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Abstract

Toll-like receptor 9 (TLR9) drives innate immune responses after recognition of foreign or
endogenous DNA containing unmethylated CpG motifs. DNA-mediated TLR9 activation is highly
implicated in the pathogenesis of several autoimmune skin diseases, yet its contribution to the
inflammation seen in these diseases remains unclear. In this study, TLR9 ligand, CpGB DNA, was
administered to mice via a subcutaneous osmotic pump with treatment lasting 1 or 4 weeks. Gene
expression and immunofluorescence analyses were used to determine chemokine expression and
cell recruitment in the skin surrounding the pump outlet. CoGB DNA skin treatment dramatically
induced a marked influx of CD11b* F4/80" macrophages, increasing over 4 weeks of treatment,
and induction of IFNy and TNFa expression. Chemokines, CCL2, CCL4, CCL5, CXCL9 and
CXCL10, were highly induced in CoGB DNA-treated skin, although abrogation of these
signalling pathways individually did not alter macrophage accumulation. Flow cytometry analysis
showed that TLR9 activation in the skin increased circulating CD11b* CD115" Ly6CNi
inflammatory monocytes following 1 week of CoGB DNA treatment. Additionally, skin-resident
CD11b™ cells were found to initially take up subcutaneous CpGB DNA and propagate the
subsequent immune response. Using diphtheria toxin-induced monocyte depletion mouse model,
gene expression analysis demonstrated that CD11b+ cells are responsible for the CpGB DNA-
induced cytokine and chemokine response. Overall, these data demonstrate that chronic TLR9
activation induces a specific inflammatory response, ultimately leading to a striking and selective
accumulation of macrophages in the skin.
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Introduction

Nucleic acids, including DNA, induce innate immune responses and are implicated in the
pathogenesis of several autoimmune skin diseases. Overactivation of inflammatory
pathways can lead to accumulation of immune cells and excessive production of
inflammatory mediators that can cause severe tissue damage. Toll-like receptor 9 (TLR9), a
pattern recognition receptor, recognizes DNA with unmethylated CpG motifs (1), and
evidence suggests that it is highly involved in several autoimmune skin diseases, such as
systemic lupus erythematosus (SLE), psoriasis and possibly systemic sclerosis (2,3). CpG
DNA is thought to be released at high levels early in autoimmune disease, possibly due to
increased or inadequately cleared cell debris, and might continually activate TLR9 in skin-
resident cells over long periods of time (2,4,5). These observations emphasize the
importance of understanding the immune response induced in the skin during chronic TLR9
activation.

In mouse models of CpG DNA-induced arthritis and septic shock, TLR9 activation has been
shown to recruit macrophages and neutrophils and induce TNFa-mediated inflammation
(6,7). Additionally, repeated intra-peritoneal injections of CpG DNA induce production of
TNFa, IFNy, IL-12 and IL-6, as well as increase the number of circulating monocytes (8—
10). Few studies have examined the effect of CpG DNA exposure on the skin. Those studies
have shown an influx of mononuclear cells and an increase in IL-14, IL-6 and TNFa
expression, after the administration of a single dose of CpG DNA (11-14). Thus, it remains
unclear how chronic activation of TLR9 as expected in autoimmune disease would affect
cytokine and chemokine production and subsequent immune cell recruitment.

Immune cells, including macrophages, dendritic cells and T cells, reside throughout the skin
with macrophages representing about half of the cells in the dermis (3,11,15). In response to
immune stimulus in the skin, dermal macrophages and dendritic cells have been suggested
to be the major responders and initiators of inflammation (3,11). It remains unknown which
skin-resident cells initially recognize CpG DNA and are responsible for initiating the
immune response.

In this study, we examined the effects of chronic TLR9 activation on the skin using an
osmotic pump mouse model. We observed specific monomorphic infiltration of CD11b*
F4/80* macrophages. TLR9 activation induced expression of inflammatory mediators:
TNFa, IFNy and a discrete chemokine profile. Our data also show that dermal macrophage
accumulation is associated with an increase in circulating inflammatory monocytes,
suggesting this population is recruited into CpGB DNA-treated skin. Lastly, we demonstrate
that dermal macrophages are the cells initially responding to subcutaneous CpGB DNA and
driving the subsequent upregulation of inflammatory mediators and macrophage
recruitment. Thus, chronic TLR9 activation leads to a surprisingly limited inflammatory cell
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response, which was associated with a particularly uniform recruitment of macrophages into

the skin.

Materials and methods

Mice

C57BL/6 wild-type (WT), C57BL/6 TNFa -, C57BL/6 IFNy~/~, C57BL/6 CXCR37/-,
C57BL/6 CCR57/~, C57BL/6 CCL2~/~ mice were obtained from Jackson Laboratories;
C57BL/6 TLR9™~ mice were originally obtained from S. Akira (1) and provided by lan
Rifkin. All procedures were approved by the institutional animal care and use committee at
Boston University Medical Campus.

Osmotic pump model

Briefly, mice were anesthetized by intra-peritoneal (i.p.) injections of ketamine (100 mg/kg)
and xylazine (5 mg/kg). Osmotic pumps (Alzet, Cupertino, CA) designed to deliver CpGB
DNA (ODN 1668; Integrate DNA Technologies, Inc. Coralville, lowa; 1 pg/ul
concentration) or phosphate-buffered saline (PBS) for either 7 or 28 days were sterilely
implanted subcutaneously. At designated time points, mice were euthanized and the skin
(approximately 1 cm?) surrounding the pump outlet was homogenized in TRIzol
(Invitrogen, Grnad Island, NY) for RNA isolation or fixed in either formalin or O.C.T.
compound for immunohistochemistry or immunofluorescence, respectively.

Diphtheria toxin-induced monocyte depletion mouse model

Itgam(CD11b)-DTR mice were obtained from Jackson Laboratories. CD11b-DTR and
C57BL/6 WT mice were injected i.p. with 100 pl of diphtheria toxin (List Biological
Laboratories, Inc. Campbell, CA) at a concentration of 0.02 ug per gram of mouse weight.
Two days after PBS or CpGB DNA pump insertion, skin was collected for RNA isolation or
immunofluorescence.

Subcutaneous injections of CpoGB DNA

Mice were briefly anesthetized, and skin was shaved and cleaned. 50 pl of 1 pg/pl
concentration of CpGB DNA (ODN 1668) conjugated to fluorescein isothiocyanate (FITC)
(Invivogen) was injected subcutaneously. Skin samples were collected 4 h after the injection
for immunofluorescence analysis. 250 pl of 1 pg/pl concentration of CpGB DNA or PBS
was injected, and skin samples were collected 6 h after injection for gPCR and
immunofluorescence analysis.

RNA isolation and gene expression analysis

RNA was isolated from skin homogenized in 2 ml of TRIzol (Invitrogen), using TissueLyser
Il (Qiagen, Manchester, UK), according to Invitrogen’s protocol for RNA isolation from
TRIzol. Blood collected postmortem was mixed with 100 pl of 0.5 M EDTA pH8.0, and red
blood cells were lysed using red blood cell lysing buffer (Sigma-Aldrich, St. Louis, MO).
Remaining blood cells were resuspended in RLT lysis buffer, and RNA was isolated using
the RNeasy Mini Kit (Qiagen). The concentration of total RNA isolated was measured
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(Nanodrop 1000; ThermoScientific, Tewksbury, MA), and 300 ng of RNA was used to
make cDNA according to the Superscript Il RT (Invitrogen) protocol using random primers.
Gene expression assays (TagMan; Applied Bio-systems, Foster City, CA) were used with
the cDNA for quantitative real-time PCR analysis (qQPCR) (StepOnePlus; Applied
Biosystems). For chemokine array analysis, cDNAs were mixed with RT2SYBR green/ROX
PCR Master Mix and used with RT2 Profiler PCR Array: Mouse Chemokines and Receptors
according to the included protocol (SA Biosciences, Valencia, CA). Skin from mice treated
with PBS and CpG was analysed using nanostring technology (16). Hundred nanograms of
RNA per sample was used, and gene expression was normalized to the expression of eight
housekeeping genes. The analysis was performed using GraphPad Software, Inc., La Jolla,
CA.

Immunohistochemistry

Skin samples were fixed in formalin, embedded in paraffin and rehydrated. Sections were
stained with haematoxylin and eosin. Additional sections were blocked with Fc Receptor
Blocker and Background Buster (Innovex, Boston, MA), stained with rabbit polyclonal ki67
antibody (Novus Biologicals, Littleton, CO), then stained with secondary antibody against
rabbit Ig (GE Healthcare Life Sciences, Pittsburgh, PA) and developed with Dako
Chromogen System.

Immunofluorescence

Frozen skin sections were fixed in cold acetone and blocked with Fc Receptor Blocker and
Background Buster (Innovex). Sections were stained with phycoerythrin (PE)-conjugated rat
anti-mouse CD11b (BD Biosciences, San Jose, CA), allophycocyanin (APC)-conjugated rat
anti-mouse Ly6G (eBioscience, San Diego, CA), Alexa Fluor 488- (Molecular Probes, Inc.,
Eugene, OR) conjugated rat anti-mouse F4/80 (BioLegend, London, UK) or Alexa Fluor
488- (Molecular Probes, Inc.) conjugated rat IgG2b x isotype control (BioLegend). All
sections were counterstained with Fluoroshield Mounting Medium with DAPI (Abcam,
Cambridge, UK). Images were taken with Fluoview FVV10i confocal microscope (Olympus,
Center Valley, PA).

Flow cytometry

Isolated blood cells were labelled with APC-Cy7-conjugated rat anti-mouse CD11b
(BioLegend), phycoerythrin (PE)-conjugated rat anti-mouse CD115 (eBioscience), Pacific
Blue- (Molecular Probes, Inc.) conjugated rat anti-mouse Ly6C (BioLegend) and LIVE/
DEAD Fixable Aqua Dead Cell Stain (Invitrogen). At least 1 000 000 events were acquired
on a LSRII Flow Cytometer (BD Biosciences). Dead cells and doublets were excluded based
on live/dead staining and side scatter properties. Data were analysed and graphed using
FlowJo software (Tree Star, Ashland, OR).

Data analysis

gPCR data are normalized to mRNA expression of housekeeping gene (GAPDH) expression
and expression of one control sample. All analyses graph the expression mean with the
standard deviation (SD). P-values were calculated using 2-sided, unpaired t-test.
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One week of CpGB DNA treatment induced severe skin inflammation

Osmotic pumps containing CpGB DNA were sterilely inserted subcutaneously on the backs
of wildtype C57BL/6 (B6) mice for 1-week treatments to determine the effects of chronic
TLR9 activation on the skin. All 1-week CpGB DNA-treated mice had a small nodule in the
skin at the pump outlet that was not seen in PBS-treated mice. A large accumulation of cells
was seen in CpGB DNA-treated skin when examining the skin by haematoxylin and eosin
staining (Fig. 1b). CpGB DNA treatment induced aggregation of these cells in the
subcutaneous region, particularly, below the panniculus carnosus. These cells were a
homogeneous population of mononuclear cells with large nuclei (Fig. 1c). Cell recruitment
was not seen in the epidermal and dermal regions of CpGB-treated skin. PBS-treated mice
showed neither cell accumulation nor noticeable structural changes in the skin (Fig. 1a).

Mononuclear cell mass formed after 4 weeks of CpGB DNA treatment

CpGB DNA skin treatment for 4 weeks led to a remarkable accumulation of cells in the
subcutaneous region of the skin (Fig. 1e). A large mass, approximately 1 cm in diameter,
was observed at the pump outlet of these mice, an effect not seen in PBS-treated mice.
Histological analysis of the 4-week CpGB DNA-treated skin showed a striking uniformity
of these accumulated cells that were all large and mononuclear (Fig. 1f). Similar to 1-week
CpGB DNA treatment, the effects of the 4-week treatment were localized to the
subcutaneous region of the skin, with no changes seen in the epidermis or dermis.

Inflammatory mediators upregulated by chronic TLR9 activation

CpGB DNA skin treatment for 1 and 4 weeks upregulated expression of inflammatory
cytokines, TNFa and IFNy, compared to PBS-treated mice (Fig. 1g), in agreement with
previously published studies that demonstrated this response occurs downstream of TLR9
after activation by CpGB DNA (1,6). For further confirmation, TLR9-deficient mice treated
with CpGB DNA for 1 and 4 weeks did not show an induction of TNFa or IFNy gene
expression. (Figure S1a). CpGB DNA treatment did not increase expression of type |
interferon-responsive genes after 1 week with only a minimal increase seen after 4 weeks
(Figure S1b), distinguishing this response from TLR9 activation by CpGA DNA (data not
shown).

CD11b™* F4/80" macrophages accumulate in CoGB DNA-treated skin

To identify the accumulated cells, skin from CpGB DNA and PBS-treated mice was
collected for gene expression analysis of immune cell markers. Expression of macrophages
markers, F4/80 and CD11b, were significantly increased in the skin after 1 week of CpGB
treatment in comparison with PBS-treated mice with an average increased expression of
15.3 £ 6.3- and 10.2 + 3.1-fold (mean % SD), respectively (Fig. 1h). These macrophage
markers were further increased in 4-week CpGB DNA-treated mice with an average
increased expression of 60 + 29.6-fold for F4/80 and 22 + 5.9-fold for CD11b compared to
PBS-treated mice, correlating with the observed increase in the numbers of accumulated
cells at this time point. Markers of other immune cells were also examined in the skin:
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CD11c (dendritic cells), Ly6G (neutrophils), CD19 (B cells) and CD3 (T cells). Expression
of these cell markers was not increased in CpGB DNA-treated mice at either 1 or 4 weeks
treatment time in comparison with the respective PBS-treated mice with the exception of
CD11c that showed a trend towards increased expression in 4-week CpGB DNA-treated
mice (Figure S1c). Average expression of Ly6G was significantly decreased in 1-week
CpGB DNA-treated mice compared to PBS-treated mice. Further confirming that cell
recruitment is specific to the activation of TLR9, TLR9-deficient mice treated with CpGB
DNA did not show increased expression of these macrophage markers (Figure S1d).

Immunofluorescence staining of 1-week CpGB DNA-treated skin confirmed the gene
expression analysis data that these cells are CD11b* F4/80* macrophages (Fig. 1j and n).
Four-week CpGB DNA-treated skin showed remarkable widespread staining of these
macrophage markers (Fig. 11 and p). CD11b* and F4/80* cells were also seen in PBS-treated
skin (Fig. 1i, m and k, o) in agreement with previously published studies identifying a large
number of skin-resident macrophages under normal, non-inflammatory conditions
(11,15,17). This staining was performed in conjunction with an isotype control and an
antibody against CD3 conjugated to PE that did not show positive staining, demonstrating
the specificity of these cells in expressing only these macrophage markers (Figure Sle-h).

To further identify the accumulated cells, gene expression from skin of CoGB DNA and
PBS-treated mice was collected for analysis by nanostring assay. Expression of M2 markers,
ARG and CD163, were significantly downregulated while expression of M1 marker NOS
was significantly upregulated (Figure S1i).

CpGB DNA treatment induces expression of macrophage chemoattractants in the skin

Chemokine, chemokine receptor and inflammatory cytokine expressions in 1-week CpGB
DNA-treated skin were analysed using 84-gene chemokine arrays (SA Bioscience). Of all
genes included in the array, only six chemokines and TNFa were found to have induced
expression greater than threefold change in comparison with PBS-treated skin (Fig. 2a:
CCL2-6.0 + 3.1-fold change; CCL4-18.9 + 7.8-fold change; CCL5-7.3 £ 6.3-fold change;
CCL7-3.7 + 2.2-fold change; CXCL10-4.1 + 2.4-fold change; CXCL9-8.9 + 5.1-fold
change; TNF-16.0 £ 5.2-fold change). These observations made with chemokine arrays were
confirmed using TagMan gene expression assays for a larger group of mice. All chemokines
identified in the array, with the exception of CCL7, were confirmed to have increased
expression after 1-week CpGB DNA treatment (Fig. 2b: CCL2-5.3 + 3.3-fold change;
CCL4-29.3 £ 18.8-fold change; CCL5-5.9 + 3.2-fold change; CXCL9-13.3 + 7.7-fold
change; CXCL10-4.4 + 2.9-fold change). Expression of these chemokines remained induced
after 4 weeks of CpGB DNA treatment compared to PBS-treated mice (CCL2-5.2 + 1.5-fold
change; CCL4-187.3 £+ 81.9-fold change; CCL5-8.5 + 2.4-fold change; CXCL9-17.5 +7.9-
fold change; CXCL10-5.8 + 3.9-fold change). Complete data including expression from all
genes analysed by the chemokine array can be found in Table S1. Chemokine gene
expression analysis of TLR9-deficient mice treated with CpGB DNA for 1 and 4 weeks
confirmed that induction of these chemokines is TLR9 dependent, except for CCL2, which
showed induction in TLR9-deficient mice at 4 weeks (Figure S2a).
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Macrophage accumulation is not dependent on TNFa, IFN+y or individual chemokine
signalling pathways

As TNFa and IFN yare highly produced by CpGB DNA skin treatment (Fig. 1g) and are
known to induce chemokine expression through activation of their receptors (18,19), we
examined their role in the accumulation of macrophages and the induction of chemokines
seen in CpGB DNA-treated skin. Surprisingly, TNFa-deficient mice treated with CpGB
DNA for 1 week showed an induction of expression of macrophage markers, similar to the
induction seen in wildtype (B6) CpGB DNA-treated mice, with even a modest increase of
CD11b expression seen in TNFa-deficient mice (CD11b: P < 0.04, F4/80: P = ns; Figure
S3a). In a similar manner, IFNy-deficient mice also had an average expression of
macrophage markers, CD11b and F4/80, comparable to the average expression in CpGB
DNA-treated wildtype (B6) mice (CD11b: P < 0.02, F4/80: P = ns). Notably, expression of
CpGB DNA-induced chemokines, CCL2, CCL5 and CXCL10, was actually increased in
TNFa-deficient mice compared to wildtype (B6) mice, while CCL4 and CXCL9 expression
remained the same (Figure S3b). In addition, chemokine expression was similar between
wildtype (B6) an IFNy-deficient CpGB DNA-treated mice, with the exception of CCL2 and
CCL4, that showed increased expression in IFNy-deficient mice.

As CpGB DNA treatment leads to a large accumulation of macrophages that is neither
dependent on TNFa nor IFNy signalling, we sought to determine which chemokines
upregulated in CpGB DNA-treated mice were responsible for the recruitment of
macrophages to the skin. Mice deficient of CCR5 (receptor for CCL4, CCL5), CXCR3
(receptor for CXCL9, CXCL10) or CCL2 were treated with CoGB DNA for 1 week.
Expression of macrophage markers, CD11b and F4/80, did not show significant decreases in
comparison with wildtype mice (Figure S2b—d).

CpGB DNA skin treatment leads to an increase in circulating CD11b* CD115* Ly6Chi
inflammatory monocytes

As the recruitment of macrophages to the skin would likely derive from circulating
monocytes, we analysed circulating leucocytes from mice treated with CpGB DNA for 1
week to determine whether blood monocyte populations were altered in comparison with
PBS-treated mice. On average, 9.5 £ 2.1% (mean + SD) of all live circulating leucocytes in
PBS-treated mice were CD11b* CD115* monocytes (17,20,21). This population was
significantly increased to an average of 21.1 + 6.0% after 1 week of CpGB DNA treatment
(P < 0.04; Fig. 3a and c). This increase of CD11b* CD115" monocytes after CoGB
treatment was selective, as the population of CD11b* CD115" cells, typically marking
granulocytes (17,20,21), remained at 20.4 + 4.5% on average in both PBS and CpGB DNA-
treated mice (Fig. 3c, right panel). Analysis of Ly6C expression on circulating monocytes
can subdivide this population into inflammatory monocytes (Ly6CM) and patrolling
monocytes (Ly6C™) (20-23). Granulocytes also express Ly6C but at intermediate levels
compared to inflammatory monocytes. After gating on CD11b* cells, Ly6C" inflammatory
monocytes were seen at an average of 19.5 + 2.6% of circulating leucocytes in PBS-treated
mice. The Ly6Ch inflammatory monocyte population significantly increased to 40.3 +
12.1% of all CD11b* cells after CpGB DNA skin treatment (P < 0.05; Fig. 3b and d). The
increase of the inflammatory monocyte population was also selective, as the percentage of
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CD11b* Ly6C~ patrolling monocytes and CD11b* Ly6CiM granulocytes remained constant
between PBS and CpGB DNA-treated mice.

CpGB DNA-induced skin inflammation is dependent on dermal CD11b* cells

To determine the cells initially recognizing CpGB DNA in the skin, wildtype (B6) mice
were injected subcutaneously with CpGB DNA conjugated to fluorescein isothiocyanate
(CpGB-FITC). Immunofluorescence of the skin 4 h following subcutaneous injection of
CpGB-FITC identified CD11b™ cells as the major cell type positive for FITC staining (Fig.
4a). The FITC staining was perinuclear, in agreement with what has been described for
localization of CpG DNA after binding to TLR9 (24). In order to address the possible role of
granulocytes during the initial response to CpG, mice skin was collected 6 h following
subcutaneous injection of CpG or PBS. There was no significant difference in Ly6G gene
expression by qPCR between those mice injected with PBS and those injected with CpG
(Figure S4a). Also, there was little expression of Ly6G by immunofluorescence (Figure S4b
and c).

To determine whether CD11b™* cells drive CpGB DNA-induced skin inflammation, we
treated monocyte-depleted mice with CpGB DNA for 2 days. CD11b* cells were depleted
using a diphtheria toxin (DT) inducible model, where the CD11b promoter drives the
expression of the human diphtheria toxin receptor (DTR) deleting only CD11b* cells.
Wildtype (B6) and CD11b-DTR mice were injected i.p. with DT one day prior to treatment
with PBS or CpGB DNA for 2 days by osmotic pump. CD11b-DTR mice showed a
complete loss of CD11b* and F4/80* cells in the skin, along with a loss of circulating
monocytes (Figure S5). Skin in these mice did not show macrophage recruitment after
CpGB DNA treatment (Fig. 4c). Cytokine and chemokine expression analysis in the skin
demonstrated that CD11b-depleted mice (CD11b-DTR) were able to induce neither TNFa
and IFNy expression nor expression of chemokines: CCL2, CCL4, CCL5, CXCL9 and
CXCL10 after CpGB DNA treatment, whereas these chemokines and CD11b* F4/80*
macrophages were highly induced in DT-treated wildtype mice (Fig. 4d).

Discussion

The study of chronic TLR9 activation in the skin showed a specific inflammatory response
characterized by increased expression of a select group of cytokines and chemokines, along
with the immense accumulation of CD11b* F4/80* macrophages in the skin. Dermal
macrophages recognized and induced the initial immune response to TLR9 ligand, CpGB
DNA, leading to an increase in circulating inflammatory monocytes that likely supply the
influx of macrophages into the skin. Overall, these data are supported by the current
paradigm that macrophages are recruited from the blood during proinflammatory immune
responses (25,26) and demonstrates that local immune stimuli can induce a systemic
inflammatory response.

As important protectors of barrier immunity, resident macrophages are found in high
numbers in both human and mouse skin during normal, non-inflammatory conditions
(3,11,15,27). Thus, as efficient phagocytic cells, it is not surprising that they are the first
responders to subcutaneous CpGB DNA. Interestingly, CD11b depletion of macrophages
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demonstrated that dermal DCs and structural skin cells did not play an important role in the
cytokine and chemokine response after CoGB DNA treatment. This effect may be facilitated
by the subdermal location of the osmotic pump, an area that typically contains many
macrophages. Even so, it is unexpected that other skin-resident cells did not induce an
immune response in the absence of dermal macrophages. These data point to skin-resident
macrophages as crucial mediators of inflammation following CpGB DNA exposure.

Surprisingly, TLR9 activation of dermal macrophages led to a specific accumulation of
inflammatory macrophages. Upon histological examination, it was clear that all of the
recruited cells were morphologically similar and expressed the same macrophage cell
markers, CD11b and F4/80. They showed upregulated M1 marker, NOS2, and decreased
M2 markers, Argl and CD163. This M1 phenotype is different from what is seen when mice
are pretreated with CpG systemically 6 days before wound healing, where a marked increase
in M2 macrophage marker RELM-a is seen in association with accelerated wound healing
(28). In another study in which CpG was administered topically, increased IL-12 was seen
more typical of an M1 response (29). So differences in kinetics, dose and/or route of
administration appear to be key to the effect of TLR9 stimulation on dermal macrophages.

TLR9 expression by various cell types in the skin has been difficult to detect using available
reagents. However, our data not surprisingly clearly show dermal macrophages take up and
respond to CpG indicating they have these receptors. Keratinocytes also appear to express
TLR9 though perhaps at lower levels (28,30). Subcutaneous osmotic pump delivery clearly
favours delivery to dermal and subdermal tissues, and CpG may not reach the epidermis in
adequate concentration to have an effect on this cell layer in our model.

Chemokine expression was analysed to determine the set of chemokines that recruited such
a specific cell type. Several chemokines were found to be upregulated in CpGB-treated skin:
CCL2, CCL4, CCL5, CXCL9 and CXCL10. The receptors for these chemokines, CCR2,
CCRS5 and CXCR3, are also expressed on dendritic cells and T cells in addition to
monocytes/macrophages (31). Although the highly upregulated expression of these
chemokines led to a homogenous influx of macrophages, abrogation of these chemokine
pathways individually did not alter macrophage recruitment after CpGB treatment. Thus,
this specific combination of chemokines does not appear to drive the specificity of this
recruitment. Furthermore, these data suggest that these chemokines are redundant in their
function, as all of them are chemotactic for macrophages. Overall, these data indicate that
blocking one single chemokine pathways will not likely provide a strong therapeutic for
blocking macrophage recruitment in autoimmune skin disease.

Another interesting aspect of the CpGB DNA osmotic pump model is that these
macrophages drastically increase in number over time. While the continuous recruitment of
inflammatory monocytes likely drives the accumulation, it appears that these cells are
remaining at the site of inflammation as we did not observe histological evidence of
apoptosis or necrosis. These inflammatory macrophages do not upregulate chemokine
receptor, CCR7, which would induce migration out of the skin and into the skin draining
lymph nodes, supporting the current hypothesis that inflammatory macrophages remain in
the periphery (32). Despite seeing a discrete increase in circulating inflammatory
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monocytes, we surprisingly did not see a change in monocyte/macrophage accumulation in
CpG-treated mice deleted of CCL2, the chemokine most closely associated with monocyte
mobilization from the bone marrow through CCR2 (33). Despite this, we feel most likely
CpG is recruiting inflammatory monocytes from the bone marrow through a combination of
chemokines. Another alternative is that the CpG is entering the circulation and reaching the
bone marrow to affect CCR2/CCL2, CXCL12 or other chemokine regulating monocyte
egress from the bone marrow. Similar effects have been already shown with systemic
administration of a variety of TLR ligands including CpG (34). Our data would support the
notion that multiple chemokines can serve this function and not just CCL2.

There has been some evidence that TLR9 activation can promote the survival of
macrophages, and as there is a continuous source of TLR9 ligand in this model, the
macrophages do not die nor induce resolution of the inflammation (35). In autoimmune skin
disease, macrophages can be found in increased numbers in affected skin, which is likely an
important aspect of pathogenesis as macrophages induce widespread tissue damage (21).
Thus, interfering with TLR9-mediated survival could be a promising therapeutic target, as
death of these cells could lead to resolution of the local immune response.

Overall, this study of TLR9 activation by CpGB DNA has identified a signature for chronic
TLR9 activation in the skin. In addition to increased CCL2, CCL4, CCL5, CXCL9 and
CXCL10 expression, local TLR9 activation led to an increase in circulating inflammatory
monocytes that likely drive subcutaneous macrophage accumulation. In autoimmune skin
diseases where TLR9 activation is implicated in pathogenesis, it is likely one of multiple
immune pathways activated in the disease. This signature provides a valuable tool for
identifying the specific role of TLR9 activation in disease. Taken together, these data further
emphasize the importance of macrophages in propagating TLR9-mediated autoimmune skin
disease and how selective TLR activation can result in selective cell recruitment and
survival.
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Figure 1.
Chronic CpGB DNA skin treatment induces severe inflammation and an influx of CD11b*

F4/80* cells. Haematoxylin and eosin staining of skin sections taken from mice treated with
PBS or CpGB DNA for 1 or 4 weeks. (a) PBS 1 week treatment (b, c) CpoGB DNA 1 week
treatment (d) PBS 4 week treatment (e, f) CpoGB DNA 4 week treatment (a, b, d, €) Images
taken at 10x magnification. (c, f) Image taken at 40x magnification. (g) Gene expression
analysis for TNFa and IFNy. All genes are normalized to GAPDH and compared to the
respective PBS-treated mouse. PBS 1 week: n = 8; CpGB 1 week: n = 11; PBS 4 week: n =
3; CpGB 4 week: n = 5. Data collected from five experiments. **P < 0.01; ****P < 0.0001.
(h) Gene expression analysis for macrophage markers, F4/80 and CD11b. All genes are
normalized to GAPDH and compared to the respective PBS-treated mouse. PBS 1 week: n =
8; CpGB 1 week: n =11; PBS 4 week: n = 3; CpGB 4 week: n =5. *P < 0.05; **P < 0.01;
***p < (0.001; ****P < 0.0001. (i-p) Immunofluorescence staining of skin treated with PBS
or CpGB for 1 or 4 weeks; (i-I) F4/80 antibody conjugated to FITC; (m—p) CD11b antibody
conjugated to PE; (i, m) PBS 1 week treatment; (j, n) 1 week CpGB DNA treatment; (k, 0) 4
week PBS treatment; (I, p) 4 week CpGB DNA treatment. All images are taken at 20x
magnification. Data collected from five experiments.
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Figure 2.
Chronic CpGB DNA skin treatment induces a specific chemokine response. (2) Chemokine

gene expression array analysis. Only genes with an average fold change in CpGB DNA-
treated skin greater than threefold compared to PBS-treated skin are shown. PBS: n = 2;
CpGB: n = 4. Data collected from two experiments. (b) Gene expression analysis on the six
induced chemokines identified in the array: CXCL9, CXCL10, CCL2, CCL4, CCL5, CCL7.
PBS 1 week: n = 4; CpGB 1 week: n =5; PBS 4 week: n = 3; CpGB 4 week: n = 5. Data
collected from five experiments. For all genes, expression is normalized to housekeeping
gene (a: HSP90 and b: GAPDH) and compared to the respective PBS-treated mouse. *P <
0.05; **P < 0.01; ***P < 0.001.
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Figure 3.
Inflammatory monocytes are increased in the blood following CpGB DNA skin treatment.

Flow cytometry analysis of peripheral blood mononuclear cells from 1 week PBS or CpGB
DNA-treated mice, using CD11b-APC_Cy7, CD115-PE, Ly6C-Pacific Blue, and AmCyan
Live/Dead cell staining. Data shown is gated on live cells. Representative images are shown
in dot plots. (a) CD11b and CD115 staining, showing selection of CD11b* CD115* cells
(monocytes) and CD11b* CD115™ cells (neutrophils) (b) Gating on CD11b* cells, Ly6C
staining, showing selection of Ly6CN cells (inflammatory monocytes), Ly6CiM cells
(neutrophils), and Ly6C™ cells (patrolling monocytes). (c, d) Quantification of per cent
positive cells for each population, n = 3. Data collected from one experiment. *P < 0.05.
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Figure4.
CpGB DNA-induced skin inflammation is dependent on dermal CD11b* cells.

Immunofluorescence staining for CD11b in B6 skin 4 h following subcutaneous injection
with CpGB-FITC (Subpanels a, b). CpGB-FITC — green; CD11b-PE — red; Nuclei-DAPI —
blue. () 10x magnification (b) 20x magnification. Representative image from two
experiments. Gene expression analysis from diphtheria toxin depletion model CD11b-DTR
(Subpanels c, d) (c) Gene expression analysis of macrophage markers: CD11b and F4/80.
(d) Gene expression analysis of cytokines: TNFa and IFNy and chemokines: CCL2, CCL4,
CCL5, CXCL9 and CXCL10. For all treated mice, PBS n = 4; CpGB n = 6. Data collected
from two experiments. Gene expression is normalized GAPDH and compared to the
respective PBS-treated mouse. *P < 0.05; **P < 0.01.
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