nega-
tively controls skin wound closure probably by suppressing inflam-
matory responses.

TRAFYS deficiency in hematopoietic cells is important for early
wound healing

To evaluate which type of cells are responsible for the accelerated
wound healing, we measured 7raf5 mRNA expression in various
tissues. We found that the level of Traf5 mRNA in the skin was
relatively lower than that in some other tissues (Supplemental Fig.
1A). Thus, we decided to do a bone marrow transplantation ex-
periment. Bone marrow donor cells from wild-type or Traf5 '~
mice were transplanted into lethally irradiated wild-type or
Traf5~'~ recipient mice (Fig. 2A), and a full-thickness injury in
the back skin was produced in recipient mice to measure the ratio
of wound closure. The wound closure was significantly promoted
by the transplantation of Traf5 '~ bone marrow cells, regardless of
genotypes of recipient mice (Fig. 2B). In addition, the expression
of genes involved in wound healing process, including a-SMA,
Collal, KRTS, and KRT14, was increased by the transplantation
of Traf5~'~ donor cells (Fig. 2C). a-SMA, Collal, and KRT5
are biological markers for angiogenesis, fibroblast activation, and
keratinocyte proliferation, respectively. Thus, TRAF5 deficiency
in hematopoietic cells plays a dominant role for the accelerated
wound healing in recipient mice.

Elevated infiltration of pDC into injured skin of
TRAFS5-deficient mice

Next, to identify which hematopoietic cells are responsible for the
enhanced wound closure in Traf5~'~ mice, we analyzed cell
populations accumulated in wound tissues. At early time points
after wounding, significantly higher numbers of hematopoietic
cells were accumulated in the skin of Traf5 '~ mice (Fig. 3A). We
found that the accumulation of pDCs, macrophages, CD3" cells,

Col1a1

WT WT KO KO
WT KO WT KO WT

WT WT KO KO
KO WT KO

FIGURE 2. TRAFS5 in hematopoietic cells is important for wound healing. (A) Schematic diagram of a bone marrow transplantation model. (B) Per-
centages of the residual wound area in bone marrow-transplanted recipient mice on day 3 after wounding. (C) Expression of a-SMA, Collal, KRTS, and
KRT14 mRNAs in wound tissues at 72 h after wound injury. Data are from two pooled experiments (B) or are from one experiment representative of at least
three independent experiments with similar results (C) [mean = SEM of eight mice per genotype (total 48 wounds) (B); mean = SEM of three replicates

(O)]. *p < 0.05, **p < 0.01 by Student ¢ test.
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(B), and pDCs (C) in wound tissues from wild-type (WT) and knockout (KO) mice at the indicated time points after wounding. Numbers adjacent to the outline
areas indicate percentage of neutrophils (CD11b*Gr.1%) and pDCs (PDCA-1*B220*CD11¢™Ly-6C"). Staining with B220, CD11c, and Ly-6C Abs was used as
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wounds) (C)]. *p < 0.05, **p < 0.01, ***p < 0.001 by Student 7 test.

v/ T cells, but not neutrophils and conventional dendritic cells,
were significantly higher in Traf5 '~ mice as compared with wild-
type mice (Fig. 3B-D, Supplemental Figs. 1B, 3A, 3B). To ex-
amine the role of CD3" cells, we injected anti-CD3 mAb into
Traf5~'~ and wild-type mice to deplete CD3" cells and confirmed
effective depletion of CD3" cells in the spleen and skin tissues
from wild-type and Traf5 '~ mice (Supplemental Fig. 2A, 2B). In
the absence of CD3" cells, we observed no significant reduction in
wound closure (Supplemental Fig. 2C), indicating that infiltrating
CD3* cells in the skin have no major role in healing processes
at the early phase of wounding. Similarly, to evaluate the
role of macrophages in wound healing responses, we trans-
ferred wild-type or Traf5 '~ peritoneal macrophages into the
wounded skin of wild-type recipient mice. Although transfer
of Traf5 - macrophages appeared to promote the wound closure
compared with wild-type macrophages, transferred Traf5 '~
macrophages could not promote the wound healing in wild-type
mice (Supplemental Fig. 2D), suggesting that accumulated

macrophages do not have a critical effect in healing processes at
the early phase.

Finally, to examine the role of pDCs in wound healing re-
sponses, we adoptively transferred wild-type or Traf5 '~ pDCs
into the skin of wild-type recipient mice. Recipient mice with
Traf5~'~ pDCs led to acceleration of skin wound closure as com-
pared with recipient mice with wild-type pDCs and without pDC
transfer (Fig. 3E). These results suggest that rapid and en-
hanced accumulating pDCs are responsible for the accelerated
wound healing observed in Traf5 '~ mice.

The increased expression of CXCR3 on pDCs in
TRAFS5-deficient mice

It is known that the expression of skin-tropic chemokine receptors
plays an important role in cell infiltration to inflamed skin (23-25).
In the steady-state of nonwounded skin tissues, we observed
comparable small numbers of pDCs from wild-type and Traf5 '~
mice (day O in Fig. 3C). We thus hypothesized that the capacity of
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chemotaxis in Traf5 '~ pDCs might be enhanced after wounding.
We therefore measured the mRNA expression of chemokine re-
ceptors in pDCs from wild-type and Traf5 '~ mice and found that
the skin-tropic chemokine receptor CXCR3, which is important
for migratory function of pDCs (26-28), was more highly
expressed in Traf5~'~ pDCs than in wild-type pDCs (Fig. 4A). In
contrast, CCR2, CCRS, and CCR10, which are also important
chemokine receptors for cell migration into inflamed skin tissues,
were comparably expressed in wild-type and Traf5~'~ pDCs
(Fig. 4A). Indeed, the expression level of CXCR3 on Traf5 '~
pDCs and CXCR3" cell ratio in the pDCs were significantly
higher than those in wild-type pDCs (Fig. 4B, 4C), suggesting that
the expression of CXCR3 on pDCs is functionally relevant for
wound healing. To address it, we performed a trans-well migra-
tion assay that is dependent on CXCL chemokines induced by
IFN-v. The migration capacity of Traf5~'~ pDCs was significantly
higher than that of wild-type pDCs, and the addition of CXCR3
inhibitor AMG487 strongly blocked the cell migration in both
wild-type and Traf5~'~ pDCs (Fig. 4D). Importantly, wild-type
and Traf5~'~ mice treated with AMG487 displayed impaired
wound closure (Fig. 4E), showing that CXCR3-driven recruit-
ment of pDCs into wound skin plays a critical role for wound
healing responses and that the higher expression of CXCR3 on

A

TRAF5 REGULATES pDC FUNCTION BY CONTROLLING IRF5 EXPRESSION

Traf57/7 pDCs may facilitate the accelerated wound closure in
Traf5~'~ mice.

TRAF5 deficiency in pDC promotes TLR-mediated
inflammatory responses

pDCs recognize not only viral nucleotides but also self-nucleotides
from injured tissues through the TLR7 and TLR9 (7-9). Thus, it
might be possible that Traf5 '~ pDCs in injured skin produce
greater amounts of cytokines that promote wound healing and
accelerate wound repair at skin. We first measured the gene
expression levels of TLR7 and TLRY in pDCs from wild-type
and Traf5_/_ mice but found no difference (Fig. 5A). Second,
to examine whether TRAFS5 limits signaling activity of TLR7 and
TLRO9 in pDCs, pDCs were purified from spleen of naive wild-type
and Traf5 ~/~ mice and were stimulated with R848 (TLR7 ligand)
or CpG DNA (TLR9Y ligand). Although TRAF5 deficiency did
not affect the proliferation and survival of pDCs (Supplemental
Fig. 4A), Traf5~ '~ pDCs markedly upregulated the expression of
proinflammatory genes including IL-6, TNF-a, IFN-a, and IFN-$3
in response to R848 or CpG (Fig. 5B, 5C). These results suggest
that TRAF5 may inhibit the signaling activity of TLR7 and TLR9
in pDCs that plays a critical role for producing elevated amounts
of inflammatory cytokines required for the skin repair. In addition,
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TRAFS5 deficiency did not affect the canonical NF-kB pathway
induced by CpG as measured by the degradation of IkBa
(Supplemental Fig. 4B). Therefore, TRAF5 may negatively con-
trol a specific signaling pathway downstream of TLRs in pDCs
that is critical for inflammatory cytokine induction and is different
from the canonical NF-kB pathway.

IRFs play a pivotal role for induction of proinflammatory cy-
tokines in innate immune responses (29). In particular, IRF5 and
IRF7 are important factors to induce inflammatory responses
downstream of TLR7 and TLR9 (30-35). Previous studies showed
that Irf5 '~ bone marrow—derived dendritic cells produced lesser
amount of proinflammatory cytokines, including IL-6, TNF-«, and

type I IFN after ligation of TLRs (31, 33). We thus examined the
expression of IRF5 and IRF7 in pDCs. Importantly, quantitative
RT-PCR analysis demonstrated that Traf57/ ~ pDCs displayed
significantly larger amounts of IRF5 mRNA than did wild-type
pDCs (Fig. 5D). However, no significant change in IRF7 was
observed between wild-type and Traf57/7 groups (Fig. 5D).

IRF5 is predominantly located in the cytoplasm in resting cells
and translocates into the nucleus to activate gene transcription upon
certain stimulations (29). Indeed, IRF5 protein significantly ac-
cumulated in the nucleus of Traf5 '~ pDCs after stimulation with
CpG (Fig. SE). Therefore, the total and nuclear expression levels
of IRF5 are negatively controlled by TRAFS in pDCs.
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Upregulated proinflammatory and skin-tropic characteristics
of Traf5~'~ pDCs are dependent on IRF5

The in vitro results showed that TRAF5 deficiency caused TLR-
driven hyperactivation accompanied by higher expression and
activation of IRFS. To examine the mechanism, we prepared TRAFS-
expressing Traf57/7 pDC from Traf57/ ~ bone marrow cells that
were exogenously transduced with Traf5 cDNA by using a lentiviral
vector and then examined the expression levels of proinflammatory
cytokines and CXCR3 after stimulation with CpG. The expression of
TRAFS in Traf5 '~ pDCs largely rescued the abnormally elevated
expression of IRF5 and consequently downmodulated expressions
of IL-6, TNF-a, IFN-a, and IFN- genes and CXCR3 protein to
the level of those in wild-type pDCs (Fig. 6A—C). Because IRF5
activation directly induces proinflammatory cytokines (33), we hy-
pothesized that the elevated IRF5 by TRAFS deficiency may cause
the highly activated phenotype of Traf5 '~ pDCs. We thus knocked
down IRF5 gene in Traf5~'~ pDCs by a short-hairpin-RNA method.
As expected, IRF5 knockdown in Traf5 '~ pDCs expressing IRF5
shRNA (shIRF5) suppressed the increased expression of proin-
flammatory genes observed in Traf5 '~ pDCs (knockout or control)
(Fig. 6D). More importantly, IRF5 shRNA-expressing Traf5 '~ pDCs
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FIGURE 6. TRAF5 negatively regulate expression of 2
IRF5 and CXCR3. (A-C) Wild-type (WT) and knockout %é 800
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are presented as mean * SD. (D and E) Control and IRF5-
knockdown WT and KO FIt3L-pDCs were stimulated by
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expressed normal levels of CXCR3 (Fig. 6E). Collectively, TRAF5
plays a crucial role in inflammatory responses and migratory function
of pDCs probably by controlling IRF5 expression in pDCs.

Discussion

Although TRAFS has important regulatory functions in T and
B lymphocytes (17, 36), there is, to date, little understanding of
how TRAFS controls physiological functions of other cell types.
In this study, we found that a massive accumulation of pDCs was
observed in the skin of Traf5 '~ mice and that TRAF5 regulated
the function of peripheral pDCs by limiting the expression of a
skin-tropic chemokine receptor CXCR3 and TLR7/9-induced in-
flammatory gene expression, which are mediated by IRF5 ex-
pression and activation. Thus, in this study, we have uncovered a
previously unknown regulatory function of TRAF5 in pDCs that
may be relevant for the skin wound healing.

One possible explanation for the enhanced wound healing
responses in Traf5 '~ mice would be caused by the increased
expression of CXCR3 in Traf5 '~ pDCs, which can support the
accumulation of circulating pDCs into the inflamed skin tissues. A
C-X-C chemokine receptor, CXCR3 is involved in cell migration
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into inflamed sites via binding to IFN-y-inducible chemokine li-
gands, such as CXCL9, CXCL10, and CXCL11 (37-40), and the
expression of CXCR3 plays an important role in controlling the
function of macrophages and pDCs (26-28, 41, 42). Indeed,
CXCR3-deficient mice exhibited impaired skin wound healing
responses (43). Our flow cytometric analysis clearly demonstrated
that Traf5 '~ pDCs displayed increased CXCR3 as compared
with wild-type pDCs. Although some controversies exist regard-
ing the functional outcome of the interaction between CXCR3
receptor and its ligands (26, 27, 44), we could confirm an im-
portant function of CXCR3 expressed by pDCs for cell migration
using trans-well migration assay. In our model, IFN-y—stimulated
mouse embryonic fibroblast cells may produce any factors other
than CXCR3 ligands, but migration of pDCs via CXCR3
is presumed to be functional, as it was blocked by inhibiting
CXCR3 by treatment of AMG487. Additionally, administration of
CXCR3 inhibitor AMG487 strongly blocked skin wound healing
responses.

The ability of pDCs to sense skin injury during wound healing
has been reported (16). pDCs accumulate at the inflamed site in
response to cathelicidin peptides secreted from injured skin tissues
and produced high amount of type I IFN, leading to promoting
skin wound healing (16). In the study, cathelicidin peptides were
shown to be secreted by injured tissues ~24 h after wounding.
However, our results demonstrated that pDCs migrated into
wounded area in Traf5 '~ mice just within 3 h after wounding.
Therefore, enhanced pDC accumulation in the skin of Traf5 '~
mice may not be explained by cathelicidin secretion in terms of
time course. We found high expression of CXCR3 on Traf5 '~
pDCs. Because keratinocytes produce ligands of CXCR3, such as
CXCL9, CXCL10, and CXCL11 (45, 46), TRAF5-controlled ac-
cumulation of pDC might be dependent on CXCR3 ligands rather
than cathelicidin.

We found that in vitro exogenous expression of TRAF5
in Traf5~'~ pDC population recovered normal expression of
CXCR3 as compared with that on wild-type pDCs. In addition,
IRF5 knockdown in Traf5~'~ pDCs significantly downregulated
CXCR3 expression, suggesting a regulatory role of TRAFS5 in
CXCR3 expression, that is, in part, IRFS dependent. Thus, this
is a new finding showing the functional link between TRAFS
and IRF5 in immune responses. However, further analysis is
needed to elucidate the relationships.

TRAF family molecules play important roles in TLR signaling
pathways. pDCs, which selectively equip TLR7 and TLR9, pro-
duce type I IFN in response to viral invasion and contribute
to clearance of virus (6-9). pDCs can also secrete both proin-
flammatory and anti-inflammatory cytokines by sensing virus- and
self-derived nucleic acids (9—11). TRAF3 serves as a critical TLR
adaptors and regulates downstream regulatory kinases important
for IRF7 activation to induce type I IFN (47). TRAF6 also re-
quired for the activation of IRF5 and IRF7 via signalosome, in-
cluding MyD88 and IRAKSs, to induce inflammatory cytokines
(30-32, 34, 35, 48). TRAFS expressed by B cells negatively reg-
ulates TLR7/9-mediated IL-6 and TNF-a production and ERK/JNK
signaling by controlling the association of TAB2 with TRAF6
without affecting proliferation, survival, and NF-kB activation (36).
In this study, as previously shown in Traf5 '~ B cells, we demon-
strated that Traf5 '~ pDCs also produced higher amounts of IL-6 and
TNF-a in response to ligands for TLR7 and TLR9Y. Interestingly,
Traf5'~ pDCs displayed increased expression of IRF5, but not IRF7,
in steady-state and after TLR stimulation (data not shown). IRF5
positively regulates proinflammatory cytokines IL-6 and TNF-a
(29, 31). Actually, IRF5 knockdown in Traf5 '~ pDCs led to normal
expression of inflammatory genes as compared with wild-type pDCs
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(Fig. 6D). Thus, it is tempting to speculate that TRAF5 negatively
controls signaling activity of IRFS downstream of TLR7/9 in pDCs,
which may be critical for augmenting IRF5-driven inflammatory
events mediated by pDCs.

In summary, we have revealed an important molecular function
of TRAFS5 that regulates pDC activity via CXCR3 and IRFS5. This
study demonstrates a novel mechanism in skin inflammation and
wound repair and will provide a new therapeutic approach for the
treatment of inflammatory and autoimmune diseases.
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