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The atypical chemokine receptor D6
suppresses the development of chemically
induced skin tumors
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A subset of CC chemokines, acting through CC chemokine receptors (CCRs) 1 to 5, is instrumental in shap-
ing inflammatory responses. Recently, we and others have demonstrated that the atypical chemokine recep-
tor D6 actively sequesters and destroys many of these proinflammatory CC chemokines. This is critical for
effective resolution of inflammation in vivo. Inflammation can be protumorigenic, and proinflammatory
CC chemokines have been linked with various aspects of cancer biology, yet there is scant evidence support-
ing a critical role for these molecules in de novo tumor formation. Here, we show that D6-deficient mice have
increased susceptibility to cutaneous tumor development in response to chemical carcinogenesis protocols
and, remarkably, that D6 deletion is sufficient to make resistant mouse strains susceptible to invasive squa-
mous cell carcinoma. Conversely, transgenic D6 expression in keratinocytes dampens cutaneous inflammation
and can confer considerable protection from tumor formation in susceptible backgrounds. Tumor susceptibil-
ity consistently correlated with the level of recruitment of T cells and mast cells, cell types known to support
the development of skin tumors in mice. These data demonstrate the importance of proinflammatory CC
chemokines in de novo tumorigenesis and reveal chemokine sequestration by D6 to be a novel and effective

method of tumor suppression.

Introduction

Chemokines are multifunctional secreted peptides that play a
critical role in regulating leukocyte migration. They are divided
into 4 subgroups (CC, CXC, CX3C, and XC) according to a char-
acteristic cysteine motif (1). The CC family contains a subset
of proinflammatory chemokines (referred to hereafter as “iCC”
chemokines) including CC chemokine ligands (CCLs) 2, 3, 4, 5,
7,8,11,17,and 22. iCC chemokines are rapidly and transient-
ly induced in response to damage or infection and help drive
inflammation by regulating leukocyte recruitment and activity
(1). Inflammation is essential for effective host defense and tis-
sue repair, yet chronic inflammation can predispose humans to
cancer and animal studies have clearly demonstrated the pro-
tumorigenic properties of inflammation (2-13). Moreover, as
tumors evolve they appear to actively modulate their inflam-
matory infiltrate, exploiting leukocytes to aid their survival and
progression: significantly, many established human tumors con-
stitutively produce, or induce, iCC chemokines, and high expres-
sion can correlate with poor prognosis (14-16). Tumor grafting
models have shown that experimental modification of proin-
flammatory chemokine activity can alter leukocyte recruitment,
angiogenesis, and tumor growth (14), yet to our knowledge only
a few reports have convincingly shown indispensable roles for
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individual components of the iCC chemokine network during
de novo tumor formation (17-19).

Leukocyte responses to iCC chemokines are transduced by CC
chemokine receptors (CCRs) 1 to 5, a group of heptahelical, mul-
tichemokine-binding, G protein-coupled receptors (1). However,
most iCC chemokines also bind to D6, a promiscuous “atypical”
chemokine receptor expressed by lymphatic ECs (LECs), tropho-
blasts, and some leukocyte subsets (20-24). Despite close struc-
tural similarity to CCR1 to -5, D6 appears unable to initiate
intracellular signals (21-23, 25). However, constitutive trafficking
to and from the cell surface, in the absence of chemokine-driven
desensitization, allows D6 to progressively and efficiently deplete
extracellular iCC chemokines in vitro (26-28). Significantly, we and
others have shown that D6 reduces iCC chemokine bioavailability
in vivo to ensure appropriate resolution of inflammatory respons-
es (24, 29-31). The skin of D6-deficient C57BL/6/129 (B6/129)
mice, repeatedly treated with irritant, develops an exaggerated but
self-limiting TNF-o-dependent inflammatory pathology driven
by D6-binding chemokines (29). The psoriasis-like appearance of
the skin is characterized by unusually large numbers of epidermal
CD3" T cells and dermal mast cells (MCs) and is suppressed by
T cell depletion (29).

The indispensable regulatory role played by D6 in the cutane-
ous iCC chemokine network led us to propose that, by suppressing
inflammation, D6 may modulate susceptibility to de novo tumor
formation and/or progression in the skin. The irritant employed
in our previous study (29), 12-O-tetradecanoyl phorbol-13-acetate
(TPA), is used as a tumor-promoting agent to drive de novo tumor
emergence from mutagenized skin in mouse models of cutaneous
malignancy, a response critically dependent on TNF-a (18) and pro-
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foundly influenced by T cells (11, 12). Using this model, we show
that Dé6-deficient mice on 2 separate backgrounds (B6/129 and
FVB/N) have increased susceptibility to de novo cutaneous tumor
formation compared with WT counterparts. Strikingly, on a nor-
mally resistant background, deletion of D6 is sufficient to allow the
development of benign papillomas and the subsequent emergence
of invasive squamous cell carcinoma (SCC). Moreover, transgenic
expression of D6 in the basal epidermal layer of a susceptible mouse
strain (K14-D6 mice; FVB/N background) increases keratinocyte
sequestration of iCC chemokine and offers considerable protection
from papilloma formation. Across all strains, tumor susceptibility
directly correlated with the extent of T cell and MC recruitment
after chemical application, 2 cell types with known protumorigenic
activity in models of cutaneous malignancy. Thus, our data reveal
the protumorigenic properties of the iCC chemokine network and
identify D6-mediated chemokine sequestration as a mechanism of
tumor suppression that we believe to be novel.

Results

D6 deficiency in B6/129 mice is sufficient to confer susceptibility to skin
papillomas and invasive SCCs. Three consecutive daily applications
of TPA (a single TPA application is ineffective) to dorsal skin of
Dé6-deficient B6/129 mice induces exaggerated cutaneous inflam-
mation that resolves after approximately 10 days (29). Repeated
induction of this psoriasis-like response (after mutagenesis with
7,12-dimethylbenz(a)anthracene [DMBA]) may alter susceptibil-
ity to papilloma formation. Thus, D6-deficient and WT mice were
given a single cutaneous application of DMBA followed by twelve
2-week cycles of TPA treatment, applying TPA on day 1, day 2, and
day 3 of each cycle (protocol 1-2-3) (Figure 1A). In parallel, DMBA-
treated mice received the same total dose of TPA but with 4- to
5-day rest periods between each treatment (protocol 1-5-10) (Fig-
ure 1B). This was done to assess the dependence of any phenotype
on the psoriasis-like response. Most WT B6/129 animals, like B6
mice (32), remained papilloma free up to week 42. In contrast, by
week 21 of both regimens, papillomas had appeared on approxi-
mately 75% of D6-deficient mice (Figure 1 and Supplemental Fig-
ure 1A; supplemental material available online with this article;
doi:10.1172/JCI30068DS1). After TPA discontinuation (week 235),
some papillomas spontaneously resolved and others remained
fairly constant in size, but many enlarged to form established pap-
illomas greater than 5 mm in diameter (55%-70% of D6-deficient
mice by week 42, with 2-2.5 tumors per mouse on average; Figure
1, A and B). No WT animals developed these larger papillomas. In
both regimens, differences in mean tumor burden between WT
and D6-deficient animals became significant by week 19 for all
papillomas (P < 0.01) and by week 24 for papillomas larger than
5 mm (P < 0.05) and remained significantly different throughout
the rest of the study. D6-deficient mice receiving carrier (acetone)
alone in place of the DMBA or TPA failed to develop papillomas
(data not shown). At week 42, large, flattened SCCs (diameter > 8
mm), which were absent from WT mice, had developed from exist-
ing papillomas on 5 of 15 (protocol 1-2-3) and 4 of 15 (protocol
1-5-10) D6-deficient mice (P = 0.021 and P = 0.0498, respectively
[Fisher’s exact test]). In all cases, tumor cells had invaded the der-
mis and were often present under the subcutaneous muscle layer
(Supplemental Figure 1B). Two SCC-bearing D6-deficient animals,
1 from each treatment group, had keratinocyte deposits in drain-
ing inguinal lymph nodes, which in 1 case led to considerable
disruption of normal nodal architecture (Supplemental Figure
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1C). Thus, deletion of D6 predisposed otherwise resistant B6/129
mice to developing DMBA/TPA-induced skin tumors that had the
potential to progress to invasive SCCs, able to metastasize to drain-
ing lymph nodes. This was independent of the acute psoriasis-like
response that we previously observed in D6-deficient mice (29).

Further analysis of tumors at week 42 revealed that 17 of 19
papillomas (89%) carried the H-ras codon 61 mutations (gln to
leu) commonly found in DMBA/TPA-induced tumors (ref. 33;
data not shown). Polymorphonucleocytes (PMNs) and CD3*
T cells were present at high levels in most papillomas around the
dermal/epidermal junction and within the hyperplastic epidermis
(Supplemental Figure 1D and data not shown). This contrasted
with uninvolved skin, which contained few PMNs or CD3* cells.
MCs and macrophages were found underlying tumors but at a
frequency similar to that of uninvolved skin (data not shown).
Similar infiltrates were found throughout SCCs: PMNs were pres-
ent (data not shown), sometimes in large numbers, and all SCCs
contained abundant CD3" T cell populations principally within
the epidermis (Supplemental Figure 1, E and F). Mice had not been
exposed to TPA for approximately 17 weeks at the time of analysis,
suggesting that tumors developed mechanisms of PMN and T cell
recruitment independent of TPA.

Increased tumor susceptibility correlates with prolonged TPA-induced
inflammation. The increased tumor susceptibility of D6-deficient
mice was not dependent on the acute psoriasis-like response we
previously reported (29). However, iCC chemokine clearance is
delayed in Dé6-deficient mice even after a single TPA application
(29), and this may subtly alter resolution of inflammation. Repeat-
ed induction of such a response (in protocol 1-5-10) could lead to
progressive worsening of cutaneous inflammation in D6-deficient
mice, and this may underlie the increased tumor susceptibility.
Thus, D6-deficient and WT mice were treated with TPA accord-
ing to the 1-5-10 protocol for 2 weeks and their skin examined on
days 2 and 4 after the final TPA application alongside untreated
controls. The psoriasis-like response was not evident (29), but
Dé6-deficient mice exhibited prolonged inflammation and
enhanced keratinocyte proliferation after the final TPA applica-
tion (Figure 1, C-F), a response that was more marked than that
observed after a single TPA application. This manifested as extend-
ed duration of skin thickening (Figure 1C), greater abundance of
Ki67" keratinocytes in basal and suprabasal layers (Figure 1D), and
more epidermal CD3" T cells (Figure 1E), and dermal MCs (Figure
1F). PMN and macrophage numbers were not significantly dif-
ferent between WT and Dé6-deficient mice (data not shown). Car-
rier-treated D6-deficient and WT mice had few cutaneous MCs,
epidermal CD3+ T cells, or Ki67* keratinocytes. Next, WT and D6-
deficient mice were treated with TPA (days 1, 5, and 10) and eluates
prepared on day 12 from dorsal skin biopsies to compare bioavail-
able chemokine levels (29). Of 6 chemokines assayed (CCL2, -3,
and -5 and CXC chemokine ligands [CXCLs] 1, 9, and 10), only
CCL3 was consistently detectable and was dramatically elevated
in D6-deficient mice compared with WT mice (Figure 1G). No che-
mokines were detected in skin eluates from untreated mice (data
not shown). Thus, susceptibility to papillomas was linked to raised
CCL3 levels, perturbed inflammation, and enhanced keratinocyte
proliferation in D6-deficient mice.

D6 deficiency enhances papilloma formation in susceptible FVB/N
mice. To examine whether D6 modifies inflammation and papil-
loma susceptibility in mice already predisposed to these tumors,
D6-deficient mice were backcrossed for 6 generations with FVB/N
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Figure 1

D6 deficiency confers susceptibility to
skin tumors in B6/129 mice. (A and B)
Fifteen DMBA-treated D6-deficient (KO)
or WT mice received TPA for 24 weeks
according to protocols shown. Total papil-
lomas and papillomas greater than 5 mm
in diameter were counted once a week.
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Fraction of papilloma-free mice (left) and
mean tumor burden per mouse (right) are
shown. Log-rank tests were applied to data
in left panel. See Results for results of sta-
tistical tests on tumor burden data. (C—F)
Dé6-deficient and WT mice were treated
with TPA on days 1, 5, and 10, and skin
was harvested 2 or 4 days later and scored
for skin thickness (dermis plus epidermis)
(C), Ki67+ keratinocytes (basal and supra-
basal layers) (D), epidermal CD3+ T cells
(E), and MCs (F). Dorsal skin of “carrier”
control mice was harvested 2 days after
application of carrier (acetone) and simi-
larly assessed. (C, E, and F) A total of
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harvested 2 days later, chemokine con-
centrations in eluates were determined
using Luminex technology, and data
were analyzed using a 2-tailed unpaired
Student’s t test. A repeat experiment gen-
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mice, a strain particularly prone to DMBA/TPA-induced tumors
(32). Strikingly, protocol 1-2-3 failed to induce the psoriasis-like
response in D6-deficient mice on this background. While there was
no significant difference in skin thickening or leukocyte infiltra-
tion between WT and Dé6-deficient skin harvested on day 2 after
the last TPA application, there were more Ki67* keratinocytes pres-
ent in the basal layer at this time point (Figure 2, A-D, and data
not shown). Moreover, compared with WT skin, skin from D6-defi-
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erated a similar result. hpf, high-powered

Carrier field. *P < 0.001; TP < 0.01.

Day 2 Day4
t

o

CCL3 (ng/ml)

Ju—

0
WT KO

Day 2

cient FVB mice was more thickened on day 4 after TPA, had more
proliferating basal keratinocytes, and contained increased num-
bers of epidermal CD3* T cells and dermal MCs. Thus, though less
marked than in B6/129 mice, deletion of D6 extends inflamma-
tion and enhances keratinocyte proliferation in FVB mice.

To examine tumor susceptibility, DMBA-treated D6-deficient
and WT FVB/N mice were treated twice a week with TPA for 20
weeks, and papillomas were scored (Figure 2E). The proportion of
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Figure 2

Deletion of D6 increases tumor burden in DMBA/TPA-
treated FVB/N mice. (A—-D) D6-deficient or WT FVB/N
mice were treated on 3 consecutive days with TPA, and
skin was harvested 2 or 4 days later. Skin was also pre-
pared from shaved carrier mice 2 days after receiving car-
rier (acetone) only. After staining, sections were scored
for skin thickness (dermis plus epidermis) (A), Ki67+ kera-
tinocytes (basal and suprabasal layers) (B), epidermal
CD3+T cells (C), and MCs (D). (A, C, and D) 25-40 data
points were collected from stained sections from 5 TPA-
treated mice or 4-5 carrier controls of each genotype per
time point. (B) The number of Ki67+ keratinocytes/mm
was determined by counting 5 randomly selected 400-um
regions of epidermis from stained sections from 5 TPA-
treated mice or 4-5 carrier controls of each genotype per
time point. Data were analyzed using a 2-tailed unpaired
Student’s ¢ test. Two repeat experiments generated simi-
lar data. (E) Fifteen DMBA-treated D6-deficient or WT
mice received TPA twice a week for 20 weeks. Total pap-
illomas and papillomas greater than 5 mm in diameter
were counted once a week. Fraction of papilloma-free
mice (left) and mean tumor burden per mouse (right) are
shown. Log-rank tests were used to analyze data in the
left panels. See Results for results of statistical tests on
tumor burden data. *P < 0.001; 1P < 0.01.

3 times a week to give more regular inflammatory
stimulation to DMBA-treated skin (Supplemental
Figure 2). Again, D6-deficient mice had more papillo-
mas than WT mice, though this was less marked than
when TPA was only applied twice a week. Together,
these data support observations made in B6/129 mice
that D6 suppresses MC and CD3" T cell abundance
in the skin, limits keratinocyte proliferation, and sup-

Carrier Day2 Day4 Carrier Day2 Day4
E DOvs.@P=04793 @vs.@ P=0.7691
f 18
@ 1001 2
£ 215
2 0075 g,
a g £ 12
o E o
2 5050 29
c 3 E
S = 26
o 025 :
g 23
i =4
0 0
0 7 14 21 28 7 14 21
Weeks after DMBA Weeks after DMBA
2x/week protocol

For 20 weeks

VLU L LTV LT TV T TV T T LT T

DMBA TPA  TPA TPA TPA

1 week

WT and D6-deficient mice that remained tumor-free decreased at
a similar rate, yet D6-deficient mice developed more tumors than
their WT counterparts. Differences between WT and D6-defi-
cient animals became significant on week 15 for all papillomas
(P < 0.05) and week 18 when tumors greater than 5 mm in diam-
eter were scored (P < 0.05). These differences remained significant
throughout the experiment. On WT and D6-deficient mice, a
similar proportion of smaller tumors (~40%) formed papillomas
of greater than 5 mm in diameter, and there was no marked differ-
ence in average tumor size. Analysis of D6-deficient mice at week
27 revealed that, as in WT mice, most papillomas (11/12; 92%)
harbored H-ras codon 61 mutations and contained considerable
infiltration of PMNs and CD3* T cells (data not shown). Ten WT
and D6-deficient animals were kept for a further 15 weeks. Invasive
tumors developed on 4 WT and S D6-deficient mice, and log-rank
analysis failed to reveal any significant change in rate of conversion
to SCC (data not shown). In parallel experiments, TPA was applied
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presses tumor formation.
D6 expression by LECs associated with SCCs in humans.
If D6 has the potential to play an equivalent role in

28

human SCC formation, D6-expressing cells would be
expected to be associated with SCCs and their precur-
sors. Thus, we performed immunohistochemistry on
9 SCCs and 3 dysplasias from the oral cavity. Oral SCC
formation bears similarities to the DMBA/TPA model
because while human skin tumors usually develop as
a result of UV exposure, those in the oral cavity pri-
marily arise due to repeated exposure to mutagenic and inflam-
matory chemicals, particularly those found in tobacco smoke (34).
Moreover, chronic oral inflammation predisposes to SCC (35),
and extensive leukocyte infiltrates are associated with oral SCCs
and dysplasias. In comparison with isotype controls, specific D6
immunoreactivity was not observed on tumor or epithelial cells,
but in all 12 samples, as has been found in normal human skin
and other tissues (20), it was readily detectable on LECs that lined
a subset of lymphatic channels identifiable by their often flattened
appearance, lack of red blood cells, and absence of obvious mural or
smooth muscle cells (Supplemental Figure 3). As previously shown
(20), occasional isolated dermal cells that were likely leukocytes
also showed D6 immunoreactivity. Weakly stained D6* LECs were
found throughout the dermis in all samples (Supplemental Figure
3A), but notably, in all SCCs, there was a marked increase in the
intensity of D6 LEC immunostaining around invasive tumor cells
(Supplemental Figure 3, B-G), with LECs sometimes appearing
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to be in direct physical contact with the invading tumor cells (e.g.,
Supplemental Figure 3, B, D, and G). While these observations do
not directly demonstrate a role for D6 in controlling human SCC
development, they do place D6 in the correct anatomical location
to limit inflammation during SCC formation.

Transgenic expression of D6 in keratinocytes dampens TPA-induced
inflammation and decreases susceptibility of FVB/N mice to skin tumors.
We anticipated that ectopic D6 expression would suppress cuta-
neous inflammation and reduce papilloma formation, so we
generated FVB/N K14-D6 mice carrying a murine D6 transgene
under the control of the human keratin 14 (K14) promoter. This
promoter directs transgene expression to the basal keratinocyte
layer, and epidermal D6 expression in K14-D6 mice was con-
firmed by RT-PCR (Figure 3A). To directly assess the activity of
the product of the D6 transgene, we assessed the ability of cul-
tured keratinocytes to remove extracellular biotinylated CCL3
(BioCCL3). Consistent with chemokine sequestration by D6,
K14-D6 keratinocytes directed progressive depletion of BioCCL3,
while equivalent WT cultures left it intact (Figure 3B). A 10-fold
molar excess of unlabeled CCL22, a high-affinity D6 ligand (22),
prevented BioCCL3 depletion by K14-D6 keratinocytes (data not
shown). Next, we examined the response of K14-D6 and WT mice
to cutaneous TPA application (protocol 1-2-3). On day 4 after the
last application, the skin of WT mice was still markedly thick-
1888

The Journal of Clinical Investigation

Weeks after DMBA

= WT: all papillomas

== K14-D6: all papillomas

== WT: papillomas=5 mm
K14-D6: papillomas=5 mm

htep://www.jci.org

14 21 28 TPA ondays 1, 5, and 10 every 2 weeks for 20

weeks. Papillomas greater than 5 mm in diam-
eter were counted once a week. The fraction of
papilloma-free mice (left) and the mean tumor
burden per mouse (right) are shown. Log-rank
tests were applied to the data in the left panel.
See Results for results of statistical tests on
tumor burden data. *P < 0.001.

ened, while in K14-D6 mice it had returned to normal resting
thickness (Figure 3C). In addition, despite the presence of similar
leukocyte infiltrates early after TPA application (not shown), by
day 4 following TPA treatment, K14-D6 mouse skin contained
fewer epidermal CD3" cells and dermal MCs than did WT skin
(Figure 3, D and E). Thus, K14-D6 mice carry keratinocytes capa-
ble of inflammatory CC chemokine depletion and more rapidly
resolve TPA-induced inflammation than WT mice.

Next, DMBA-treated K14-D6 and WT mice received TPA for 20
weeks according to protocol 1-5-10. Under these conditions, K14-
D6 mice were protected against papillomas (Figure 3F). Compared
with WT mice, tumor emergence was delayed by approximately
6 weeks in K14-D6 mice, and tumor burden reduced by approxi-
mately 70%, achieving statistical significance (P < 0.05) at weeks 8
(all papillomas) and 12 (papillomas larger than 5 mm in diameter).
Notably, 20% (3/15) of K14-D6 mice failed to develop any papil-
lomas greater than S mm in diameter up to 27 weeks after DMBA
initiation, and even small papillomas failed to develop on 2 of
these animals. On week 27, 33% (5/15) of the WT animals but only
7% (1/15) of the K14-D6 group carried SCCs that had detectably
invaded into the dermis and/or through the subcutaneous muscle
layer (P = 0.084; Fisher’s exact test). Unlike uninvolved skin, papil-
lomas and SCCs from mice of both genotypes contained abundant
infiltrates of PMNs and CD3" T cells (data not shown). Thus, sup-
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Figure 4

The K14-D6 transgene can be overwhelmed by
increasing the frequency of TPA application and
does not affect conversion of papillomas to SCC.
DMBA-treated K14-D6 or WT mice received TPA for
20 weeks either 2 times per week (A; 13 mice per
genotype) or 3 times per week (B and C; 29 mice per
genotype). (A and B) Papillomas greater than 5 mm

& ®
g 00 P=0.0274 B
o s}
Z 807 Es
gE 2
) 0.50 g
2 .f'—_" = 4
g 0.25 5
T =4
w 0 0
14 21 7 14

Weeks after DMBA
2x/week protocol

For 20 weeks
~ —*— ~ = WT: papillomas=5 mm
NN EEEEEEE EEEEEEE| K14-D6: papillomas=>5 mm
A A
DMBA TPA TPA TPA TPA
1 week

o
>

Weeks after DMBA

21 in diameter were counted once a week. The fraction
of papilloma-free mice (left) and mean tumor burden
per mouse (right) are shown. (C) Mice used to gener-
ate data shown in B were followed for 45 weeks and
assessed every week for SCC formation. Tumors that
had the morphological appearance of SCCs were pro-
cessed for histology and scored as SCCs when inva-
sion into the dermis was detectable. Log-rank tests
were applied to data in the left panels. See Results for
results of statistical tests on tumor burden data.

weeks. Papillomas that developed the morphologi-
cal appearance of carcinomas were harvested and

© ©
g 1.00 | P=0.9264 gp
Z 8075 E-
= 2 g
& 050 /
c - g
T 025 =4
© = o
w 04 !
7 14 21 7 14
Weeks after DMBA Weeks after DMBA
3x/week protocol
* P For 20Aweeks
O === WT: papillomas>5 mm
4 4 + + 4 4 K14-D6: papillomas=5 mm
oveA X EF FF§
EFF FFF
1 week
C

© P=0.2461
g 100 = = \WT carcinomas
S 075 K14-D6 carcinomas
@8
- E 050
g 0.25
L

0% 28 42
Weeks after DMBA

pression of early tumor formation can be augmented by increased
D6 expression (in this case, using an ectopic D6 transgene), indicat-
ing that iCC chemokines contribute to skin tumor developmentin
WT animals even in the presence of endogenous D6.

Relative protection from SCC development in K14-D6 mice
may be due to low papilloma burden rather than a direct effect on
tumor progression. Since differences in responses to TPA between
WT and K14-D6 were most apparent 3-4 days after TPA appli-
cation, more regular TPA application may override protection by
the D6 transgene by removing the temporal window in which it
operates. Thus, the frequency of application was increased to 2 or
3 times per week. K14-D6 mice in the twice-per-week protocol still
showed some protection relative to WT (Figure 4A). On average,
papillomas greater than 5 mm in diameter emerged a few weeks
later on K14-D6 mice, and there was an approximately 30% reduc-
tion in mean tumor burden that became statistically significant by
week 14 (P < 0.05) and remained significantly different throughout
the experiment. However, the transgene was not protective when
TPA was applied 3 times per week (Figure 4B). After completion of
the TPA treatments, these animals were observed for a further 20
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21 classified as SCCs upon confirmation of dermal
invasion. Under these conditions, there was no sig-
nificant difference in the rate of SCC emergence
between WT and K14-D6 mice (Figure 4C). Thus,
protection by the D6 transgene was overwhelmed
by increased frequency of inflammatory stimula-
tion, and the D6 transgene did not influence rate
of conversion to SCC.

Discussion
Proinflammatory CC chemokines control inflam-
matory leukocyte recruitment and behavior by sig-
naling through chemokine receptors CCR1 to -35.
Many of the ligands for these receptors also bind
to D6. While signaling through D6 in some scenar-
ios cannot be excluded, existing evidence strongly
supports the notion that constitutive, ligand-
independent cycling to and from the cell surface
drives sequestration of iCC chemokines by this
receptor. In the skin, D6 limits chemokine bioavailability and is
critical for resolution of inflammation (23, 29, 30). Here we show
that (a) endogenous D6 is sufficiently active during resolution to
enable it to mediate significant suppression of tumor formation
in the skin; and (b) D6 transgenesis can be used to effectively limit
tumorigenesis. Our data highlight the critical importance of the
iCC chemokine network in the early stages of a progressive, mul-
tistep mouse model of de novo tumorigenesis that has many simi-
larities to human cancer development.

In Dé6-deficient mice on 2 distinct genetic backgrounds, tumor
susceptibility correlated with the prolonged presence of epidermal
CD3" T cells and dermal MCs after TPA application. Conversely, in
K14-D6 mice, these cells were markedly reduced in inflamed skin,
coinciding with decreased tumor susceptibility. As D6 controls
cutaneous iCC chemokine abundance (29), the simplest explana-
tion for these observations is that D6 regulates the level of iCC
chemokines to directly affect MC and T cell recruitment. Antigen-
experienced T cell subsets often express one or more of the recep-
tors CCR1 to -5, and CCR4 has been specifically implicated in
cutaneous T cell homing (36, 37). Mouse MCs and their progeni-
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tors also likely fall under the migratory control of D6 ligands; this
is certainly the case for human MCs (38). Significantly, MCs and
T cells show protumorigenic activity in cutaneous malignancy, thus
providing a likely cellular link between D6 dose and tumor devel-
opment. MCs can contribute to tumor-associated angiogenesis (8,
39), while TCRaf* T cells, the bulk of the epidermal CD3* T cells
we detected (29), enhance tumor burden in the DMBA/TPA model
(12, 40) and in K14-HPV16 mice (which express human papilloma
virus early region genes in basal keratinocytes and spontaneously
develop SCCs) (5). Interestingly, MC degranulation is dependent
on protein kinase C isoforms (direct targets of TPA; ref. 41), and
phorbol esters are potent T cell activators. Thus, the number of
T cells and MCs in the skin during each TPA application may
determine the dose of putative protumorigenic leukocyte-derived
factors that are released in the skin. Chemokines may also directly
participate in leukocyte activation. CCL3, a D6 ligand with defec-
tive clearance kinetics in D6-deficient skin (ref. 29 and Figure 1G),
can directly contribute to MC degranulation through CCR1 (41,
42). However, while molecular insights are emerging into how leu-
kocytes encourage tumorigenesis (9), the identity of protumori-
genic factors released by these cells remains a key objective.

Leukocytes are abundant in established DMBA/TPA-induced
tumors, and some leukocyte subsets, such as TCRof* T cells,
enhance progression to carcinoma (12). The near absence of pap-
illomas on WT B6/129 mice means we cannot exclude that D6
affects transition to carcinomas in this strain, but our data with
FVB/N mice suggest that endogenous and transgenic D6 princi-
pally influence early tumor formation. This may be due to estab-
lished tumors evolving TPA-independent mechanisms of leukocyte
recruitment that override the protective effects of D6. If non-D6-
binding chemoattractants mediate this effect, D6 will evidently be
unable to control their bioavailability. For example, proinflam-
matory CXC chemokines may be involved — PMNs, abundant in
DMBA/TPA-induced tumors, can be recruited via CXCR2, and
CXCR2 ligand expression can be driven by activated ras found in
these tumors (43). CXCR2 also controls angiogenesis (44), and
interestingly, DARC, another atypical chemokine receptor func-
tionally related to D6, suppresses the angiogenic activity of CXCR2
ligands to limit spontaneous prostate tumor growth in mice (17).
Alternatively, established DMBA/TPA-induced tumors may switch
on continuous iCC chemokine production. Even when transgeni-
cally overexpressed, D6 may not be able to neutralize sufficient
quantities of these chemokines to have an impact on recruitment
and/or activation of protumorigenic leukocytes. In this regard,
it is notable that increased frequency of TPA application (which
will increase the regularity of chemokine induction) can override
protection by the D6 transgene and reduce differences in tumor
burden between Dé6-deficient and WT FVB/N mice (Figure 4 and
Supplemental Figure 2). In such protocols, the resolution phase of
the inflammatory response becomes less relevant to the eventual
outcome, and itis in this phase that D6 is functionally significant.
Likewise, established papillomas constitutively producing iCC
chemokines will not provide a resolution phase for D6 to exert its
antiinflammatory function.

In conclusion, our data reveal the importance of D6 as a regula-
tor of early tumor formation in mice. It will now be important to
determine the nature of the involvement of D6 in human tumori-
genesis, which is likely to be of particular relevance to those tumors
in which inflammation has been directly implicated in the tumori-
genic process. Moreover, while D6 does not influence progression
1890
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to carcinoma in the DMBA/TPA model, its ability to influence leu-
kocyte infiltration may affect tumor progression in other mouse
tumor models or in emerging human tumors. D6* LECs are found
around SCCs (Supplemental Figure 3) and other solid human
tumors (e.g., endometrial carcinomas; R.J.B. Nibbs, unpublished
observations), while in some angiosarcomas (20) and most Kaposi
sarcomas (R.J.B. Nibbs, unpublished observations), D6 is highly
expressed by the tumor cells themselves, most likely due to their
derivation from LECs (45). It is tempting to speculate that che-
mokine sequestration by D6 in these tumors may determine the
precise nature of the inflammatory infiltrate, be it pro- or antitu-
morigenic. Detailed analyses of human cancers and other mouse
models are required to address these issues. However, our current
data provide further rationale for exploring the therapeutic poten-
tial of iCC chemokine inhibition in human tumorigenesis.

Methods
Animals. Experiments were performed on age-matched female littermates
older than 8 weeks of age at the start of the experiment. D6-deficient B6/129
animals were generated by Donald Cook (National Institute of Environ-
mental Health Sciences, Research Triangle Park, North Carolina, USA) and
Sergio Lira (Mount Sinai School of Medicine, New York, New York, USA)
and maintained along with WT counterparts as previously described (29).
Mice were backcrossed for 6 generations with FVB/N mice (Harlan) and
heterozygotes crossbred to generate D6-deficient and WT offspring. To
generate K14-D6 mice, the pG32.K14 vector (E. Fuchs, Rockefeller Uni-
versity, New York, New York, USA) was modified such that the murine D6
open reading frame was preceded by the human K14 promoter and rabbit
B-globin intron and followed by the human K14 3’ untranslated region
and poly(A) signal (46). This was introduced into d0.5 FVB/N embryos
by pronuclear injection, and surviving embryos were transferred into ovi-
ducts of pseudopregnant foster mice. Transgenic offspring were identified
by PCR from biopsy DNA (primers CTCTTCACTGATCTCCCTCCAC and
ATGACAAGCTCCAAAGAGATGC). Female offspring of 2 independent
founders were assessed for susceptibility to papilloma formation (TPA pro-
tocol 1-5-10). Transgene-positive offspring from both founders were pro-
tected from papillomas relative to WT littermates (Figure 3E and data not
shown). All subsequent experiments were performed using females derived
from the founder whose offspring were used to generate the data shown in
Figure 3E. Mice were kept in specific pathogen-free conditions under the
authority of United Kingdom government Home Office licenses. Protocols
were approved by Glasgow University Ethical Review Panel.

RT-PCR analysis of epidermal sheets. Dorsal skin was dissected, fat removed,
and the skin sliced thinly and placed dermal side down in 25 mm EDTA
in PBS for 2 hours at 37°C to release epidermal sheets. RNA from sam-
ples with clear histological evidence of epidermal separation were treated
with DNasel and used in RT-PCR. First-strand synthesis was done with a
SuperScript kit (Invitrogen) with or without reverse transcriptase. PCR was
done using primers for D6 (AGCTTTACCTGCTGAACCTGG and AAGAA-
GATCATGGCCAAGAGTG) and actin (TGAACCCTAAGGCCAACCGTG
and GCTCATAGCTCTTCTCCAGGG) using Prealiquoted ReddyMix
PCR Master Mix (ABgene) and 30 cycles of 94°C (15 s), 55°C (15's), 72°C
(30s). Products were electrophoresed on a 1% agarose gel containing ethid-
ium bromide and visualized under UV light.

Keratinocyte culture and BioCCL3 depletion. Keratinocyte cultures were pre-
pared as described in ref. 47 from individual neonates from a K14-D6 x WT
cross. After genotyping tail biopsies, 2.5 x 10° keratinocytes were cultured
in 1 ml Keratinocyte Growth Medium (Cambrex) with 1% bovine serum
albumin and 10 nM BioCCL3 (28). Fifteen microliters of heat-denatured
aliquots of culture medium were electrophoresed and western blots pre-
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pared (28). BioCCL3 was detected using streptavidin-horseradish peroxi-
dase conjugate (Dako) and visualized with SuperSignal West Femto Maxi-
mum Sensitivity Substrate (Pierce Biotechnology).

Induction of cutaneous inflammation and tumors. Skin tumors were induced
as previously described (48). Dorsal skin was shaved and the next day 25
ug DMBA (Sigma-Aldrich) applied in 200 ul of acetone. A week later, TPA
applications were initiated and continued for 20-24 weeks, each time
applying 7.6 nmol TPA (Sigma-Aldrich) in 150 ul acetone. Dorsal skin was
kept hair free by regular shaving. Emergent papillomas were scored once a
week. Short-term TPA treatments to assess cutaneous inflammation were
done similarly but without the DMBA step, beginning TPA applications
the day after shaving. Papillomas, SCCs, and inflamed skin were harvested,
processed, and immunostained as previously described (29). Anti-Ki67 was
from Novocastra. Slides were examined with an Axiostar Plus microscope
(Zeiss), and images were captured using Axiovision 3 software (Zeiss). To
determine skin thickness (dermis plus epidermis), at least 20 random x20
magnification fields from H&E-stained sections from at least 5§ mice per
genotype were scored using an eyepiece graticule. Leukocyte counts were
determined from immunostained sections of skin taken from at least 5
mice per genotype, scoring 25-40 random fields from 5 mice per genotype
under x20 magnification. Ki67+ basal and suprabasal cells were scored in
S x 400 um high-powered fields per mouse, with 5 mice per group. For
box-and-whisker plots, the box indicates a 95% confidence interval around
the mean (line across the box), and the whiskers indicate the range of the
furthest outlying points. For interstitial chemokine measurements, 10 x 2
mm punch biopsies from inflamed dorsal skin from each mouse were incu-
bated for 2 hours in 400 ul PBS containing protease inhibitors at 4°C (29)
and chemokine concentrations in the eluates determined using Luminex
technology with a base kit and detection reagents for CCL2, -3, and -5 and
CXCL1, -9, and -10 from BioSource (Invitrogen) according to the manu-
facturer’s instructions. Tumor burden data for B6/129 mice were assessed

research article

at each time point using a Wilcoxon signed-rank test in comparison with a
hypothetical mean of 0. Other data were analyzed using GraphPad Prism 4.0
software (GraphPad Software Inc.) using the log-rank test (survival curves),
Fisher’s exact test (where indicated in Results), or 2-tailed Student’s ¢ test
(all other data). P values less than 0.05 were considered significant.
Immunohistochemistry on human SCC. Sections of oral SCC and dys-
plasias, obtained by K.D. Hunter under existing ethical approval (with
informed consent) granted by the Glasgow Dental Hospital Area Ethics
Committee (49) were stained and counterstained with anti-D6 antibodies
and hematoxylin, respectively (20). Multiple images were captured per
section with settings unchanged between images to allow comparison of’

immunostaining intensity at different sites.
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