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Identification and Characterization of pDC-Like Cells in
Normal Mouse Skin and Melanomas Treated with Imiquimod1

Francesca Palamara,2*† Simone Meindl,* Martin Holcmann,*† Petra Lührs,* Georg Stingl,*†

and Maria Sibilia3*†

Among the different subsets of dendritic cells (DC) described in humans and mice, epidermal Langerhans cells and dermal DCs
represent the only DC populations resident in normal skin. In this study we describe a population of CD4�CD3� plasmacytoid
DC (pDC)-like cells that accumulate in the dermis and spleens of mice topically treated with imiquimod, a low m.w. immune
response modifier with potent antiviral and antitumor activities. These CD4�CD3� cells coexpress GR-1, B220, MHC class II, and,
to a lesser extent, CD11c and display the phenotypic features of pDCs described in lymphoid organs. The accumulation of pDC-like
cells after imiquimod treatment was detected not only in normal skin, but also in intradermally induced melanomas. Imiquimod
treatment leads either to complete regression or to a significant reduction of the tumors. The number of pDCs correlates well with
the clinical response of the tumors to the drug, suggesting that the antitumor effects of imiquimod could be mediated at least in
part by the recruitment of pDC-like cells to the skin. Therefore, strategies aimed at activating and directing these cells into
neoplastic tissues may be a promising and novel approach for the immunotherapy of various types of cancer. The Journal of
Immunology, 2004, 173: 3051–3061.

D endritic cells (DC)4 constitute a heterogeneous popula-
tion of APCs found in virtually every tissue and organ.
They link innate and adaptive immunity by inducing ap-

propriate immune responses upon the recognition of invading
pathogens, thus acting as “nature’s adjuvant” (1, 2). In peripheral
tissues DCs continuously monitor the antigenic environment, and
any encounter with microbial products or damaged tissue induces
the activation and the migration of DCs to the draining lymph
nodes (LN). In LN, DCs present Ags to T lymphocytes and then
efficiently trigger immune responses through the selective binding
between TCRs and the foreign peptides complexed on the DC
surface to MHC (1, 2). Many subsets of DC have been described
in both humans and mice (1, 3–5). Among these, epidermal Lang-
erhans cells (LC) and dermal DC have been shown to be the only
resident DC populations in normal skin. Recently, another subset
of DC, termed plasmacytoid DC (pDC), has been described in
human skin, occurring in cutaneous inflammatory diseases such as
psoriasis vulgaris, contact dermatitis, and lupus erythematosus and
being almost absent in normal skin (6, 7).

Originally pDCs were identified in humans as a population of
medium-sized cells readily identifiable in tissue sections on the
basis of their plasma cell-like morphology (8). They were initially
termed T-associated plasma cells or plasmacytoid T cells, because
they do not express the typical markers of plasma cells and are
localized in the T cells zone of lymphoid tissues. After this dis-
covery, a series of studies has phenotypically characterized these
cells in humans as Lin� DC (9–12). It has been shown that human
pDCs produce large amounts of type I IFNs (IFN-� and IFN-�)
and thus form a key component of the antiviral defense strategy of
the immune system. They seem to be identical with the natural
type I IFN-producing cells (10, 11, 13), which are capable of syn-
thesizing extremely high amounts of type I IFN upon viral in-
fection (14), and to develop characteristic features of DCs upon
maturation (10, 15). Human pDCs can be identified by the coex-
pression of CD123 (IL-3R) and CD45RA, BDCA-2, CD68,
CXCR3, and CD62L (L-selectin). They also express CD4 and
MHC class II (MHC-II), but not CD11c or CD45RO (5, 10).

In the last few years several groups simultaneously identified the
murine equivalent of human pDCs as CD11c�B220�GR-
1�MHC-II� cells of plasmacytoid morphology, producing large
amounts of type I IFN and therefore also termed IFN-producing
cells (16–20). Mouse pDCs appear to be negative for markers such
as CD11b, CD19, CD40, CD80, CD86, CD79b, and F4/80 and
positive at various degrees for CD45RA, CD45RB, CD123, and
CD62L (12, 21). Moreover, different groups found pDCs to be
CD4�CD8��, CD4�CD8��, or CD4�CD8�� depending on the
mouse strain, localization, or activation state (5, 12, 17–25). These
cells have been detected in peripheral blood, bone marrow, LN,
and spleen, but not in nonlymphoid tissues.

Recently, a family of type I transmembrane receptors termed
TLRs has been described that seems to be involved in the recog-
nition of pathogen-associated molecular patterns, such as LPS,
peptidoglycans, bacterial DNA containing unmethylated CpG mo-
tifs, and dsRNA (26, 27). The identification of TLRs revealed how
innate immunity is closely linked to acquired immunity (26, 27).
Among the 10 family members of TLRs (TLR1 to TLR10)

* Department of Dermatology, Division of Immunology, Allergy and Infectious Dis-
eases, Medical University of Vienna, and†Competence Center for Biomolecular
Therapeutics, Vienna, Austria

Received for publication March 22, 2004. Accepted for publication June 30, 2004.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby markedadvertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
1 This work was supported by the Competence Center for Biomolecular Therapeutics,
funded by the Austrian Ministry of Science and Technology, City of Vienna, and
industrial partners.
2 Current address: Department of Dermatology, University of Rome Tor Vergata,
Viale Oxford 81, 00133 Rome, Italy.
3 Address correspondence and reprint requests to Dr. Maria Sibilia, Department of
Dermatology, Division of Immunology, Allergy and Infectious Diseases, Medical
University of Vienna and Competence Center for Biomolecular Therapeutics, Vienna
Competence Center, Lazarettgasse 19, A-1090 Vienna, Austria. E-mail address:
maria.sibilia@meduniwien.ac.at
4 Abbreviations used in this paper: DC, dendritic cell; pDC, plasmacytoid DC; LC,
Langerhans cell; LN, lymph node; MHC-II, MHC class II.

The Journal of Immunology

Copyright © 2004 by The American Association of Immunologists, Inc. 0022-1767/04/$02.00

D
ow

nloaded from
 http://journals.aai.org/jim

m
unol/article-pdf/173/5/3051/1190046/3051.pdf by guest on 22 M

ay 2023



identified to date, mouse pDCs seem to express only TLR7 and
TLR9 and to respond to TLR7 and TLR9 ligands by producing
large amounts of IFN-� (26, 28, 29). Although TLR9 seems to be
essential for the recognition of bacterial DNA containing unmeth-
ylated CpG motifs, the natural ligand for TLR7 was still unknown
until very recently, when two groups reported that ssRNAs repre-
sent the physiological ligands for murine TLR7 and human TLR7
and -8 (30, 31).

TLR7 is also selectively recognized by small synthetic immune
response modifiers, including imiquimod, R-848, loxirabine, and
bropirimine (29, 32). Imiquimod has potent antiviral and antitumor
activities (32–35) and can induce the synthesis of IFN-� and other
cytokines (TNF-�, IL-1, IL-6, IL-8, IL-12, GM-CSF, etc.) in a
variety of cell types (36–38). Recently, imiquimod became avail-
able for the treatment of human papillomavirus infections, partic-
ularly for genital and perianal warts. It has also been shown to be
efficient in the treatment of infectious diseases such as genital her-
pes virus and CMV infections in guinea pigs (39, 40). Moreover,
imiquimod can act as a potent antitumor drug in a number of
murine tumor models, including MC-26 colon carcinoma, Lewis
lung carcinoma, and FCB bladder tumor (41, 42). Topical appli-
cation of imiquimod to mouse skin induces a strong inflammatory
response, accompanied by alterations in LC morphology, enhance-
ment of LC migration to the draining LN, and up-regulation of
different cytokines in the skin (IL-6, IL-10, IFN-�, IFN-�, and
TNF-�) (43).

In this study we aimed at obtaining more detailed information
about the quality and quantity of the leukocytic infiltrate induced
by imiquimod. We were also interested to determine whether imi-
quimod, similarly to the human situation, can induce the regression
of superficial melanocytic neoplasms of the skin, and if so,
whether this phenomenon can be correlated with a particular phe-
notypic profile of leukocytes invading and surrounding the tumor.

Materials and Methods
Mice, cells, and reagents

The compound imiquimod (1-(2-methylpropyl)-1H-imidazo[4,5]quinoline-4-
amine) used in this study is a proprietary molecule of 3M Pharmaceuticals (St.
Paul, MN), and the structure of this molecule has been described previously
(44). Female C57BL/6 (Haarlan-Winkelmann, Borchen, Germany) mice be-
tween 8 and 12 wk of age were treated with �10–12 �l of a 5% imiquimod
cream formulation (Aldara). The cream was either applied at the dorsum of
one ear or to the shaved back skin once daily for 8 days. As a negative control,
the contralateral ears or the back skin were treated with vehicle.

Melanoma cells M3 (derived from Cloudman S91 melanoma; H-2d)
were cultured in Ham’s F-10 standard medium as previously described
(45). M3 cells (6 � 105/mouse) were then injected intradermally in pre-
viously shaved back skin of anesthetized DBA/2 female mice (Haarlan-
Winkelmann). Tumor growth was monitored every 2–3 days. Melanomas
that had reached a certain volume were treated topically with either imi-
quimod cream (5%) or vehicle every 2–3 days over a period of 30 days
(total of 12 applications), and the sizes of the tumors were measured every
3–4 days by tissue calipers. At the end of each treatment, mice were killed
by cervical dislocation, and the tissues were processed further.

Antibodies

The following purified mAbs were purchased from BD Pharmingen (San Di-
ego, CA): anti-CD3�, PE-conjugated anti-CD4, R-PE-conjugated anti-CD8�,
R-PE-conjugated anti-CD11c, FITC-conjugated anti-CD45, anti-CD19, FITC-
and R-PE-conjugated anti-I-A/I-E, and FITC-conjugated anti-Ly-6G (Gr-1)
and -Ly-6C. The respective isotype controls were also obtained from BD
Pharmingen. Anti-F4/80 was purchased from Serotec (Kidlington, U.K.).
Second-step, biotin-conjugated, goat �-hamster IgG and rabbit �-rat IgG
Abs (Vector Laboratories, Burlingame, CA) were used at the recom-
mended dilutions. Secondary fluorescent Abs were purchased from Mo-
lecular Probes (Eugene, OR): goat �-rat IgG Alexa-Fluor 488 (green), goat
�-rat IgG Alexa-Fluor 546 (red), and goat �-hamster IgG Alexa-Fluor 488
(green). Streptavidin-Cy5 was purchased from Jackson ImmunoResearch
Laboratories (West Grove, PA).

Immunolabeling of Langerhans cells

Skin samples were collected between days 0 and 20 after imiquimod and
vehicle treatment, and anti-MHC-II in situ immunolabeling was performed
as previously described (46). Positively stained cells were counted by ex-
amining at least 10 randomly selected fields in each group, and their mor-
phology was analyzed under a fluorescence microscope. Results are ex-
pressed as positively stained cells per square millimeter (mean � SEM).
The experiment was repeated three times.

Immunohistology

Mice were killed, and tissues were either snap-frozen in liquid nitrogen for
cryosections or fixed in 4% PBS-buffered formaldehyde and embedded in
paraffin. Five-micron sections were cut and stained either with H&E (Sig-
ma-Aldrich, St. Louis, MO) according to standard procedures or were pro-
cessed further for immunohistochemical or immunofluorescence staining.
Immunohistochemical stainings were performed using the avidin-biotin-
peroxidase staining kit (Vector Laboratories) according to the manufac-
turer’s recommendations, and immunofluorescence stainings of frozen
sections were performed as described previously (7). In all staining exper-
iments, substitution of the primary Abs with isotype-matched IgG and
omission of the primary Ab served as negative controls. Positively stained
cells were counted by examining at least 10 random fields in each group
and were expressed as number of cells per field (mean � SEM; magnifi-
cation, �200). The statistical significance of the data was determined by
applying the two-tailed Student’s t test. The difference was considered
statistically significant at p � 0.05.

Preparation of dermal and spleen cell suspensions and FACS
analysis

Single-cell suspensions from skin and/or spleen of imiquimod- and vehi-
cle-treated mice were prepared for flow cytometric analysis (FACS) as
follows. Mice were killed on day 8 after treatment, and skin/ear samples
were collected and cut into pieces. Trypsin/PBS 0.8% (30 min, 37°C) was
used to separate the epidermis from the dermis. Samples of dermis were
collected and incubated for 45 min at 37°C in DNase medium (200 mg/ml
DNase I; Sigma-Aldrich) and then passed through a 70-�m pore size nylon
mesh. Spleen samples were minced through a 70-�m pore size nylon mesh,
and the cells were collected and incubated for 15 min at 4°C with 2%
PBS/BSA supplemented with 10% mouse serum and 5% goat serum to
block Fc�III/IIR (CD16/CD32). Subsequently, cells were stained for the
indicated markers and analyzed by flow cytometry (FACSCalibur; BD Bio-
sciences, Mountain View, CA); matched isotype mAb served as controls.
Dead cells positive for 7-aminoactinomycin were excluded. Two hundred
thousand events per sample were acquired, and 5% of them were displayed
(10,000). All experiments were repeated five times.

RT-PCR analysis of enriched splenic DC populations

Isolated spleens of vehicle- and imiquimod-treated mice were injected with
HBSS buffer containing collagenase D (400 U/ml), cut into small pieces,
incubated for 20 min at room temperature, and subsequently passed through a
70-�m pore size nylon mesh. The collected cells were centrifuged, resus-
pended in 2 ml Lymphoprep (Tecnoclone, Vienna, Austria), overlaid with 2 ml
of HBSS, and centrifuged for 15 min at 1700 � g. The low density fraction
enriched for DCs was collected, and RNA was extracted with the RNeasy
Minikit (Qiagen, Valencia, CA). After DNase I digestion (Invitrogen Life
Technologies, Carlsbad, CA), RT was performed from 1.3 �g of RNA of each
sample using Superscript RT-II (Invitrogen Life Technologies). PCR was
performed on the cDNAs with the following primers: IFN-�: forward,
TGTCTGATGCAGCAGGTGG; and reverse, AAGACAGGGCTCTCCA
GAC (47); TLR7: forward, TGACTCTCTTCTCCTCCA; and reverse, GCT
TCCAGGTCTAATCTG (48); TNF-�: forward, AGTGGTGCCAGCCGAT
GGGTTGT; and reverse, GCTGAGTTGGTCCCCCTTCTCCAG; IL-2:
forward, ATGTACAGCATGCAGCTCGCATC; and reverse, GGCTTGTT
GAGATGATGCTTTGACA; IL-4: forward, TCGGCATTTTGAACGAG
GTC; and reverse, GAAAAGCCCGAAAGAGTCTC (49); IL-5: forward,
TCACCGAGCTCTGTTGACAA; and reverse, CCACACTTCTCTTTTTG
GCG (49); IL-6: forward, ATGAAGTTCCTCTCTGCAAGAG; and reverse,
CCAGTTTGGTAGCATCCATC; IL-23: forward, ATAATGTGCCCCG
TATCC; and reverse, ACAAACGAAACAAGAACAGC; and hypoxanthine
phosphoribosyltransferase: forward TTGCTCGAGATGTGATGAAGGA;
and reverse, AAAGTTGAGAGATCATCTCCACCAA.
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Results
Imiquimod-induced migration of LC is reversible

Topical administration of imiquimod on normal mouse skin in-
duces emigration of LCs from the epidermis (43). To confirm these
findings and to investigate whether these effects are reversible after
termination of treatment, anti-MHC-II in situ immunolabeling was
performed on epidermal sheets of imiquimod- and vehicle-treated
mouse ears. Whereas vehicle treatment had no effect on the num-
ber of LCs present in the epidermis, the number of LCs per square
millimeter started to decrease after 3 days of imiquimod treatment,
falling to �40% of the control value by day 8 when the treatment
was stopped (Fig. 1A). On day 10 (2 days after the last treatment),
the number of LCs in the epidermis was still greatly reduced, but
they reached their original number by day 20 (Fig. 1A). The de-
crease in the number of epidermal LCs in imiquimod-treated ears
was associated with a change in their morphology (Fig. 1, B and
C). By day 8, the LCs remaining in the epidermis after imiquimod
treatment appeared larger and more dendritic and stained more
strongly for MHC-II Ag than LCs present in vehicle-treated skin
(Fig. 1C and data not shown). These morphological changes per-
sisted throughout the treatment until day 10 and are indicative of
an activated state. On day 20, the morphology of LCs of imi-
quimod-treated skin again appeared comparable to that of vehicle-
treated controls (Fig. 1D and data not shown). These results show
that LC migration induced by imiquimod is reversible after termi-
nation of treatment.

Application of imiquimod leads to skin inflammation

To better investigate the effects of imiquimod on the cutaneous
immune system, histological and immunohistochemical examina-
tions were performed on skin on day 8 after treatment. Macro-
scopic examination and measurement of skin thickness by a me-
chanical micrometer showed inflammation, edema, and swelling
starting around day 3 after imiquimod treatment (data not shown).
These changes were not detectable in vehicle-treated controls in
which the skin appeared normal and comparable to that in non-
treated controls (data not shown). Application of imiquimod in-
duced spongiosis, acanthosis, and papillomatosis as well as pro-

nounced inflammatory changes in the dermis that were never
observed in vehicle-treated skin (Fig. 2, A and B). Immunohisto-
chemical staining of imiquimod-treated skin showed a massive
increase in CD45� leukocytes, which consisted, in decreasing or-
der, of MHC-II�, CD4�, CD11c�, GR-1�, Mac-1�, F4/80�, and
CD3� cells (Fig. 2C). Only a few CD8�� cells were present, and
their number was not significantly different from that in vehicle-
treated skin (Fig. 2C). Staining for CD19 showed that both vehi-
cle- and imiquimod-treated skin were almost devoid of B cells
(Fig. 2C). Interestingly, the number of CD4� cells regularly ex-
ceeded that of CD3� cells, suggesting that some of these CD4�

cells are not T cells (Fig. 2C). These results show that topical
application of imiquimod induces skin inflammation with in-
creased numbers of inflammatory cells in the dermis.

Characterization of the inflammatory infiltrate of imiquimod-
treated skin

It has been shown that imiquimod acts via binding to TLR7 and
that in mice this receptor appears to be selectively expressed on
pDCs (29, 50). Moreover, mouse pDCs seem to express CD4 on
their surface (5, 12, 24). Therefore, we next characterized the in-
flammatory infiltrate of imiquimod-treated skin, searching partic-
ularly for the presence of phenotypic markers of pDCs. Immuno-
fluorescence double labeling revealed the presence of a population

FIGURE 1. Effect of imiquimod on LC density and morphology. A,
Number of MHC-II� LC present in epidermal sheets of mouse ears treated
once daily with 10–12 �l of Aldara cream (5%) or vehicle for 8 days. The
arrow indicates the end of imiquimod/vehicle treatment. The data represent
the mean � SEM of the number of MHC-II� cells counted in 10 fields of
two independent samples. Immunofluorescence staining of epidermal
sheets on day 0 (B), day 8 (C), and day 20 (D) after beginning of imi-
quimod treatment is shown. Magnification, �200. �, p � 0.05.

FIGURE 2. Topical imiquimod treatment leads to skin inflammation. A
and B, Imiquimod- and vehicle-treated skin samples were collected on day
8 after beginning of treatment (once daily for 8 days), and cryosections
were stained with H&E. B, Pronounced inflammatory changes such as
acanthosis and papillomatosis (marked on the right of B) and leukocytic
infiltrates (boxed area in B) were present in the dermis of imiquimod-
treated skin. Similar changes were not seen in control skin (A). The dotted
lines in A and B delineate the dermal-epidermal junction. Magnification,
�200. C, Immunohistochemical stainings performed on imiquimod- and
vehicle-treated back skin sections on day 8 after beginning of treatment
(once daily for 8 days) showing the numbers of stained cells present in the
respective skin samples. The data represent the mean � SEM of the num-
ber of positive cells counted in seven fields of three independent samples.
�, p � 0.05.
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of CD4�CD3� cells in both treated and nontreated skin (Fig. 3A).
In imiquimod-treated skin, these CD4�CD3� cells appeared
larger, exhibited a round shape, and were greatly increased in num-
ber (Fig. 3A and data not shown). Moreover, these CD4� cells
were also positive for markers such as CD11c (Fig. 3, A–C), GR-1
(Fig. 3, A, D, and E), and MHC-II (Fig. 3A). All these double-
positive cells as well as cells coexpressing CD11c�GR-1�, MHC-
II�CD11c�, and MHC-II�GR-1� were significantly increased in
number in imiquimod-treated skin (Fig. 3A). These results indicate
that CD4�CD3� cells present in imiquimod-treated skin display
the features of pDC expressing on their surface markers such as
MHC-II, GR-1, and, to a lesser extent, CD11c.

FACS analysis of dermal cell suspensions from imiquimod- and
vehicle-treated skin also revealed a significant increase in the num-
ber of MHC-II�GR-1� and CD45RB�GR-1� cells after imi-
quimod treatment (Fig. 4). We also found an increase in the num-
ber of B220�MHC-II� and B220�GR-1� cells in imiquimod-
treated skin (Fig. 4). These B220� cells are probably not B
lymphocytes, but, rather, pDCs, because by immunohistochemical
staining the number of CD19� B cells was very low after imi-
quimod treatment (Fig. 2C). Given that B220 is expressed on mu-

rine pDCs (20), these findings suggest that pDCs are present and
increased in number in imiquimod-treated skin.

Splenomegaly and increase in splenic pDC-like cells in
imiquimod-treated mice

When mice that had been treated daily with imiquimod for 8 days
were killed, we regularly observed a pronounced splenomegaly
(Fig. 5A). FACS analysis of cell suspensions prepared from such
spleens revealed that although the number of T and B cells was
decreased, the number of DCs, NK cells, granulocytes, neutro-
phils, and macrophages was significantly increased (Fig. 5B).
Among the DC population there was a significant increase in the
number of pDC-like cells in spleens of imiquimod-treated mice.
These pDC-like cells were triple positive for CD11c/GR-1/B220,
B220/GR-1/MHC-II, and B220/GR-1/CD4 as well as CD11c/
MHC-II/B220, CD4/CD11c/B220, and CD11c/F4/80/B220 (Fig.

FIGURE 3. Characterization of the inflammatory infiltrate in the skin of
mice after topical application of imiquimod. Double-immunofluorescence
stainings with the indicated Abs were performed to phenotypically analyze
the leukocytic infiltrate. A, The number of single- and double-positive cells
for the respective markers is displayed. The data represent the mean �
SEM of the number of single- and double-positive cells counted in 10 fields
of three independent samples. �, p � 0.05. B–E, A pronounced increase in
the number of dermal CD4�CD11c� (C) and CD4�GR-1� (E) cells was
observed in imiquimod-treated skin compared with control skin (B and
D). Magnification, �200. g, green, FITC-labeled Abs; r, red, R-PE-
labeled Abs.

FIGURE 4. Analysis of the dermal inflammatory infiltrate of imi-
quimod-treated skin. Flow cytometric (FACS) analysis of dermal single-
cell suspensions showing an increase in the number of B220�MHC-II�,
B220�GR-1�, MHC-II�GR-1�, and CD45RB�GR-1� cells in imi-
quimod-treated skin (right) compared with vehicle-treated controls (left).
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FIGURE 5. Analysis of spleen cells of imiquimod-treated mice. A, Macroscopic view of the spleen of vehicle-treated (left) and imiquimod-treated (right)
mice showing splenomegaly after topical imiquimod application. B, The percentages of the different cell populations detected in the spleen after FACS
analysis for the indicated markers are shown (granul., granulocytes; neutr., neutrophils). C, FACS analysis (triple stains) of splenic single-cell suspensions,
demonstrating an increase in the number of CD11c�GR-1�B220�, B220�GR-1�MHC-II�, and B220�GR-1�CD4� cells in imiquimod-treated mice
compared with vehicle controls. The percentages of total cells present within the boxed regions are indicated. In the first row, blue and red dots and numbers
refer to CD11c� and CD11c� cells, respectively. D, RT-PCR analysis showing the expression of TLR7 and several cytokines in DC-enriched spleen cell
populations. V, vehicle; I, imiquimod; �/� RT, with and without reverse transcriptase.
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FIGURE 6. Effect of imiquimod on melanoma growth. A, DBA/2 mice were injected intradermally with 6 � 105 M3 melanoma cells. Of 115 injected mice,
65 (57%) developed melanomas, which were either treated with vehicle (n � 26) or imiquimod (n � 39) every 2–3 days for 4 wk (total of 12 applications). The
total number of mice and the respective percentages showing the various clinical responses after imiquimod and vehicle treatments are indicated. Mice treated with
imiquimod (n � 39) were further subdivided according to the tumor volume present at the beginning of treatment (small and big tumors), and the number of mice
and respective percentages showing clinical responses are displayed. B, Tumor growth curve, representing the relative tumor volumes of all imiquimod- and
vehicle-treated mice (small and big tumors together). C and D, Tumor growth curves represented as relative tumor volumes of imiquimod- and vehicle-treated mice
grouped according to small (between 8 and 180 mm3; C) and big (between 180 and 1200 mm3; D) tumor sizes. Results are representative of three independent
experiments. �, p � 0.05. E–G, Macroscopic appearance of tumors treated with vehicle at the indicated time points. H–J, A mouse showing tumor shrinkage
starting around day 12 after imiquimod treatment (I), with complete regression by day 15 (J). V, vehicle; I, imiquimod.
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5C and data not shown). To investigate whether cytokines known
to be induced by imiquimod were expressed at increased levels,
RNA was extracted from splenic cell populations enriched for DCs
and analyzed by semiquantitative RT-PCR. Interestingly, TLR7
and IFN-�, which are both known to be expressed by mouse pDCs,
were already expressed in resident spleen cells, and their expres-
sion was slightly up-regulated after imiquimod treatment (Fig.
5D). In addition, several cytokines, such as TNF-�, IL-2, IL-4,
IL-5, and IL-6, were expressed at increased levels in spleen cells
after imiquimod treatment (Fig. 5D). Taken together, these results
show that topically applied imiquimod can have systemic effects,
leading to splenomegaly with an overproportional increase in pDC
in this organ.

Effect of imiquimod on melanoma growth

To investigate the antitumor properties of imiquimod in vivo, we
used a melanoma model in which DBA/2 mice were injected in-
tradermally with 6 � 105 M3 melanoma cells. After a period of
16 � 7 days, 57% of the injected mice had developed melanomas
(Fig. 6A). The skin overlying and surrounding the tumors was
treated with either vehicle or imiquimod once a day every second
day for 30 days. Vehicle treatment did not affect tumor growth, and
tumors had considerably increased in size after 30 days (Fig. 6, A,
B, and E–G). Overall, in 26% of imiquimod-treated mice there was
complete tumor regression (Fig. 6, A and H-J), in 51% of the mice
the tumor size remained essentially unchanged throughout the en-
tire treatment period, and in 23% of mice there was poor response
to the drug, and tumors continued to grow (Fig. 6A). The clinical
response of the tumors to imiquimod very much depended on the
size of the melanomas at the beginning of the treatment. When the
tumor size was small (8–180 mm3), the response to imiquimod
was much better, and there was complete tumor regression in
�38% of the mice, stable disease in 58%, and tumor progression
in only 4% of the mice (Fig. 6, A and C). In contrast, when tumor
size at the beginning of the experiment ranged from 180-1200
mm3, only 7% of the mice showed complete regression, whereas
40% of the mice showed stable disease, and 53% showed progres-
sive disease (Fig. 6, A and D). However, even these progressor
tumors never reached the size of those treated with vehicle, sug-
gesting that imiquimod still had a tumoricidal effect in this situa-
tion (Fig. 6D). These results show that imiquimod treatment in-
hibits tumor growth and that this inhibition is more effective when
the size of the melanomas is small at the beginning of treatment.

To investigate the mechanism of growth inhibition, the number
of proliferating and apoptotic cells was measured by immunohis-
tochemical stainings for Ki67 and caspase-3, respectively. Ki67
staining of tumor tissue revealed an �50% reduction in the num-
ber of proliferating cells in tumors treated with imiquimod (94 �
8) compared with tumors treated with vehicle (196 � 60). In imi-
quimod-treated tumors, almost twice as many apoptotic cells were
detected (34 � 17) relative to vehicle-treated controls (17 � 11),
indicating that imiquimod leads to reduced proliferation and in-
creased apoptosis of tumor cells. Histologically, melanomas of ve-
hicle-treated mice consisted mostly of large tumor cells with lots
of leukocytes surrounding them, but only a few of them infiltrating
the tumor tissue (Fig. 7, A and B). In contrast, a massive leukocytic
infiltrate could be detected in imiquimod-treated tumors (Fig. 7,
C–F). In fact, imiquimod-treated tumors, which were classified as
nonresponders, also contained high numbers of leukocytes sur-
rounding the tumor cell clusters compared with vehicle-treated
controls (Fig. 7, C and D). Even when tumors had completely
disappeared in response to imiquimod treatment, leukocytic infil-
trates including mast cells and activated fibroblasts could be de-
tected in the dermis (Fig. 7, E and F). These results show that

imiquimod treatment leads to the appearance of inflammatory cells
that invade tumor tissue.

Characterization of the inflammatory infiltrate in imiquimod-
treated melanomas

Computer-assisted morphometric analysis revealed that compared
with the vehicle-treated control, the total skin area covered by
CD45� leukocytes was significantly increased after imiquimod
treatment (data not shown). This increase was more pronounced in
regressor tumors and in mice with stable disease (data not shown).
To determine whether pDCs-like cells were present in the tumor
inflammatory infiltrate, sections from imiquimod- and vehicle-
treated melanomas were analyzed and stained for the main markers
of mouse pDCs.

We found that vehicle-treated tumors displayed a sizable num-
ber of CD4�CD3�, but few CD4�CD3� cells, indicating that the
majority of CD4� cells are T cells (Fig. 8A). In contrast, in imi-
quimod-treated tumors, higher numbers of CD4�CD3� cells were
detected, confirming the findings already made in normal mouse
skin treated with imiquimod (Fig. 8, B and I). Not many
CD4�MHC-II� double-positive cells were seen in vehicle-treated
melanomas, whereas they could be detected at higher numbers
after imiquimod application (Fig. 8, C and D). Only a few GR-1�

FIGURE 7. Analysis of imiquimod- and vehicle-treated melanomas. A,
Histological examination of a vehicle-treated tumor on day 15 showing
large melanoma cells infiltrating the entire dermis and the s.c. fat tissue.
Leukocytes (arrows) are present in the region of the dermis surrounding the
tumor. B, Higher magnification of the area boxed in A, showing that no
inflammatory cells were detected in the tumor mass. The arrows point to
large melanoma cells forming a compact tumor mass. C and D, Imiquimod-
treated tumor (nonresponder) on day 23 of treatment, displaying large num-
bers of leukocytes (arrowheads in D) infiltrating the tumor tissue. Mela-
noma cells (arrows in D) appear smaller and fewer in number compared
with controls (B). E and F, Imiquimod-treated tumor (responder) on day 15
of treatment, when no tumor cells were detected in dermis or s.c. fat tissue.
Some leukocytes (arrowheads in F) and activated fibroblasts (evidenced by
strong pink eosin staining in E and F) were present in the dermis. Mag-
nification: A, C, and E, �100; B, D, and F, �400.
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FIGURE 8. Characterization of the inflammatory infiltrate in imiquimod- and vehicle-treated melanomas. Cryosections from imiquimod- and vehicle-
treated melanomas on day 19 of treatment (total of eight treatments) were stained with the indicated Abs. A and B, A high number of CD4�CD3� cells
(red) were detectable in imiquimod-treated tumors (B), whereas in controls almost all the CD4� cells also stained for CD3 (yellow, A). C and D,
CD4�MHC-II� cells (yellow) were only found in imiquimod-treated skin (D), not in vehicle-treated controls (C). E–H, Few GR-1� cells (green), which
were negative for CD4 (E) and MHC-II (G), were detected in control tumors, whereas many GR-1�CD4� (F) and GR-1�MHC-II� (H) double-positive
cells (yellow) were found in imiquimod-treated melanomas. Magnification, �400. g, green, FITC-labeled Abs; r,: red, R-PE-labeled Abs. I, The percentage
of double-positive cells of the respective total single-positive cells is displayed for the indicated markers. The numbers of single- and double-positive cells
were determined by counting 10 fields of two independent samples.
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cells were found in control tumors, and not many of them appeared
to coexpress markers such as CD4, MHC-II, and CD11c (Fig. 8, E,
G, and I). In contrast, many GR-1�CD4�, GR-1�MHC-II�, as
well as GR-1�CD11c� double-positive cells were found in imi-
quimod-treated tumors (Fig. 8, F, H, and I), whereas MHC-
II�CD11c� cells were present in both imiquimod- and vehicle-
treated tumors (data not shown). Interestingly, the area covered by
CD8� T cells was always much higher in vehicle-treated tumors
even when compared with nonresponder, imiquimod-treated mel-
anomas (data not shown). These results indicate that only imi-
quimod and not vehicle application is followed by an increased
appearance of pDC-like cells in and around the tumors. The num-
ber of these cells correlates well with the clinical response of the
tumors to the drug being higher in responders and in mice with
stable disease. These results suggest that the antitumor effects of
imiquimod could be mediated in part by the recruitment of pDC-
like cells to the skin.

Discussion
The immune response modifier imiquimod has been shown to ex-
ert antiviral and antitumor activities in both animal models and
man (32, 40, 51–53). Imiquimod is a potent cytokine inducer (33,
37, 38, 54), and this activity is at least in part responsible for its
clinical effects. It has recently been shown that topical application
of imiquimod leads to LC activation and their migration to drain-
ing LN (43). In our study we observe similar effects, and we fur-
ther demonstrate that the migration of LC in response to imi-
quimod is dose dependent and reversible after termination of
treatment. The degree of LC migration induced by imiquimod is
comparable to what was observed after LPS treatment. In the case
of LPS it seems that the migratory effect on LCs is mediated in-
directly via the release of cytokines such as TNF-� (55). It is
unclear whether imiquimod-induced migration is due to a direct
effect of imiquimod on LCs or to the action of the drug on a
different target cell, which releases cytokines that, in turn, lead to
LC activation and migration. Because it has been shown that imi-
quimod as well as its more potent analog R-848 are selectively
recognized by TLR7, mainly expressed on pDCs in mice (29), we
investigated whether the mechanism of action of imiquimod may
involve the recruitment of different populations of leukocytes to
the skin, looking particularly for the presence of phenotypic mark-
ers of murine pDCs.

Interestingly, a population of CD4�CD3� cells, displaying
characteristic features of mouse pDCs observed in lymphoid or-
gans (3, 5, 12, 21–23, 25), was present and significantly increased
in number in mouse skin after imiquimod treatment. Most of these
CD4� cells coexpressed markers such as GR-1, MHC-II, and, to a
lesser extent, CD11c, supporting our hypothesis that these cells
might represent murine pDCs. Indeed, FACS analysis also re-
vealed the presence of high numbers of B220�GR-1�,
B220�MHC-II�, MHC-II�GR-1�, and CD45RB�GR-1� cells in
the dermis of treated skin. It is likely that the B220�MHC-II� cell
population observed in treated skin consists mostly of pDCs rather
than B cells because we already observed that CD19� B lympho-
cytes are only present at very low numbers in the skin and are not
affected by imiquimod treatment. Simultaneous coexpression of
B220, MHC-II, and CD45RB has never been reported on granu-
locytes (GR-1�), suggesting that these cells appearing in the skin
after imiquimod treatment are indeed mouse pDCs, which have
been shown to be positive for markers such as CD4, GR-1, B220,
MHC-II, and CD11c (12, 18–21, 23). According to these findings,
we propose these cells to represent a population of pDCs and we
term them cutaneous pDC-like cells.

Costainings with CD4 could not be performed on skin by FACS
analysis, because optimal dermal cell suspensions could only be
obtained after trypsin digestion, and it is known that the CD4 Ag
is trypsin sensitive. However, FACS stainings with CD4 Ag could
be performed in spleens of imiquimod-treated mice. These spleens
appeared bigger after topical application of imiquimod, most likely
due to systemic effects induced by the drug, because the perme-
ability of imiquimod through the skin seems to be 40 times higher
in mice than in men (H. B. Slade, unpublished observation). The
number of macrophages, NK cells, and DCs was markedly in-
creased in spleens of mice topically treated with imiquimod.
Among the DC population, the number of pDC-like cells triple
positive for CD4/GR-1/B220 and CD4/CD11c/B220 was signifi-
cantly increased by imiquimod. Moreover, we observed that the
expression of TLR7 and several cytokines known to be induced by
imiquimod was increased after imiquimod treatment. Taken to-
gether, these findings demonstrate that imiquimod treatment leads
to an increase, in spleen and skin, of a population of cells display-
ing all the characteristic features of mouse pDCs expressing on
their surface markers such as CD4, CD11c, MHC-II, GR-1,
and B220.

At the moment it is still unclear whether the appearance of pDC-
like cells in skin and that in spleen are independent or linked
events, and several possibilities can be entertained to explain their
origin. They could be recruited into the skin as a primary effect of
imiquimod and then migrate into the spleen. Alternatively, they
could be increased in number in the spleen as a consequence of a
systemic effect of the molecule binding to TLR7 expressed on
resident splenic pDCs and then migrate into the skin, or finally, the
effects observed in spleen and skin could be independent of each
other and due to topical and systemic effects, respectively. The first
and the third possibilities would imply the existence, until now
never shown, of some resident or peripheral blood-derived precur-
sors in the skin expressing TLR7 and able to proliferate in re-
sponse to the drug. The second possibility would be easily ex-
plained by the evidence that pDC expressing TLR7 are usually
present in the spleen under normal conditions (17). After imi-
quimod treatment, pDC precursors resident in the spleen could be
induced to proliferate and migrate into peripheral organs. How-
ever, it can also be assumed that a combination of these possibil-
ities leads to the observed phenotypes. The question that remains
to be resolved is whether imiquimod, after binding to TLR7 on
splenic and/or cutaneous pDCs themselves, would induce their in-
flux from the blood. Alternatively, imiquimod could bind to either
TLR7 or an as yet unidentified receptor structure on cells other
than pDCs and indirectly trigger the attraction of pDCs into the
tissues of interest.

We also investigated whether imiquimod, similarly to the hu-
man situation (51–53), can induce the regression of superficial
melanocytic neoplasms of the skin and, if so, whether this phe-
nomenon can be correlated with a particular phenotypic profile of
leukocytes invading and surrounding the tumor. We observed that
imiquimod treatment leads either to complete resolution or to a
significant reduction of the tumors. Indeed, reduced proliferation
and increased apoptosis were observed in tumors treated with imi-
quimod, and similar observations have recently been reported (56).
Surprisingly, we found that the number of CD8� T cells was much
higher in vehicle-treated tumors, and few of these cells could be
detected after imiquimod treatment regardless of the clinical re-
sponse of the tumor to the drug. However, CD4�CD3� cells as
well as CD4�MHC-II�, CD4�GR-1�, and GR-1�MHC-II� were
abundantly present in all imiquimod-treated tumors, and their nu-
merical increase was more substantial in complete responders and
in mice with stable disease. Because the number of these cells
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directly correlated with the clinical response to the drug, we pro-
pose that the antitumor property of imiquimod is due in part to the
recruitment of pDC-like cells. Indeed, pDCs represent the highest
type I IFN-producing cells in both humans and mice. IFN-� has
been used extensively in the treatment of metastatic melanoma,
mediating the regression of advanced disease in 15–20% of pa-
tients when used at high doses (57, 58). Despite these findings, it
remains unclear whether IFN-� mediates its antitumor effects
through stimulation of the host’s immune system, by a direct effect
on the tumor cells, or both (59). IFN-� can exert direct effects on
tumor cells because it is a potent inhibitor of cell proliferation in
vitro, and it strongly up-regulates the expression of MHC-I Ags
and adhesion molecules such as ICAM-1 and L-selectin on tumor
cells (60, 61). It has also been demonstrated that IFN-� effectively
inhibits the release of tumor-derived, proangiogenic factors such as
basic fibroblast growth factor (62, 63). Interestingly, we found that
the expression of IFN-� was increased in spleen cells after imi-
quimod treatment. According to our findings and on the basis of
previous results, we propose that the antitumor properties of imi-
quimod are related to the recruitment of pDCs and to the release of
IFN-� by these cells. In conclusion, this study provides a detailed
and exhaustive view of the cellular composition of the inflamma-
tory infiltrate induced by imiquimod in normal and neoplastic skin
and suggest that the immunostimulatory and tumoricidal effects of
the drug might be mediated at least in part by a specific subtype of
DCs, termed pDC-like cells.
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