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Abstract
Background—Induction of α6β4 integrin in the differentiated epidermal cell layers in skin is a
hallmark of human cutaneous SCC pathogenesis and stimulates chemically induced SCC
formation in Invα6β4 transgenic mice, which exhibit persistent expression of α6β4 in the
suprabasal epidermal layers. However, the molecular basis for the support of SCC development by
suprabasal α6β4 is not fully understood.

Objective—We examined the relevance for suprabasal α6β4 expression in the epidermis for the
recruitment of immunosuppressive leukocytes during the early stages of tumor promotion.

Methods—In this study, we made use of the Invα6β4 transgenic mouse model, which exhibits
expression of α6β4 integrin in the suprabasal layers of the epidermis driven by the involucrin
promoter. First, we examined protein lysates from Invα6β4 transgenic skin using a pro-
inflammatory cytokine array panel. Next, we immunofluorescence labeling of murine skin
sections was employed to immunophenotype tumor promoter-treated Invα6β4 transgenic skin.
Finally, a M-CSF neutralizing antibody strategy was administered to resolve Invα6β4 transgenic
skin inflammation.

Results—Employing the Invα6β4 transgenic mouse model, we show that suprabasal α6β4
integrin expression selectively alters the profile of secreted pro-inflammatory molecules by
epidermal cells, in particular CXCL5 and M-CSF, in response to acute tumor promoter treatment.
The induction of CXCL5 and M-CSF in Invα6β4 transgenic epidermis was shortly followed by an
exacerbated influx of CD200R+ myeloid-derived suppressor cells (MDSCs), which co-expressed
the M-CSF receptor, and FoxP3+ Treg cells compared to wild-type mice. As a result, the levels of
activated CD4+ T lymphocytes were dramatically diminished in Invα6β4 transgenic compared to
wild-type skin, whereas similar levels of lymphocyte activation were observed in the peripheral
blood. Finally, TPA-induced CD200R+ infiltrative cells and epidermal proliferation were
suppressed in Invα6β4 mice treated with M-CSF neutralizing antibodies.
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Conclusions—We conclude that aberrant expression of α6β4 integrin in post-mitotic epidermal
keratinocytes stimulates a pro-tumorigenic skin microenvironment by augmenting the influx of
immunosuppressive granular cells during tumor promotion.

Keywords
skin carcinogenesis; myeloid-derived suppressor cell; microenvironment; squamous cell
carcinoma; keratinocyte

1. Introduction
Squamous cell carcinoma (SCC) is a type of nonmelanoma skin cancer derived from the
epidermis of skin and has a relatively high propensity for metastasis [1,2]. Human SCCs
develop along a continuum involving sequential pathological stages progressing from
epidermal dysplasia to actinic keratoses to malignant SCC [1,2]. This multi-step progression
to SCC is associated with many molecular changes including major alterations in membrane
receptor/adhesion molecules such as integrins [3-5]. Integrins are heterodimeric cell surface
glycoproteins and are receptors for extracellular matrix proteins [6,7]. Integrins play roles in
a number of normal cellular processes that impact on the development of tumors, including
regulation of proliferation and apoptosis, cellular motility and invasion, cell surface
localization of metalloproteinases, and angiogenesis [8]. In normal epidermis, integrin
expression is confined to the basal proliferative layer [6]; however, integrin expression is
frequently perturbed in tumors of epidermal origin such as SCC [4,5]. Historically, the
alteration that is most heavily implicated in epithelial carcinogenesis is upregulated
expression of the α6β4 integrin [9]. Mechanistic studies of α6β4 have emphasized its role in
promoting invasion by stimulating epithelial cell motility [10]. However, changes in α6β4
expression occur earlier during the pre-malignant stages of epithelial tumor progression. For
example, suprabasal α6β4 expression is consistently observed in hyperplasic human
epidermis as well as benign papillomas and is also observed in primary malignant SCCs and
in metastases [11-13]. In addition, the great majority of patients who develop SCCs
harboring suprabasal α6β4 expression show early relapse in those tumors [12]. In
experimental mouse skin carcinogenesis, suprabasal α6β4 expression is associated with
benign papillomas with a high risk of conversion to SCC [14]. Therefore, suprabasal
expression of α6β4 is a hallmark throughout epidermal neoplastic progression and may be a
critical determinant for the pre-malignant stages of SCC, although the mechanistic
significance of suprabasal α6β4 integrin expression in human epidermal tumorigenesis is not
fully understood.

Whereas strong evidence indicates that α6β4 promotes invasion of carcinoma cells, little is
known regarding the importance of integrin overexpression in the early stages of
tumorigenesis. It is also unclear how inappropriate expression of α6β4 in the differentiated
compartment of epidermis could influence the growth and metastatic potential of
undifferentiated cells in the basal layer. In prior studies to address these questions we
generated a transgenic mouse model in which α6β4 is expressed in the suprabasal layers of
the epidermis under the control of the involucrin promoter [15,16]. Suprabasal α6β4
expression predisposed epidermal keratinocytes to SCC and metastasis formation induced
by chemical carcinogenesis. The tumorigenic effects of α6β4 were linked to a disruption in
TGFβ signal transduction and TGFβ-mediated growth inhibition of basal keratinocytes via a
mechanism requiring E-cadherin-dependent cell-cell adhesion and phosphoinositide 3-
kinase activity [16].

However, integrins are also induced in the post-mitotic differentiated epidermal cell layers
during other skin disease states, such as wound healing and psoriasis. Recent evidence
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indicates that the induction of integrins in differentiated epidermal keratinocytes may
perturb the recruitment and/or activation of immune cells [17]. For example, in transgenic
mice expressing of α2β1 integrin in the suprabasal epidermal layers a local and systemic
chronic inflammatory state is established in response to wound healing [18] whereas wound-
induced inflammation is typically resolved within two weeks in wild-type mice. Suprabasal
expression of β1-containing integrins is known to lead to an upregulation in mitogen-
activated protein kinase signaling, which is sufficient to induce skin inflammation and
inflammation-dependent spontaneous epidermal tumorigenesis [19]. Conditional deletion of
α6 integrin is also associated with chronic inflammation localized to the skin [20].

The association between SCC development and inflammation has been well documented
[21,22] and further substantiated in a number of transgenic murine skin carcinogenesis
models [23-27], collectively indicating that chronic inflammatory stimuli represent a driving
force for epidermal neoplastic cell progression. Therefore, in light of the role of chronic
inflammation in the development and progression of tumors, in this study we tested the
hypothesis that aberrant α6β4 integrin expression can influence the inflammatory response
to orchestrate an immunosuppressive skin microenvironment conducive for the induction of
SCCs.

2. Materials and methods
2.1. Transgenic and wild type mice

Invα6 [28] and Invβ4 [16] transgenic mice were kindly provided by Dr. Fiona Watt.
Heterozygous Invα6 and Invβ4 transgenic mice on a homogeneous FVB/N genetic
background were crossed to generate Invα6β4 double transgenic and transgene-negative
wild-type (Wt) experimental mice as previously described [16]. Invα6β4 transgenic and Wt
littermate mice were shaved on the dorsal surface with electric clippers and treated once
with 5 nmol 12-O-tetradecanoylphorbol-13-acetate (TPA) (LC Laboratories) in 200 μl
acetone or 200 μl acetone alone. In some cases, Invα6β4 mice received a single i.p. injection
of 0.5 mg murine M-CSF neutralizing antibody (BD Biosciences) or IgG1 isotype control
(BD Biosciences) as previously described [29,30] 30 min after topical acetone or TPA
application. Dorsal skins were surgically excised at 4 or 24 hr following treatment and were
either cryopreserved in O.C.T. medium, fixed in 10% neutral-buffered formalin and paraffin
embedded, or flash frozen in liquid nitrogen for protein extraction as outlined below.

2.2. Antibodies
Antibodies were used against myeloperoxidase (Lab Vision), Foxp3 (eBioscience), F4/80
(Invitrogen), CD11b (BD Biosciences), Gr-1 (BD Biosciences), CD4 (BioLegend), CD69
(BioLegend), CD200R1 (R&D Systems), M-CSFR (R&D Systems), CXCR2 (R&D
Systems) and Ki67 (Millipore).

2.3. Cytokine Arrays
For each mouse, epidermal protein lysates were generated from frozen dorsal skin scrapes
that were homogenized in Lysis Buffer (RayBiotech). For each lysate, a total of 500 μg of
protein was hybridized to the Mouse Inflammation Antibody Array 1 as per manufacturer
instruction (RayBiotech) (Supplementary Fig. S1A). Each experimental group was run in
duplicate. For densitometric analysis, individual cytokine values were corrected by
subtraction from the average background reading for each membrane followed by
normalization to the average positive control signal (n = 6 positive control readings per
membrane). Average-corrected cytokine concentrations (n = 2 cytokine readings per
membrane) were statistically compared between TPA- or acetone-treated Invα6β4
transgenic versus Wt mice (Student's t test; P < 0.05).
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2.4. Tissue staining
Skin cryosections were fixed in acetone, blocked and probed with primary antibodies
followed by detection with species-specific Alexa Fluor-conjugated secondary antibodies
(Invitrogen) as previously described [16,31]. Formalin fixed, paraffin-embedded sections
were de-waxed, blocked and probed with primary antibodies overnight at 4° C followed by
histochemical detection using DAB chromagen (Biogenex) as previously described [16,31].
For proliferation analysis, Ki67-stained skin sections were observed using Zeiss Axioplan 2
microscope with fluorescent capability (data not shown). Six slides were analyzed per
mouse and minimum of 1000 DAPI-positive basal cells were counted per mouse after which
the same area was counted for Ki67+ cells. For detection of mast cells, paraffin skin sections
were de-waxed and stained with 0.1% toluidine blue (Fisher Scientific). Bright field images
were captured on a Zeiss Axioplan 2 microscope and fluorescent images were captured on a
Zeiss LSM 5 Exciter confocal microscope.

2.5. Immune infiltrate analysis
For quantification of immune infiltrates, DAPI positive nuclei of positively stained cells
were counted in the whole skin tissue and the number was divided by the length of the tissue
in millimeters. For all cell types, infiltrates were counted in a total of 6 skin sections per
mouse and three mice per group unless otherwise stated. The results were represented as
average ± standard deviation and were statistically compared between TPA- or acetone-
treated Invα6β4 transgenic versus Wt mice (Student's t test; P < 0.05).

2.6. T lymphocyte activation assay
Peripheral blood T lymphocyte activation in response to CD3/CD28 antibody stimulation
was conducted as previously described [32]. Briefly, peripheral blood samples were isolated
from Invα6β4 transgenic and Wt mice 24 hr following 5 nmol TPA or acetone vehicle
treatment. Following red blood cell lysis, total live cell counts were obtained using a
Countess cell counter (Invitrogen) and equal numbers of leukocytes were incubated with
Dynal bead-conjugated CD3/CD28 antibodies according to manufacturer instruction
(Invitrogen) for 5 hr at 37°C. After which, cells were washed and stained with APC-
conjugated CD4 and PE-conjugated CD69 antibodies. Labeled cells were subjected to flow
cytometry performed on a LSRII FACS scanner equipped with 407nm, 488nm, 633nm and
UV excitation lines (BD Biosciences) and data were analyzed using the FlowJo Flow
Cytometry Analysis software (Tree Star, Inc., Version 6.3.3). First, lymphocytes were gated
by size based on forward and side scatter followed by gating DAPI-negative live cells. From
the live cell population the percentage of CD4+ cells that were also CD69+ were statistically
compared between non-stimulated and stimulated Invα6β4 transgenic versus Wt mice using
a Student's t test (P < 0.05) (n = 3 mice per group).

3. Results
3.1. Augmented dermal infiltrate and secretion of pro-inflammatory proteins in Invα6β4
transgenic skin

Invα6β4 transgenic mice are more susceptible to TPA-induced epidermal proliferation and
squamous cell carcinogenesis, which is due in part to defective TGF-β growth inhibition in
epithelial keratinocytes [16]. To explore additional roles for aberrant epidermal α6β4
expression, we characterized the inflammatory response to acute TPA tumor promoter
treatment in Invα6β4 mice compared to Wt littermate mice. In H&E-stained histological
sections, similar levels of infiltrative cells were observed between vehicle-treated Invα6β4
and Wt mouse skin (Figure 1A-B). However, 24 hr following a single topical application of
TPA a dramatic increase in the frequency of dermal inflammatory cells was apparent in
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Invα6β4 skin compared to Wt skin (Figure 1C-D) suggesting that suprabasal α6β4
expression may predispose the skin to heightened inflammatory recruitment in response to
tumor promotion.

To begin to assess this idea, we utilized Inflammation Antibody Arrays to assess the levels
of 40 pro-inflammatory cytokines or chemokines acutely induced in the epidermis of
Invα6β4 mice at 4 hr (prior to the infiltration of dermal leukocytes) or 24 hr following a
single application of TPA (Supplementary Figure S1A). On average, a larger sub-set of the
pro-inflammatory molecules assayed (48%) were induced at 4 hr following TPA treatment
in Invα6β4 epidermis compared to just 13% in Wt epidermis (Supplementary Figure S1B)
indicating that Invα6β4 epidermis was more sensitive to TPA-induced acute changes in the
expression of pro-inflammatory proteins. We found the levels of four proteins to be
substantially altered in Invα6β4 compared to Wt epidermis. Macrophage inflammatory
protein 1-γ (MIP1γ), which is important for the recruitment of monocytes and CD4+ and
CD8+ T lymphocytes [33], exhibited three- to four-fold lower steady state levels in Invα6β4
epidermis but was induced at similar levels in Wt and Invα6β4 mice 4h after TPA treatment
(Figure 1E). At 24 hr after TPA treatment the levels of MIP1γ were again significantly
lower in Invα6β4 skin (Figure 1E). Monocyte chemotactic protein-1 (MCP1), which recruits
monocytes and macrophages [34], was also induced at similar levels by TPA in Invα6β4 and
Wt skin after 4 hr while significantly higher (three-fold) levels persisted in Invα6β4 skin at
24 hr following TPA treatment (Figure 1F). Interestingly, two inflammatory molecules,
LPS-induced CXC chemokine (LIX), a chemokine that recruits neutrophils [35,36], and
Macrophage colony stimulating factor (M-CSF), known to recruit monocytes and
macrophages [37], were both exclusively induced at 4 and 24 hr in Invα6β4 skin in response
to TPA treatment (Figure 1G-H). Collectively, these results correlate an exacerbated
immune infiltrate with the highly selective induction of two pro-inflammatory molecules,
LIX and M-CSF, in Invα6β4 skin in response to acute tumor promoter treatment and prior to
the influx of infiltrative leukocytes. These findings suggest that the sensitivity of Invα6β4
mice to SCC formation may correlate with perturbed activity of myeloid and/or lymphoid
cell lineages infiltrating the skin.

3.2. Analysis of myeloid cell infiltration in TPA-treated Invα6β4 skin
To begin to characterize the phenotype of dermal infiltrative cells in Invα6β4 skin, we
probed vehicle- and TPA-treated Invα6β4 and Wt skin sections with antibodies against
myeloperoxidase (MPO) as a means to detect infiltrating monocytes and polymorphonuclear
leukocytes. Consistent with H&E staining (Figure 1), similar levels of MPO+ cells were
detected between acetone vehicle-treated Invα6β4 and Wt skin (Figure 2A,C). However, a
three- to four-fold increase in the number of MPO+ cells were observed in Invα6β4 skin 24
hr post TPA treatment compared to Wt skin (Figure 2B,D,E). Next, we analyzed Invα6β4
and Wt skin sections for the presence of mast cells as determined by toluidine blue staining.
No differences in mast cell numbers were observed between Invα6β4 and Wt skin either
treated with vehicle or TPA, and TPA treatment did not appear to influence the numbers of
dermal mast cells present in the skin (Figure 2F-J). The numbers of macrophages infiltrating
the dermis were also assessed by F4/80 immunofluorescence labeling. An increase in F4/80+

macrophages was observed 24 hr post TPA treatment (Figure 2L,N) compared to steady
state levels in Invα6β4 and Wt skin (Figure 2K,M); however, no differences in the influx of
F4/80+ macrophages were observed between Invα6β4 and Wt skin (Figure 2O).
Collectively, these results indicate that the F4/80+ macrophages significantly contribute to
the MPO+ dermal cell infiltrate in TPA-treated Invα6β4 and Wt skin but additional myeloid
populations may be selectively recruited by TPA in Invα6β4 skin.

We previously identified the CD200 receptor, CD200R1, as a marker of CD11b+Gr-1+

myeloid-derived suppressor cells (MDSCs), which were a major population of infiltrative
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immunosuppressive cells in murine cutaneous benign papillomas and squamous cell
carcinomas [38]. However, whether MDSCs infiltrate skin during the earlier stages of tumor
promotion and contribute to the cutaneous pre-neoplastic microenvironment has not been
determined. Therefore, we probed sections of Invα6β4 and Wt skin to determine whether
CD11b+Gr-1+CD200R1+ MDSCs may be preferentially infiltrating Invα6β4 skin in
response to TPA. Very few but comparable levels of CD11b+CD200R1+ cells were present
in the dermis of vehicle-treated Invα6β4 and Wt skin (Figure 3A,E). However, these
CD200R1+ cells did not co-express Gr-1 in either vehicle-treated Invα6β4 or Wt skin
(Figure 3C,G) consistent with the finding that CD200R1 is primarily expressed on
macrophages in normal skin [39]. Following TPA treatment a marked increase in
CD11b+CD200R1+ cells were present in the dermis of Invα6β4 and Wt skin (Figure 3B,F);
however, there were two fundamental differences in the infiltrate in Invα6β4 skin. First, the
level of CD11b+CD200R1+ infiltrate was dramatically higher in TPA-treated Invα6β4
compared to Wt skin (Figure 3B,F). Second, the phenotype of most CD11b+CD200R1+ cells
infiltrating Invα6β4 skin was distinct to that infiltrating Wt skin. Very few CD200R1+

dermal cells co-expressed Gr-1 in TPA-treated Wt skin (Figure 3D), while the majority of
CD200R1+ cells co-expressed CD11b and Gr-1 in TPA-treated Invα6β4 skin (Figure 3F,H)
suggesting that the presence of suprabasal α6β4 may preferentially promote the recruitment
of CD11b+Gr-1+CD200R1+ MDSCs to the skin.

3.3. Infiltrating CD200R1+ myeloid cells co-express the M-CSF receptor
To determine whether there may be a direct link between either CXCL5 or M-CSF release
(Figure 1) and the influx of immunosuppressive dermal cells, we probed Invα6β4 skin
sections with antibodies against CXCR2 (CXCL5 receptor) or the M-CSF receptor in
conjunction with CD200R1 as a marker for infiltrative MDSCs (Figure 3) [38]. Very few of
the dermal infiltrative cells exhibited positive immunoreactivity for CXCR2, presumably
neutrophils [40], in either Invα6β4 or Wt TPA-treated skin sections, and none of the
CXCR2+ cells co-labeled with CD200R1 antibodies (data not shown). In contrast,
immunopositive staining for M-CSFR was prominently featured on infiltrative dermal cells
in TPA-treated Invα6β4 and Wt skin sections (Figure 4B,E), and the majority of CD200R1+

infiltrative cells co-expressed the M-CSFR (Figure 4C,F). Moreover, the differences in
distribution of dermal M-CSFR+ cells between TPA-treated Invα6β4 and Wt skin sections
correlated with the numbers of infiltrative CD200R1+ MDSCs (Figure 3). These results
suggest that epidermal-derived M-CSF release may play a key role in regulating an
immunosuppressive skin microenvironment.

3.4. Enhanced recruitment of FoxP3+ Tregs in Invα6β4 skin
Immunosuppressive regulatory T cells (Tregs) are also implicated in cutaneous SCC
progression [41]. Therefore, we analyzed Invα6β4 and Wt skin for the presence of
infiltrating Tregs, as determined by FoxP3 positive immunoreactivity, in response to TPA
treatment. FoxP3+ Tregs were present in the dermis of vehicle-treated Invα6β4 and Wt skin
at comparable albeit low numbers (Figure 5A,B). The frequency of dermal FoxP3+ Tregs
increased in response to TPA treatment in Invα6β4 and Wt skin (Figure 5C,D); however,
approximately 2-fold more FoxP3+ Tregs were detected in Invα6β4 compared to Wt skin
(Figure 5E).

3.5. Local but not systemic immune suppression in TPA-treated Invα6β4 mice
To determine whether the augmented recruitment of CD11b+Gr-1+CD200R1+ myeloid and
FoxP3+ Treg dermal cells was associated with systemic suppression of T lymphocytes in
Invα6β4 mice, we harvested peripheral blood leukocytes from Invα6β4 and Wt mice 24 hr
following a single application of TPA and compared the activation levels of CD4+

lymphocytes upon stimulation with CD3/CD28 antibodies [32]. Following a single
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application of 5 nmol TPA, equal numbers of heterogeneous peripheral blood cells were
stimulated with CD3 and CD28 antibodies and analyzed by flow cytometry to quantify the
percentage of activated CD4+ T lymphocytes as measured by CD69 surface levels [32]. In
non-stimulated cells, very few CD4+ T lymphocytes co-expressed CD69+ in either Invα6β4
(4.5%) or Wt mice (2.2%) with no significant difference between each group (Student's t
test, p = 0.29) (Figure 5F-H). A marked increase in CD4+CD69+ T lymphocytes was
observed in both Invα6β4 (76.1%) and Wt mice (77.8%) in CD3/CD28-stimulated cells;
however, no discernable difference in the percentages of CD4+ T lymphocyte activation was
observed (Student's t test, p = 0.74) (Figure 5F-H) indicating that effects of suprabasal α6β4
expression do not lead to the systemic suppression of CD4+ T lymphocytes in response to
acute TPA treatment.

To assess whether suprabasal α6β4 expression may lead to localized suppression of skin-
infiltrating T lymphocytes, we co-labeled skin sections from TPA-treated Invα6β4 and Wt
mice with antibodies against CD4 and CD69. The frequency of CD4+CD69+ versus
CD4+CD69- T lymphocyte subpopulations as detected by immunostaining in histological
sections of head and neck SCC has been effectively utilized as a marker for cancer patients
with higher proportions of activated CD4+CD69+ T lymphocytes correlating with good
patient prognosis [42]. Similar levels of infiltrative CD4+ T lymphocytes were detected in
TPA-treated Wt skin compared to Invα6β4 skin (Figure 5I,J). We observed approximately
30-40% of CD4+ cells to co-express CD69 in TPA-treated Wt skin; however, no CD69 co-
expression was observed in CD4+ cells in TPA-treated Invα6β4 skin (n = 5 sections/mouse,
3 mice/group) (Figure 5K). Collectively, these results indicate that suprabasal α6β4 is
associated with localized but not systemic suppression of CD4+ T lymphocytes during the
early stages of skin tumor promotion.

3.6. Suppression of TPA-induced skin infiltration and proliferation by administration of M-
CSF neutralizing antibody

To determine the significance of augmented M-CSF levels observed in TPA-treated Invα6β4
skin, mice were administered a M-CSF neutralizing antibody or IgG isotype control as
previously described [29,30] shortly after topical TPA application as a means of blocking
M-CSFR signaling and MDSC infiltration. Pharmacological inhibition of M-CSFR signaling
has shown to be an effective means of inhibiting the recruitment of tumor-infiltrating
myeloid cells, including MDSCs, in orthotopic tumor models [43]. Invα6β4 mice received a
topical application of TPA or acetone vehicle and 30 min later received a single i.p. injection
of 0.5 mg M-CSF neutralizing antibody or IgG isotype control. Skins were harvested 24 hr
following TPA treatment and analyzed for the levels of CD200R+ infiltrating cells as a
marker of MDSCs and epidermal proliferation. No differences in histological appearance
(Figure 6A,B) or in the levels of CD200R1+ (Figure 6E,F,I) or Ki67+ (Figure 6G,H,J) cells
were observed in vehicle-treated skin from mice receiving M-CSF versus IgG control
antibodies. Qualitative analysis of H&E-stained skin sections indicated that the extent of
TPA-induced generalized skin inflammation and epidermal hyperplasia was reduced in
Invα6β4 mice receiving M-CSF compared to IgG control antibody (Figure 6C,D). To
substantiate these observations, we probed skin sections from each group with CD200R1
antibodies to detect MDSCs [38] and Ki67 to mark proliferating keratinocytes. On average,
M-CSF antibody administration suppressed the levels of CD200R1+ infiltrating cells by
40-50% compared to IgG isotype control treatment (Figure 6G,H,I). In addition, the
reduction in CD200R1+ infiltrating cells in M-CSF antibody-treated Invα6β4 mice was
associated with a two- to three-fold decrease in proliferating epidermal cells as determined
by Ki67 immunostaining (Figure 6J and data not shown).
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4. Discussion
The strong association between tumor development and chronic inflammation has been well
documented; however, the specific role that epidermal keratinocytes in the post mitotic
layers play in the development of a pro-inflammatory yet immunosuppressive skin
microenvironment is not fully understood. In this study, we focused on the pro-
inflammatory effects of early stage TPA tumor promotion in the skin to begin to decipher a
molecular basis for the effects suprabasal expression of α6β4 integrin on the regulation of an
immunosuppressive skin microenvironment.

We found two pro-inflammatory molecules, CXCL5 and M-CSF, were acutely induced in
response to a single treatment of TPA, which was followed by an influx of
immunosuppressive dermal infiltrative cells in Invα6β4 transgenic to a much greater extent
than that observed in Wt skin. In response to TPA treatment, we observed a similar influx of
F4/80+ macrophages between Invα6β4 and Wt skin but a preferential influx of
CD11b+Gr-1+CD200R1+ infiltrating myeloid cells in Invα6β4 skin with the latter matching
the phenotype of tumor infiltrating MDSCs [38,44]. As a result, the activation of CD4+ T
lymphocytes is diminished in TPA-treated Invα6β4 transgenic skin, a phenomenon that may
contribute to the susceptibility of these mice to chemically-induced SCC formation [16].
However, our data does not speak to the activation status of other anti-tumor leukocyte sub-
populations such as natural killer cells, γδ+ dendritic epidermal T lymphocytes or CD8+ T
lymphocytes. Our findings using a mouse model exhibiting forced expression of suprabasal
α6β4 integrin expression suggests that transient increases in the influx of
immunosuppressive cells are present in the skin in response to acute inflammatory stimuli;
however, sustained suprabasal expression of endogenous α6β4 integrin may be required for
pathological stages of skin inflammation that stimulate tumor formation. This concept fits
well with the sustained influx of CD200R+ stromal cells that we previously observed in
wild-type papillomas after the cessation of TPA [38].

We observed expression of the M-CSF receptor in a large population of skin infiltrative cells
linking the induction of M-CSF in Invα6β4 epidermis to the development of an
immunosuppressive skin microenvironment. M-CSF is well known for its role in the
development of macrophages and the M-CSF receptor is expressed by macrophages,
Langerhans cells and dendritic cell populations in the skin during homeostasis [45]. The
induction of M-CSF has been previously reported both in normal epidermal keratinocytes
and in solid tumors. M-CSF expression is highly induced in epidermal keratinocytes
following UVB exposure in a mutant mouse model of cutaneous lupus where M-CSF release
is critical for the recruitment of pro-apoptotic macrophages [46]. The presence of the M-
CSF receptor on tumor infiltrating MDSCs has been previously reported [47,48] and MDSC
tumor infiltration and MDSC-mediated angiogenesis can be blocked with pharmacological
inhibitors of the M-CSFR signaling cascade [43]. The novelty of our study is based on our
finding that M-CSF induction in the epidermis is an early event prior to the onset of dermal
infiltration and, in as much, may represent initiating event in the development of an
immunosuppressive skin microenvironment during epithelial carcinogenesis. In addition,
while MDSC function has been largely investigated following primary tumor formation, we
show that both MDSC and Treg immunosuppressive subpopulations inhabit the skin prior to
any significant clonal expansion of initiated cells. Under conditions where the skin is
damaged or diseased our findings indicate that recruitment of the immunosuppressive
properties of MDSCs may be one of the earliest facilitators of α6β4-mediated epithelial
tumor formation. Therefore, our results warrant further studies to determine the functional
significance of M-CSFR expression by infiltrating myeloid cells in a natural skin
carcinogenesis setting and suggest that neutralizing antibodies or pharmacological inhibitors
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of the MCSF-R signaling pathway may represent prophylactic strategies against SCC
development.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Modulated infiltrate and cytokine secretion in TPA-treated Invα6β4 transgenic skin. (A-D)
Histological sections from acetone vehicle- (top row) or TPA-treated (bottom row) Wt (left
panels) and Invα6β4 (right panels) mouse skin stained with H&E. Arrow heads point to
dermal infiltrative cells. Scale bar: 50 μm. Abbreviations: De, dermis; Ep, epidermis. (E-H)
Bar graphs depicting the relative units of CCL9, CXCL5, MCP1 or M-CSF compared
between acetone vehicle- or TPA-treated Wt and Invα6β4 mouse skin. *- p < 0.05 (Student's
t test).
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Fig. 2.
Analysis of MPO+, mast cell and macrophage skin infiltrates in response to TPA. (A-D)
Immunodetection (arrowheads) of MPO+ infiltrating inflammatory cells in histological
sections of acetone- (left panels) or TPA-treated (right panels) Wt (top row) or Invα6β4
(bottom row) mouse skin. Scale bar: 20 μm. (E) Bar graph depicting the average number of
MPO+ dermal cells per mm of skin in TPA-treated Wt versus Invα6β4 mice, 3 mice per
group. *- p = 0.036 (Student's t test). (F-I) Toluidine blue stain detection of infiltrating mast
cells (arrowheads) in histological sections of acetone- (left panels) or TPA-treated (right
panels) Wt (top row) or Invα6β4 (bottom row) mouse skin. Scale bar: 20 μm. (J) Bar graph
depicting the average number of dermal mast cells per mm of skin in TPA-treated Wt versus
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Invα6β4 mice, 3 mice per group. (K-N) Immunodetection (arrowheads) of F4/80+ dermal
macrophages in histological sections of acetone- (top row) or TPA-treated (bottom row) Wt
(left panels) or Invα6β4 (right panels) mouse skin. Scale bar: 20 μm. Hashed lines demarcate
the epidermal-dermal junction and boxes contain 4X magnification insets of F4/80+ dermal
cells. Abbreviations: Epi, epidermis; Der, dermis; Hf, hair follicle. (O) Bar graph depicting
the average number of F4/80+ macrophages per 2 cm of skin in TPA-treated Wt versus
Invα6β4 mice, 3 mice per group.
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Fig. 3.
Immunosuppressive myeloid cells preferentially infiltrate Invα6β4 skin. (A-H)
Immunolabeling of CD200R1 in conjunction with either CD11b (left panels) or Gr-1 (right
panels) in histological sections from acetone vehicle- or TPA-treated (24 hr) Wt and
Invα6β4 mouse skin. Arrowheads point to CD11b+ or Gr-1+ single-stained and asterisks
indicate CD200R1+CD11b+ or CD200R1+Gr-1+ double-stained dermal infiltrative cells.
Hashed lines demarcate the epidermal-dermal junction and boxes contain 4X magnification
insets of immunopositive dermal cells. Abbreviations: Epi, epidermis; Der, dermis; Hf, hair
follicle. Scale bar: 50 μm.
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Fig. 4.
M-CSF receptor expression in skin infiltrative cells. (A-F) Immunolabeling of CD200R1
(left panels) in conjunction with M-CSFR (middle panels) in histological sections from
TPA-treated Wt (top row) or Invα6β4 (bottom row) mouse skin. Merged images (right
panels) confirm CD200R1 or M-CSFR single-stained cells (arrowheads) and asterisks (*)
indicate CD200R1+MCSFR+ double-stained dermal infiltrative cells. Hashed lines
demarcate the epidermal-dermal junction and boxes contain 4X magnification insets of
immunopositive dermal cells (C and F). Abbreviations: Epi, epidermis; Der, dermis. Scale
bar: 50 μm.
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Figure 5.
TPA-induced Foxp3+ cell infiltration and CD4+ T lymphocyte suppression in Invα6β4 skin.
(A-D) Immunodetection of FoxP3 and Krt14 in histological sections from acetone vehicle-
(left panels) or TPA-treated (right panels) Wt (top row) and Invα6β4 (bottom row) mouse
skin. Arrow heads point to FoxP3+ dermal infiltrative cells. Scale bar: 50 μm. (E) Bar graph
depicting the average number of FoxP3+ cells per mm of skin from 3 mice per group. *- p =
0.001 (Student's t test). (F and G) FACS dot plots showing a typical array of CD4+ (x-axis)
versus CD69+ (y-axis) T lymphocytes detected in either non-stimulated or CD3/CD28-
stimulated peripheral blood samples isolated from Wt or Invα6β4 mice. Blue box depicts the
gate for CD4+CD69+ activated T lymphocytes for each plot. (H) Bar graph depicting the
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average number of CD4+CD69+ T lymphocytes from non-stimulated (NS) or CD3/CD28-
stimulated (Stim) peripheral blood samples isolated from Wt or Invα6β4 mice, n = 3 mice
per group and error bars represent standard deviation. (I and J) Immunodetection of CD4
(green) and CD69 (red) T lymphocytes in histological sections from TPA-treated (24 hr) Wt
(left panel) and Invα6β4 (right panel) mouse skin. Arrowheads point to CD4+ infiltrative T
cells and asterisks (*) designate CD4+CD69+ cells. Hashed lines demarcate the epidermal-
dermal junction and boxes contain 4X magnification insets of immunopositive dermal cells.
Abbreviations: Epi, epidermis; Der, dermis. Scale bar: 50 μm. (K) Bar graph depicting the
percentage of CD4+ T lymphocytes co-expressing the activation marker CD69 in Wt versus
Invα6β4 skin 24 hr following TPA treatment, n = 3 mice per group and error bars represent
standard deviation.
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Figure 6.
M-CSF neutralization suppresses TPA-induced MDSC recruitment and epidermal
proliferation. (A-H) Representative images of skin sections stained with H&E (A-D) or
probed with CD200R1 antibodies (E-H) from Invα6β4 mice receiving acetone vehicle (A,B
and E,F) or TPA (C,D and G,H) followed by IgG control (A,C and E,G) or M-CSF (B,D
and F,H) antibody injection. (E-H) Arrowheads point to CD20R1+ infiltrative cells. Hashed
lines demarcate the epidermal-dermal junction and boxes contain 4X magnification insets of
CD200R1+ dermal cells. Abbreviations: Epi, epidermis; Der, dermis. (I and J) Bar graphs
depicting the average number of CD200R1+ infiltrating cells per 0.1 mm2 area of skin (I) or
the percentage of Ki67+ basal epidermal keratinocytes (J) in each Invα6β4 treatment group.
Error bars represent standard deviation from 2 mice per treatment group.
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