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B lymphocyte-induced maturation protein-1 (Blimp-1) is a tran-
scriptional repressor important for the differentiation and function
of several types of immune cells. Because skin serves as a physical
barrier and acts as an immune sentinel, we investigated whether
Blimp-1 is involved in epidermal immune function. We show that
Blimp-1 expression is reduced in skin lesions of some human eczema
samples and in stimulated primary keratinocytes. Epidermal-specific
deletion of PR domain containing 1, with ZNF domain (Prdm1),
the gene encoding Blimp-1, in adult mice caused spontaneously
inflamed skin characterized by massive dermal infiltration of neu-
trophils/macrophages and development of chronic inflammation
associated with higher levels of cytokines/chemokines, including
granulocyte colony-stimulating factor (G-CSF), and enhanced mye-
lopoiesis in bone marrow. Deletion of Prdm1 in the epidermis of
adult mice also led to stronger inflammatory reactions in a tape-
stripping test and in a disease model of contact dermatitis. The
elevated G-CSF produced by keratinocytes after deletion of Prdm1
in vitro was mediated by the transcriptional activation of FBJ os-
teosarcoma oncogene (Fos) and fos-like antigen 1 (Fosl1). Systemic
increases in G-CSF contributed to the inflammatory responses, be-
cause deletion of the G-CSF gene [colony stimulating factor 3, (Csf3)]
prevented neutrophilia and partially ameliorated the inflamed skin
in Prdm1-deficient mice. Our findings indicate a previously unre-
ported function for Blimp-1 in restraining steady-state epidermal
barrier immunity.

Skin of higher organisms is composed mainly of keratinocytes
and provides a physical barrier between the body and envi-

ronment. Many chronic inflammatory diseases of the skin are as-
sociated with dysregulation of immune responses (1), but the
precise underlying molecular mechanisms are poorly understood.
In vivo, epidermal keratinocytes produce basal levels of IL-1α
sufficient to initiate cutaneous inflammation (2). Accumulating
evidence indicates that in both the basal and diseased states,
keratinocytes produce many other cytokines/chemokines, in-
cluding IL-6, IL-10, and TNF-α (1), which recruit immune cells to
the epidermis/dermis and initiate inflammation. In line with their
ability to secrete cytokines/chemokines, epidermal keratinocytes
express several Toll-like receptors (1), arguing for an autonomous
role for keratinocytes in sensing danger signals to initiate in-
flammatory responses. In humans, keratinocytes in allergic skin
appear to be activated before immune cells (eg, T cells) enter the
skin (3), again supporting the notion that skin plays an active role
in controlling immune responses. How transcriptional regulation
orchestrates the expression of inflammatory genes in the epidermis
is unclear, however.
B lymphocyte-induced maturation protein-1 (Blimp-1) is an

important transcriptional repressor involved in the regulation of
differentiation and function of many types of immune cells (4).
Blimp-1 negatively regulates several cytokine/chemokine genes,
including Il6, C-C chemokine ligand 2 (Ccl2), Ccl3, Ccl4, and Il2,
in immune cell lineages (5–7). Of note, Blimp-1 is also expressed

in various mouse epithelial tissues, including the epidermis (8, 9).
Lineage-specific deletion of PR domain containing 1, with ZNF
domain (Prdm1), the gene encoding Blimp-1, in the epithelium
during mouse development causes defects in the terminal dif-
ferentiation of epidermal keratinocytes and delayed barrier for-
mation (9). Newborn mice deficient in Prdm1 in epithelial tissues
display abnormal cornified layers and expanded granular layers,
possibly resulting from increased cell proliferation (9). Several
genes, including FBJ osteosarcoma oncogene (Fos), nuclear fac-
tor of activated T-cells 5 (Nfat5), and Prdm1, are directly re-
pressed by Blimp-1 in keratinocytes (9). Blimp-1 is also expressed
in the unipotent stem cells residing in sebaceous glands. These
cells also belong to the epidermal lineage and are required for
sebaceous gland maintenance (10). Whether Blimp-1 has an
immunologic role in adult epidermis is unknown, however. In the
present study, adult mice carrying floxed Prdm1 alleles were
subjected to inducible and conditional deletion in the epi-
dermis and used to study the immunologic role of Blimp-1 in
the epidermis.

Results
Blimp-1 Expression in Normal and Diseased Human Skin. To examine
whether Blimp-1 is involved in immunologic reactions in adult
skin, we assessed Blimp-1 expression with immunohistochemistry
(IHC) staining of normal and diseased human skin sections.
Consistent with a previous report (9), compared with skin stained
with the isotype control antibody (Fig. 1A), normal skin showed
intense Blimp-1–specific staining in granular layer cells (Fig. 1B).
Interestingly, Blimp-1 expression was reduced in skin sections
with dyshidrotic eczema (Fig. 1C), autoeczematization dermatitis
(Fig. 1D), and nummular eczema (Fig. 1E). Approximately 47%
of the unclassifiable eczema skin samples showed decreased
Blimp-1 expression (Fig. 1F). Furthermore, Blimp-1 protein lev-
els (Fig. 1G), but not mRNA levels (Fig. S1A), were reduced in
human and mouse primary keratinocytes in response to LPS or
TNF-α stimulation. This altered expression of Blimp-1 in human
eczematous skin prompted us to examine the physiological role of
Blimp-1 in adult mouse keratinocytes.
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Inducible Deletion of Prdm1 in Adult Mouse Keratinocytes. To ex-
amine whether Blimp-1 has an immunoregulatory function in the
adult epidermis in vivo, we generated mice with floxed Prdm1

alleles (Prdm1f/f) that expressed Cre recombinase fused with the
mutated ligand-binding domain of the estrogen receptor (CreER)
under control of the bovine keratin 5 promoter (K5-CreER).
Conditional knockout (CKO) of Prdm1 in adult mouse epidermis
is achieved in the presence of 4-hydroxytamoxifen (4OHT), which
induces the nuclear translocation of CreER that is specifically
expressed in basal layer keratinocytes. Quantitative PCR (qPCR)
using genomic DNA from isolated keratinocytes from the tail skin
of 4OHT-injected Prdm1f/f, K5-CreER− [control (Ctrl)] mice, and
Prdm1f/f, K5-CreER+ (CKO) mice showed that ∼80% of Prdm1
alleles were effectively deleted in CKO keratinocytes (Fig. S1B,
Left). Deletion of Prdm1 appears to be specific to keratinocytes,
given that Prdm1 alleles remained intact in bone marrow (BM)
macrophages/neutrophils and splenic T and B cells of CKO mice
(Fig. S1C). Quantitative RT-PCR (qRT-PCR) using mRNA from
tail skin keratinocytes of Ctrl and CKO mice demonstrated that
less than 20% of Blimp-1 mRNA remained in CKO keratinocytes
(Fig. S1B, Right).
We next measured Blimp-1 protein levels by immunoblot anal-

ysis using lysates of cultured primary keratinocytes from the tail skin
of Ctrl and CKO mice. As expected, Blimp-1 protein was barely
detectable in CKO keratinocytes (Fig. 2A). IHC staining confirmed
that Blimp-1 signals were detected in the granular layers in Ctrl
skin, but not in CKO skin (Fig. S1D). These data demonstrate that
Blimp-1 was efficiently depleted in CKO adult epidermis.

CKO Mice Exhibit Alopecia, Ulceration, and Inflammation in Neck Skin.
Starting at 3 mo after 4OHT injection, CKO mice spontaneously
lost hair in the neck area (Fig. S1E). At 4 mo postinjection, the
neck skin of CKO mice became scaly and erythematous, accom-
panied by alopecia; at 6–7 mo postinjection, the neck skin de-
veloped lesions and ulcers (Fig. S1E). In addition, CKO mice had
enlarged spleens and cervical lymph nodes compared with Ctrl
mice, but the other lymph nodes were slightly larger than or in-
distinguishable from those of Ctrl mice (Fig. S1F).
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Fig. 1. Expression of Blimp-1 in human epidermis and stimulated keratino-
cytes. (A–E) Immunohistochemical staining of human skin sections with isotype
control antibody, mouse IgG (A) or with anti–Blimp-1 (B–E) or from indi-
viduals with normal skin (A and B), dyshidrotic eczema (C), autoeczemati-
zation dermatitis (D), or nummular eczema (E). Each dashed line denotes the
epidermis–dermis boundary. Arrows indicate Blimp-1+ cells. (Scale bar: 100 μm.)
(F) Relative expression of Blimp-1 from unclassified eczema skin samples (n =
19) compared with normal skin. Eczema skin sections that contained areas
of both increased and decreased Blimp-1 were categorized as complex. (G)
Immunoblots showing reduced Blimp-1 protein in human (Left) and mouse
(Right) primary keratinocytes treated with LPS (5 μg/mL) or TNF-α (50 ng/mL),
or untreated (−), for 24 h; results are representative of three experiments.
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Fig. 2. Deletion of epidermal Prdm1 in adult mice leads to spontaneous development of skin inflammation and sensitized skin. (A) Deletion of Prdm1 alleles
at 2 mo after i.p. injection of 4OHT followed by immunoblotting with anti–Blimp-1 of cultured keratinocytes derived from tail skin of Ctrl or CKO mice. (B–K)
At 6 mo after 4OHT injection, H&E staining of neck skin sections from CKO mice (C and E) showed inflamed skin compared with control (Ctrl) mice (B and D).
Immunohistochemical (F and G) or immunofluorescence (H–K) staining of neck skin from Ctrl (F, H, and J) and CKO (G, I, and K) mice using antibodies specific
for Gr-1 (F and G), CD4 (H and I), and F4/80 (J and K). (L–N) At 2 mo after 4OHT injection, Ctrl and CKO mice were used for contact hypersensitivity tests. H&E
staining shows ear sections of Ctrl (L) and CKO (M) mice after rechallenging with DNFB for 24 h. The extent of ear swelling was determined by comparing
changes in ear thickness before and after challenges (N) (Ctrl, n = 8; CKO, n = 9). (O–R) H&E staining of back skin sections from Ctrl and CKO mice at 2 d after
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Histological examination with H&E staining of skin biopsy
sections revealed that, compared with Ctrl mice (Fig. 2 B and D),
CKOmice had a thickened epidermis characterized by hyperplasia
in the basal layer, spinous layer, and granular layer keratinocytes
(Fig. 2 C and E). Moreover, the normal basket-weave feature of
the stratum corneum was disrupted and replaced by hyperkeratosis
in CKO mice (Fig. 2E). The enhanced skin thickness was not due
to perturbation of epidermal differentiation in CKOmice, because
IHC staining showed a similar distribution of epidermal markers
of various stages of differentiation, including keratin (K) 5, K1,
and loricrin, in Ctrl and CKO neck skin (Fig. S2A). The extent of
apoptosis, as determined by TUNEL staining, was also comparable
in Ctrl and CKO skin (Fig. S2B); however, CKO epidermis
exhibited slightly increased expression of Ki67, a marker of cell
proliferation (Fig. S2C). Of note, the thickened dermis of CKO
mice exhibited dilated vessels and numerous inflammatory cells
penetrating the dermis, which were mainly granulocytes and lym-
phocytes (Fig. S3 A and B). In some cases, nucleated corneocytes
(parakeratosis) and increased sebaceous gland size were seen in
CKO neck skin sections (Fig. S3 C and D). IHC staining showed
markedly enhanced signals for Gr-1, a neutrophil marker, in the
CKO dermis (Fig. 2G) compared with Ctrl dermis (Fig. 2F). In
parallel, immunofluorescence staining for CD4 and the macro-
phage marker F4/80 demonstrated a slight increase in the number
of CD4+ T cells (Fig. 2I), but a significantly greater number of
inflammatory macrophages in the CKO dermis (Fig. 2K), com-
pared with Ctrl dermis (Fig. 2 H and J). Increased numbers of
granulocytes, macrophages, and CD4+ T cells in CKO dermis were
further confirmed by quantification (Fig. S3E).

CKO Mice Develop a More Severe Skin Inflammatory Response Caused
by 2,4-Dinitrofluorobenzene and Tape Stripping.Most mouse models
of skin inflammatory diseases exhibit globally abnormal skin, but
some models show effects predominantly in the neck and facial
areas because the skin in these areas may be subjected to more
frequent stimulatory stress, such as scratching, which can exac-
erbate symptoms. Neck skin was predominantly affected in the
CKO mice, prompting us to examine whether other skin areas of
the CKO mice were also predisposed to inflammatory reactions
or mechanical stress. After challenging the presensitized Ctrl and

CKO mice with 2,4-dinitrofluorobenzene (DNFB) to induce
contact hypersensitivity that mimics human contact dermatitis, we
found that, compared with ear sections of Ctrl mice (Fig. 2L),
H&E staining of the ears of CKO mice showed enhanced dermal
infiltration of inflammatory cells (Fig. 2M); CKO mice also dis-
played increased ear thickness (Fig. 2N). Similarly, enhanced
epidermal thickness and exacerbated inflammation were found
on CKO back skin after tape stripping (Fig. 2R) compared with
untouched back skin from Ctrl (Fig. 2O) and CKO (Fig. 2P) mice
and back skin from Ctrl mice after tape stripping (Fig. 2Q). Thus,
CKO skin had a higher propensity to develop an immune reaction
on epicutaneous antigen sensitization and stress, and the symp-
toms were not restricted to the neck area.

Keratinocyte-Specific Prdm1-Deficient Mice Exhibit Aberrant Immune
Responses. Given our finding of neutrophil- and macrophage-
dominated inflammatory infiltrates in the skin of CKO mice, we
next examined whether these responses were linked with the ab-
normal immune responses. In peripheral blood, the WBC count
was similar in Ctrl and CKO mice, but the CKO mice had signifi-
cantly higher numbers of neutrophils and monocytes (Fig. 3A).
Similarly, the frequency of Mac-1+Gr-1+ neutrophils was also in-
creased in CKO spleen at the time when the skin symptoms became
apparent (Fig. 3B). More strikingly, and unexpectedly, beginning
with the onset of skin disease, a significant expansion of neutrophils
was detected in the BM of CKO mice compared with Ctrl mice
(Fig. 3B). At 6 mo after 4OHT injection, neutrophils appeared to
dominate hematopoiesis in the BM of CKO mice (Fig. 3B).
Regarding adaptive immune responses, after the onset of

skin disease, the numbers of CD4+ T, CD8+ T, and B220+ B cells
in the spleen decreased in CKO mice, owing to the increased
numbers of neutrophils (Fig. S4 A and B). Of note, the numbers
of CD62L+CD44lo naïve CD4+ and CD8+ T cells were reduced
in CKO spleen and cervical lymph nodes (Fig. S4 C and D).
In addition, CKO mice exhibited an increased frequency of
B220loCD138+ plasma cells in the secondary lymphoid organs
(Fig. S4E), in agreement with the increased amounts of IgG2a,
IgG2b, and IgE isotypes in CKO mouse sera (Fig. S4F). Thus,
Blimp-1 deficiency in keratinocytes led to aberrant chronic im-
munologic reactions, including greatly enhanced granulopoiesis
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in the BM, increased neutrophils and monocytes in the periphery,
and more active adaptive immune responses.

Increased Expression of Cytokines/Chemokines in Prdm1-Deficient
Keratinocytes. To understand the mechanisms underlying sponta-
neous skin inflammation in CKO mice, we used microarrays to
examine the differential gene expression profiles of keratinocytes
with deleted or WT Prdm1. Keratinocytes isolated from Prdm1f/f,
K5-CreER+ mice cultured in the presence of 4OHT showed ef-
fective deletion of Prdm1 in vitro (Fig. S5A). Ethanol (EtOH)
solvent-treated keratinocytes from Prdm1f/f, K5-CreER+ mice and
4OHT- or EtOH-treated keratinocytes from Prdm1f/f, K5-CreER−

mice were used as controls. Microarray analyses revealed 93 up-
regulated genes and 109 down-regulated genes that were altered
by more than twofold in the mice with deleted Prdm1 (Tables S1
and S2). Genes that showed the most significant changes after
normalization to the Prdm1f/f, K5-CreER− + EtOH group were
arranged using heat map analysis (Fig. 3C). We found several
corneocyte-related genes, including repetin (Rptn), late cornified
envelope (Lce) 1f, keratin 1 (Krt1), and Lce1d., that were signifi-
cantly down-regulated on Prdm1 deletion in vitro. Interestingly,
among the top 12 up-regulated genes, in addition to a known
Blimp-1 target gene, Fos (7), we identified four genes encoding
cytokines/chemokines, C-X-C chemokine ligand (Cxcl) 1, Cxcl2,
Cxcl5, and Il24, each of which encodes a neutrophil/macrophage
attractant (11).
We next analyzed a panel of cytokine/chemokine transcripts

using cDNA from Prdm1-deleted keratinocytes. Several other
cytokine/chemokine genes not present in our microarray data,
including Csf3, Il1a, Il1b, and Tnf, were also up-regulated in
Prdm1-deleted keratinocytes (Fig. 3D). We confirmed that the
mRNA levels of Cxcl1, Cxcl2, Cxcl5, and Il24 in the microarray
were increased on deletion of Prdm1 in vitro (Fig. 3D). A Luminex
assay revealed secretion of the foregoing cytokines/chemokines,
including granulocyte colony-stimulating factor (G-CSF), IL-1α,
and C-X-C chemokine ligand 1 (CXCL-1), into the culture medium
(Fig. S5B). Furthermore, CKO mice exhibited significantly in-
creased levels of G-CSF and CXCL-1 (Fig. 3E), as well as IL-17
and IL-1β (Fig. S5C), in serum. Thus, keratinocytes lacking
Blimp-1 showed increased secretion of cytokines/chemokines.

Blimp-1 Indirectly Regulates Csf3 in Keratinocytes by Repressing Fos
and Fosl1. We next studied whether the foregoing cytokine/
chemokine genes are repressed by Blimp-1 in cultured kerati-
nocytes transduced with a lentiviral vector encoding Blimp-1
fused with GFP (Blimp-1–GFP) or GFP alone. As demonstrated
by qRT-PCR, most of these cytokine/chemokine transcripts, in-
cluding Csf3, Cxcl1, Cxcl5, Il24, and Il1b, were suppressed by
Blimp-1–GFP in keratinocytes compared with the GFP control
(Fig. 4A). We detected several potential Blimp-1 consensus bind-
ing sites (12) spanning 5 kb upstream or downstream of the tran-
scriptional start site of these cytokine/chemokine genes (Fig. S6A).
ChIP results showed that Blimp-1 binds to a known Blimp-1 target
gene, Fos, in keratinocytes (9), as expected (Fig. S6B). However,
no significant binding of Blimp-1 to the candidate cytokine/che-
mokine genes was detected compared with the negative control
locus, snail3 (9) (Fig. S6B), suggesting that these cytokine/chemo-
kine genes may be indirectly regulated by Blimp-1.
Because Blimp-1 directly suppresses Fos, and activator pro-

tein 1 (AP-1) family proteins are involved in the transcriptional
regulation of numerous cytokine genes in inflammatory skin
diseases (13), we analyzed the mRNA levels of AP-1 family
members in Prdm1-deleted keratinocytes. In addition to Fos, the
expression of another AP-1 family gene, Fosl1, was increased in
Prdm1-deleted keratinocytes in our microarray (Table S1). In-
deed, the ChIP assay showed that Blimp-1 binds to at least two
sites in the Fosl1 locus in keratinocytes (Fig. S6B). The mRNA
levels of Fos and Fosl1 (Fig. 4B), but not of other genes (Fig. S7A),
were increased in Prdm1-deleted keratinocytes. Accordingly, FBJ
osteosarcoma oncogene (c-Fos) and fos-related antigen 1 (Fra-1)

proteins (encoded by Fos and Fosl1, respectively) were increased
in Prdm1-deleted keratinocytes (Fig. S7B).
We next asked whether Blimp-1 indirectly suppresses these cy-

tokine/chemokine genes through c-Fos or Fra-1. To do so, we
conducted a luciferase reporter assay using a luciferase reporter
carrying the−3,886 to+20 region of theCsf3 promoter. In primary
keratinocytes, activity of the Csf3 promoter-driven luciferase re-
porter was reduced when a known AP-1–binding site (14) was
mutated (Fig. 4C). In the presence of exogenous Blimp-1, c-Fos, or
Fra-1 (Fig. S7 C and D), Csf3 promoter-driven luciferase activity
was suppressed by Blimp-1 in a dose-dependent manner (Fig. 4D),
but was enhanced by c-Fos or Fra-1 (Fig. 4E). The suppressive
effect of Blimp-1 on the Csf3 promoter was compensated for by
c-Fos or Fra-1 (Fig. 4E), suggesting thatCsf3 is indirectly repressed
by Blimp-1 via down-regulation of AP-1 family genes. Fur-
thermore, de-repression of Fos and Fosl1 after Prdm1 deletion in
keratinocytes appears to be crucial for the enhanced production of
cytokines/chemokines, given that knockdown of Fos, Fosl1, or both
by lentiviral vectors in Prdm1-deleted keratinocytes (Fig. S7E)
dampened the increasedCsf3 expression (Fig. 4F) and affected the
expression of other cytokines/chemokines (Fig. S7F).

G-CSF Is Responsible for the Systemic Neutrophilia in CKO Mice. We
next investigated the role of G-CSF in Blimp-1 deficiency-induced
skin inflammation and systemic granulopoiesis, because elevated
expression was prominently detected in CKO sera (Fig. 3E). CKO
mice were bred with Csf3-deficient mice to create double-KO
(DKO) mice. As expected, the increased number of neutrophils
in peripheral blood was reduced in DKO mice compared with
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Fig. 4. Blimp-1 indirectly regulates G-CSF expression by suppressing Fos and
Fosl1. (A) Keratinocytes from neonatal mice were cultured and transduced
with lentiviral vectors expressing Blimp-1–GFP or GFP for 2 d. The expression
of the indicated genes was analyzed with qRT-PCR. Data were normalized to
levels of the internal control, Actb, and are presented as the ratio of the
indicated genes in Blimp-1–GFP to GFP-expressing keratinocytes. (B) qRT-PCR
of Fos and Fosl1 mRNA levels using RNA prepared from keratinocytes cul-
tured as described in Fig 3C. (C) A dual-luciferase reporter assay conducted in
primary keratinocytes to compare the activities of the Csf3 promoter con-
taining either the WT or the mutated (Mut) AP-1–binding element. (D and E)
Dual-luciferase reporter assays of Csf3 promoter activities. Firefly luciferase
reporter driven by the WT Csf3 promoter was used in a cotransfection ex-
periment with Blimp-1 (D) or the indicated expression vectors (E) into pri-
mary keratinocytes. Here “−” indicates transfected with empty vector. (F)
qRT-PCR of Csf3 mRNA from keratinocytes treated with EtOH or 4OHT at 5 d
after transduction with lentiviral vectors producing control shRNA (shCtrl),
shRNA against Fos (shFos), shRNA against Fosl1 (shFosl1), or shRNA against
both Fos and Fosl1 (shF+F). Here “1” and “2” represent two different
shRNAs used. Data are mean ± SEM (n ≥3 in all panels). *P < 0.05.

Chiang et al. PNAS | April 16, 2013 | vol. 110 | no. 16 | 6479

IM
M
U
N
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219462110/-/DCSupplemental/pnas.201219462SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219462110/-/DCSupplemental/pnas.201219462SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219462110/-/DCSupplemental/pnas.201219462SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219462110/-/DCSupplemental/pnas.201219462SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219462110/-/DCSupplemental/pnas.201219462SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219462110/-/DCSupplemental/pnas.201219462SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219462110/-/DCSupplemental/pnas.201219462SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219462110/-/DCSupplemental/pnas.201219462SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219462110/-/DCSupplemental/pnas.201219462SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219462110/-/DCSupplemental/pnas.201219462SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219462110/-/DCSupplemental/pnas.201219462SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219462110/-/DCSupplemental/pnas.201219462SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219462110/-/DCSupplemental/pnas.201219462SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219462110/-/DCSupplemental/pnas.201219462SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219462110/-/DCSupplemental/pnas.201219462SI.pdf?targetid=nameddest=SF7


Ctrl and CKO mice (Fig. 5A). In addition, the numbers of neu-
trophils in spleen and BM of DKO mice decreased to levels
comparable to those in Ctrl mice (Fig. 5B). Interestingly, inflam-
matory skin lesions were partially ameliorated, owing to a thinner
epidermis and fewer infiltrating immune cells, including lympho-
cytes, in DKO skin compared with CKO skin (Fig. 5C). Therefore,
increased G-CSF production apparently can be attributed, at least
in part, to the inflammatory symptoms in CKO mice.

Discussion
The etiology of skin inflammatory disorders is poorly understood.
In particular, whether skin inflammatory diseases result primarily
from dysregulation of immune cells or of epidermal keratinocytes
remains controversial (1, 15). We found that ablation of Prdm1 in
keratinocytes triggered the release of several cytokines/chemo-
kines, suggesting that Blimp-1 in the epidermis may participate in
restraining immunologic responses under basal conditions. Sup-
porting this hypothesis, in some cases of clinical eczema, Blimp-1
expression was reduced even though granular layers were thick-
ened. We do not know why some eczema cases exhibited increased
Blimp-1 levels, however; it may reflect the etiologic complexity of
skin inflammatory diseases or perhaps a secondary effect. Our
findings are also consistent with a previous report suggesting that
Prdm1 deletion in keratinocytes during mouse development trig-
gered skin lesions that might have resulted from the mice scratching
irritated/itchy skin areas (9). Furthermore, CKOmice demonstrated
more severe immune responses in the DNFB-induced contact hy-
persensitivity experimental model and the tape-stripping test,
indicating that the absence of Blimp-1 in the epidermis may
predispose to inflammatory reactions.
Interestingly, Blimp-1 protein levels in keratinocytes were

reduced after treatment with LPS or TNF-α; this reduction
seems to reflect regulation via a posttranscriptional mechanism,
given the lack of significant change in Blimp-1 mRNA levels in
keratinocytes after each treatment. This finding is also unique
for keratinocytes, because signaling through Toll-like receptors

and cytokine receptors is known to increase Blimp-1 mRNA and
protein in several other cell types, including T cells, B cells, and
dendritic cells (6, 16, 17).
Our CKO mice developed a complex immune response in-

cluding increased serum levels of IgG2a, IgG2b, and IgE. More-
over, the in vitro deletion of Prdm1 led to increased expression of
several cytokine/chemokine genes, including Csf3, Cxcl1, Il1a,
Il1b, Tnfa, Cxcl2, Cxcl5, and Il24, along with significantly increased
serum G-CSF and CXCL-1 levels, in CKO mice. These findings
indicate the development of enhanced innate immune responses,
because all these cytokines/chemokines are associated with the
activation or recruitment of macrophages/neutrophils. Inducible
expression of PKC family members, such as PKCe or PKCα, in the
epidermis leads to the development of systemic neutrophilia and
increased levels of chemoattractants for neutrophils and macro-
phages, including CXCL-1 and G-CSF (18, 19), and this situation
most resembles the innate immune responses of CKO mice in
the present study. Interestingly, CKO mice showed some similar
features of an orphan disease known as Sweet syndrome, which
involves neutrophilic dermatosis and systemic neutrophilia and
is associated with elevated serum G-CSF and IL-6 levels (20–22).
Moreover, some patients with Sweet syndrome also have an in-
flammatory bowel disease, such as Crohn disease or ulcerative co-
litis (22). T-cell–specific Prdm1-deficient mice develop inflammatory
bowel disease (23). However, although Il-6 is directly suppressed by
Blimp-1 in dendritic cells (6), and IL-6 mRNA levels were increased
in CKO neck skin (Fig. S5D), Prdm1 deletion in keratinocytes did
not affect IL-6 mRNA expression (Fig. 3D), arguing against Il-6
as a direct target of Blimp-1 in keratinocytes. Nevertheless, the
determination of whether genetic alternation of Blimp-1 path-
ways is associated with human inflammatory diseases requires
future genome-wide analysis.
In addition to genes encoding chemoattractants for neutrophils

and macrophages, among the genes differentially expressed in our
microarray study, Fos and Fosl1 are direct targets of Blimp-1. In-
creased FBJ murine osteosarcoma viral oncogene (v-Fos) expres-
sion in a transgenic mouse model results in hyperplasia and
hyperkeratosis (24). Other up-regulated genes, such as follistatin
(Fst), myelin and lymphocyte protein (Mal), and amphiregulin
(Areg), are involved in regulating epidermal proliferation (25–27).
Pleckstrin homology-like domain, family A, member 1 (Phlda1) is
a putative epithelial cell marker (28). Cystatin M/E (Cst-6) is ab-
normally expressed in human skin diseases, such as atopic derma-
titis and psoriasis (29). Regarding the down-regulated genes,
repetin (Rptn) is an epidermal differentiation protein (30), and
Matrillin-2 (Matn2) is involved in wound healing (31). Late corni-
fied envelope (Lce) is a stratum-corneum protein involved in bar-
rier formation (32). Galectin-9 (Lgals9) reduces Th1-mediated skin
inflammation and thus inhibits contact hypersensitivity and psori-
atic reactions in experimental animal models (33). The absence of
Blimp-1 in keratinocytes, leading to altered expression of the
foregoing genes, may account for the abnormal growth and corni-
fication of keratinocytes, as well as skin inflammation.
G-CSF, a proinflammatory cytokine, regulates neutrophil acti-

vation, recruitment, and homeostasis (34) and can promote kera-
tinocyte proliferation (35). We reasoned that G-CSF–mediated
excessive infiltration of neutrophils to the dermis is related, at least
in part, to the pathology in CKO mice. Csf3 deletion did not fully
abrogate skin inflammation in CKOmice, however, suggesting that
additional effectors may participate in skin inflammation induced
by ablation of Blimp-1. Although Blimp-1 can reduce the ex-
pression of G-CSF, our ChIP assay did not detect direct binding
of Blimp-1 to Csf3. Csf3 is suppressed by JunB (14). In our
case, JunB apparently did not contribute to the increased G-CSF
levels in CKO mice, given that the expression of JunB was un-
changed in Prdm1-deleted keratinocytes. Fos and Fosl1 are directly
regulated by Blimp-1 and contribute to elevated levels of cytokines/
chemokines, especially G-CSF, in CKO keratinocytes. In contrast
to a previous report demonstrating that the AP-1–binding site of
the Csf3 promoter, which is located in the −652 to −646 region,
negatively regulates Csf3 transcription (14), we found that this site
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was induced by c-Fos and Fra-1. This discrepancy may be related to
the differing compositions of AP-1 family members resulting from
the deletion of different genes in the two studies. Along with its
regulation by Blimp-1, Csf3 induced by activated c-Fos can be
controlled by metalloproteinase 17 (ADAM17)−Notch pathways
(36), suggesting that multiple pathways may be involved in cytokine
synthesis and immune barrier maintenance.

Materials and Methods
Mice and Reagents. Prdm1f/f mice (37) were bred with K5-CreER mice (38) on
a mixed 129SvJ/C57BL/6 background. Sex-matched Prdm1f/f, K5-CreER+ and
littermate control mice (4–5 wk old) were injected i.p. three times over 3 d
with 4–5 mg/kg body weight 4OHT (Sigma-Aldrich) in 0.25 mL of sunflower
seed oil. Here we refer to Prdm1f/f, K5-CreER+ and littermate control mice
that received 4OHT injection as CKO and Ctrl mice, respectively. To generate
mice deficient in both Blimp-1 and G-CSF, we crossed Prdm1f/f, K5-CreER+/−

mice with Csf3-deficient mice (kindly provided by Dr. Margaret L. Hibbs,
Ludwig Institute for Cancer Research, Victoria, Australia) (39). Detailed in-
formation on maintenance of mice and cell lines is provided in SI Materials
and Methods.

Isolation and Culture of Primary Keratinocytes. Primary human, neonatal
mouse, and adult mouse tail keratinocytes were prepared as described
previously (40). Details are provided in SI Materials and Methods.

Histology, Immunofluorescence, and IHC Staining. Mouse skin samples were
fixed in 10% (vol/vol) phosphate-buffered formalin, embedded in paraffin,
and cut into 3-μm-thick sections for H&E or IHC staining. Human skin biopsy
specimens with eczema were used for Blimp-1 staining as described pre-
viously (41). More information is provided in SI Materials and Methods.

DNFB-Induced Contact Dermatitis (Contact Hypersensitivity) and Tape Stripping.
Mice injectedwith 4OHT for 2 mowere subjected to the tape-stripping test and
induction of contact dermatitis essentially as described previously (42). Details
are provided in SI Materials and Methods.

Flow Cytometry. Cells from spleen, lymph nodes, and BM were isolated and
stained as described previously (6). Fluorescence intensity was analyzed using
a FACScanto flow cytometer (BD Biosciences), and results were analyzed
using FCS Express 3.0 software (De Novo Software). Antibodies are described
in SI Materials and Methods.

Other Methods. Please see SI Materials and Methods.

Statistics. Statistical significance was determined using the two-tailed Stu-
dent t test. Data are reported as mean ± SEM.
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