
Novel role of regulatory T cells in limiting early neutrophil
responses in skin

Introduction

CD4+ CD25+ Foxp3+ regulatory T (Treg) cells can sup-

press both antigen-specific and inflammatory responses.1

Indeed, studies of mice lacking Foxp3 have revealed that

the cells play a key role in controlling autoimmunity and

inflammatory disease, and in maintaining normal

immune homeostasis.2–4 In addition, immune responses

to pathogens are modulated by the activity of Treg cells,

probably in an attempt to limit pathogen-induced

immune-mediated damage to the host.5 Although the

physiological role of Treg cells is to prevent immunopa-

thology, studies in animal models and in humans indicate

that Treg cells can be manipulated for the purpose of

augmenting immunogenicity.6 This may prove useful,

particularly for the treatment of diseases such as cancer,

generally characterized by a paucity of effective immune

responses. In fact, many laboratories including our own

have shown that immune responses to tumour antigens

can be enhanced in the absence of Treg cells.7 Detailed

knowledge of the types of cells suppressed by Treg cells

and how Treg cells alter the immune environment should

inform the design of more successful immunotherapeutic

strategies.

The suppressive effects of Treg cells have been studied

mainly in the context of their ability to limit T-cell

responses. However, studies have shown that Treg cells

can suppress the activity of natural killer cells and neu-

trophils in vitro, and that they also limit chronic inflam-

matory responses in vivo. In this study we specifically

sought to determine whether Treg cells impact on acute

innate immune responses in vivo. For this purpose, we
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Summary

It is clear that CD4+ CD25+ Foxp3+ regulatory T (Treg) cells inhibit

chronic inflammatory responses as well as adaptive immune responses.

Among the CD4+ T-cell population in the skin, at least one-fifth express

Foxp3. As the skin is constantly exposed to antigenic challenge and is a

common site of vaccination, understanding the role of these skin-resident

Treg cells is important. Although the suppressive effect of Treg cells on T

cells is well documented, less is known about the types of innate immune

cells influenced by Treg cells and whether the Treg cells suppress acute

innate immune responses in vivo. To address this we used a mouse mela-

noma cell line expressing Fas ligand (B16FasL), which induces an inflam-

matory response following subcutaneous injection of mice. We

demonstrate that Treg cells limit this response by inhibiting neutrophil

accumulation and survival within hours of tumour cell inoculation. This

effect, which was associated with decreased expression of the neutrophil

chemoattractants CXCL1 and CXCL2, promoted survival of the inocu-

lated tumour cells. Overall, these data imply that Treg cells in the skin

are rapidly mobilized and that this activity serves to limit the amplifica-

tion of inflammatory responses at this site.
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used a mouse model of melanoma. Mouse melanoma

cells (B16F10), and particularly those engineered to

express Fas ligand (B16FasL), induce an innate immune

response following their subcutaneous inoculation into

C57BL/6 (B6) mice.8 This innate immune response is

important because it clearly contributes to tumour rejec-

tion. We have previously reported that an in vivo reduc-

tion in Treg-cell numbers promotes rejection of both B16

and B16FasL and that this is at least partly the result of

enhanced inflammatory responses in these animals com-

pared with those with an intact Treg-cell population.9 As

B16FasL induces a more readily detectable and measur-

able inflammatory response compared with B16, this

model provided an opportunity to address whether Treg

cells limit acute innate immune responses in the skin, a

site where at least one-fifth of skin-resident CD4+ T cells

are Treg cells.

Materials and methods

Mice

The C57BL/6 (B6) mice were bred and maintained at

Biomedical Services (Cardiff, UK). All experiments were

performed in compliance with UK Home Office

regulations.

Antibodies

Hybridomas secreting CD25 (PC61, rat IgG1), Escherichi-

a coli b-galactosidase- (GL113, rat IgG1, non-depleting

isotype control antibody), Gr-1- (RB6-8C5, rat IgG2b)

specific monoclonal antibodies (mAbs) have been

described previously.8,10,11 Briefly, 0�5 mg PC61 or

GL113 was administered intraperitoneally (i.p.) 1 and

3 days before tumour inoculation. As we have previously

shown, PC61 administration in this way efficiently

depletes the majority of CD25+ cells.9,11,12 However, it is

also clear that many Foxp3+ Treg cells (20–50%) do not

express CD25 and therefore escape the depleting effect

of PC61 administration.13 Administration of PC61 there-

fore results in a reduction rather than a complete loss

of Treg-cell activity. Neutrophils were depleted by

administration of 0�3 mg of RB6-8C5 every second day

from 1 day before tumour inoculation. The efficiency

with which RB6-8C5 depletes neutrophils has been

described elsewhere.9

Tumour cell lines

B16F10 (B16) and B16F10 transfected with the Fas ligand

B16FasL were generated as previously described 14 and

were maintained in R10, which consists of RPMI-1640

medium (Gibco – Invitrogen, Carlsbad, CA) supple-

mented with 10% fetal calf serum (Gibco – Invitrogen),

penicillin–streptomycin, L-glutamine, non-essential

amino-acids (Life Technologies – Invitrogen, Carlsbad,

CA) and 50 lM 2b-mercaptoethanol (Sigma-Aldrich,

St Louis, MO). In the case of B16FasL, G418 was added

to the media at a final concentration of 1�5 mg/ml to

maintain expression of FasL. Tumour cells were either

injected subcutaneously (s.c.) (105 in 100 ll phosphate-

buffered saline) or i.p. (2 · 106 in 100 ll PBS).

Histology

Tissue was taken from the area surrounding the inocula-

tion site and fixed in zinc fixative as previously

described.15 Tissue was then embedded in paraffin wax

and 5-lm serial sections were taken every 300 lm. Sec-

tions were then either stained with haematoxylin & eosin

(H&E) to estimate the tumour mass and infiltrate or sub-

jected to immunohistochemistry to identify neutrophils

and Treg cells. The length (l) and width (w) of tumour

mass plus infiltrate on each section was measured on a

calibrated microscope. An estimate was made of the total

tumour volume based on the area of tumour mass and

infiltrate (plw) on adjacent sections and the distance

between sections (h): i.e. hp(�lw + �LW + (�lw * �LW))/

3. It was assumed that the tumour mass and infiltrate

terminated at the mid-point between the last section in

which it was observed and the next. The sum of these

volumes resulted in an estimation of the tumour mass

and infiltrate.

Immunohistochemistry

For staining of neutrophils, sections were dehydrated then

microwaved in 10 mM citrate buffer pH 6. Sections were

equilibrated in PBS before blocking of peroxidase activity

with 1% H2O2. Non-specific antibody binding was

blocked by incubation with PBS supplemented with 1%

bovine serum albumin and 2% rabbit serum. Neutrophils

were detected using rabbit anti-mouse interleukin-8

receptor B (IL-8RB; K-19; Santa Cruz Biotechnology,

Santa Cruz, CA) followed by incubation with biotinylated

swine anti-rabbit abs (Dako, Glostrup, Denmark). Neu-

trophils were then visualized by incubation with horse-

radish peroxidase-conjugated Extravidin (Sigma-Aldrich)

followed by development with diaminobenzidine (DAB)

substrate kit (VectorLabs, Burlingame, CA) according to

the manufacturer’s instructions and counterstaining with

haematoxylin.

For staining of Foxp3, sections were dehydrated and

microwaved in 50 mM Tris–HCl, 2 mM EDTA, pH 9.

Endogenous biotin was blocked by incubation in avidin

followed by biotin (VectorLabs). Non-specific binding sites

were subsequently blocked with horse serum. Foxp3 cells

were stained using rat anti-Foxp3 antibodies (FJK-16; eBio-

science, San Diego, CA, USA), then biotinylated anti-rat
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abs (BDBiosciences, San Jose, CA, USA) and stained cells

were visualized by incubation with horseradish peroxi-

dase-conjugated Extravidin and DAB as described above.

Mouse peritoneal lavage cells

The peritoneal lavage cells were collected by injecting

6 ml PBS with 2 mM EDTA and 0�5% bovine serum albu-

min into the peritoneum of killed mice with 6 ml fluid

recovered in every case. Cytofunnels were assembled as

described in the manufacturer’s instructions. A 240-ml

sample of lavage fluid was spun for 10 min at 112.9 g.

Slides were then air dried and stained using a Wright–

Giemsa stain, rinsed in deionized water and allowed to

air dry.

Neutrophil cytotoxicity assay

Bone marrow (BM) was collected from naive mice and

neutrophils were isolated by density centrifugation.

Briefly, BM cells were layered on top of 72%, 64% and

52% Percoll solutions, with the cells at the lower inter-

phase constituting mainly mature neutrophils after centri-

fugation. Purity of neutrophils was assessed by Giemsa

staining of methanol-fixed cells and was > 90%. These

cells were then incubated at a ratio of 40 : 1 with 51Cr-

labelled B16 or B16FasL cells for 4 hr at 37�. For minimal

and maximal lysis, cells were incubated with medium or

5% Triton-X-100, respectively. Lytic activity was mea-

sured by 51Cr release with the formula: % lysis = [(sam-

ple ) min)/(max ) min)] · 100.

Real-time PCR

B6 mice were injected i.p. with 0�5 mg of PC61 or GL113

antibodies 4 days and 1 day before s.c. injection of

0�5 · 106 B16-FasL cells. Twenty-four hours later, the

skin area including the tumour cells was dissected, snap-

frozen in liquid nitrogen and RNA was extracted using

TRIzol reagent (Invitrogen, Carlsbad, CA). Total RNA

was reverse transcribed using Superscript III (Invitrogen),

and subsequently cDNA was amplified in triplicate by

real-time PCR using 1 · Platinum SYBR Green qPCR

SuperMix (Invitrogen) with primers for glyceraldehyde

3-phosphate dehydrogenase (GAPDH), CXCL1/KC or

CXCL2/MIP-2. Messenger mRNA levels were normalized

relative to GAPDH mRNA expression. The average C(t)

values were taken from three mice per group and data are

presented as gene expression in PC61-treated mice rela-

tive to control GL113-treated mice. Primer pairs were as

follows: GAPDH, 50-TGACCTTGCCCACAGCCTTG-30

(sense) and 50-GAACGGGAAGCTTGTCATCA-30 (anti-

sense): CXCL1/KC, 50-CTCAAGAATGGTCGCGAGGCT-

30 (sense) and 50-GCACAGTGGTTGACACTTAGTGGTC-

TC-30 (anti-sense); CXCL2/MIP-2 50-CCACTCTCAAGG-

GCGGTCAAA-30 (sense) and 50-TACGATCCAGGCTTC-

CCGGGT-30 (anti-sense).

Results

Treg cells limit the inflammatory response induced by
FasL-expressing tumour cells

We previously found that B16FasL cells are rejected

more efficiently by C57BL/6 (B6) mice when Treg cells

are partially depleted by in vivo administration of CD25-

specific mAbs.9 Furthermore, this effect is attributable to

the ability of Treg cells to suppress innate immune

responses.9 To characterize the nature of the innate

response inhibited by Treg cells, we injected mice par-

tially depleted of Treg cells and control mice with

B16FasL cells and assessed the response to this whole

cell challenge at early time-points thereafter. We first

performed histological analyses to study the cellular

infiltrate at the non-palpable B16FasL inoculation site.

B6 mice treated with depleting CD25-specific mAbs

(PC61) or non-depleting control mAbs (GL113) were

injected s.c. with 105 live B16FasL, then 4, 24 and 96 hr

after tumour injection mice were killed and the injected

skin was removed for histology. Tissue was embedded in

paraffin and 5-lm sections were cut at 300-lm intervals

throughout the skin. Sections were stained with H&E to

locate the midsection of the tumour inoculation site

(Fig. 1a–d). A large amount of cell death was observed

at each inoculation site, as indicated by the lack of cel-

lular cohesion and the presence of fragmented nuclei

(Fig. 1b,d). Analyses at these early time-points revealed

the presence of an inflammatory infiltrate evident within

24 hr of tumour cell inoculation and which was signifi-

cantly larger in the PC61-treated group (Fig. 1c,d) com-

pared with the GL113-treated group (Fig. 1a,b). During

these analyses, it was noticed that there were two forms

of cellular mass displaying different histological charac-

teristics (Fig. 2). In one type, cells were confined to a

single layer of the skin, surrounded by normal tissue

(Fig. 2a,b); however, in the other type, inflammatory

cells were found spread throughout the layers of the

skin (Fig. 2c,d). Upon assessment of sections for these

characteristics, none of the sections from PC61-treated

mice, and around half of the GL113-treated mice, dis-

played the ‘confined’ phenotype (Fig. 2e). This is note-

worthy when compared with the percentage of mice that

reject these tumours; approximately 50% in GL113-trea-

ted mice and 100% in PC61-treated mice.9

To perform a more quantitative assessment of the dif-

ferences between cellular masses termed ‘confined’ versus

those termed ‘non-confined’, the total volume of each cel-

lular mass within the GL113-treated and PC61-treated

groups (> 4 per group), 4 and 24 hr after tumour cell

inoculation, was calculated. These data, shown in
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Fig. 3(a), corroborated our previous observation in that

at 24 hr larger masses were observed in the PC61 group

compared with those treated with GL113. At later time-

points (96 hr), larger cellular masses were measured in

the latter, control group of mice, coinciding with detec-

tion of live tumour cells in this group. Live tumour cells

were identified by histological examination of H&E-

stained sections in GL113-treated mice but not in PC61-

treated mice. In the former group, within the tumour cell

mass, amid cell debris, there are areas of homogeneous

healthy cells, forming foci of organized tissue, similar to

that seen in large, established tumours (Fig. 3b,c). These

data are consistent with the observation that around 50%

of mice inoculated with B16FasL develop palpable

tumours whereas tumours are rarely seen in B16FasL-

inoculated mice pre-treated with PC61.9 Overall, these

data indicate that an inflammatory infiltrate into the

tumour creates a disorganized, non-confined mass that is

associated with tumour cell death and tumour rejection,

favoured by depletion of Treg cells by PC61 mAbs.

We were struck by how rapidly Treg-cell depletion

affected the accumulation of inflammatory cells at the site

of the tumour cell inoculum. The ability of Treg cells to

suppress an inflammatory response within hours of an

antigenic challenge and at a peripheral site implies that

skin-resident Treg cells are rapidly mobilized. To visualize

Treg cells at the site of tumour cell challenge, skin sec-

tions were stained with Foxp3-specific mAbs. Foxp3+ cells

were found in the skin and particularly at the site of

tumour cell inoculation (Fig. 4). This is in agreement

with other studies reporting Treg-cell identification in the

skin of mice16 and humans.17 Stained cells were not

observed in sections prepared from PC61-treated mice

(data not shown).

Treg cells limit neutrophil infiltration at the site of
B16FasL inoculation

Examination of the H&E-stained skin sections indicated

that the cellular mass was composed largely of neutroph-

ils. To confirm this, neutrophils were further identified as

polymorphonuclear cells that express IL-8R (Fig. 5a–d).

Furthermore, the results show an increased number of

neutrophils in PC61-treated mice at 24 hr post-injection

(Fig. 5d) reflecting the data on increased cellular mass in

PC61-treated mice (Figs 1 and 3).
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Figure 1. Histological examination of the site of B16Fas ligand cell inoculation in regulatory T cell-depleted and control mice. Mice treated either

with isotype control monoclonal antibodies (GL113; a, b) or CD25-specific monoclonal antibodies (PC61; c, d) were injected subcutaneously

1 day later with 105 B16FasL. At 24 hr post-injection mice were killed and the skin surrounding the injection site was collected for histology.

Haematoxylin & eosin-stained 5-lm paraffin-mounted sections were generated throughout the skin. Sections (a) to (d) are representative mid-

sections of cellular masses from at least four mice per group.
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As neutrophils were more abundant in the Treg-

depleted animals, we examined relative levels of neutro-

phil chemoattractants, CXCL1 (KC) and CXCL2 (MIP-2),

in the skin of Treg-reduced and control mice 24 hr post-

inoculation with B16FasL cells. Elevated levels of both

chemokines were observed in the skin of Treg-depleted

animals suggesting that Treg cells inhibit local neutrophil

chemoattractant production (Fig. 5e).
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Figure 2. Distinct patterns in cell mass are observed at the site of B16Fas ligand cell inoculation in reulatory T cell-depleted versus control mice.

Haematoxylin & eosin-stained sections were generated as described for Fig. 1 at 24 hr post-injection. Sections shown are representative of con-

fined (a, b) and non-confined (c, d) cellular masses. The blue lines enclose the area of skin which histologically deviates from normal or PBS-

injected skin. (e) The percentage of mice displaying the confined phenotype of cellular mass is given for each group. Statistical significance was

evaluated by Fisher’s exact test (***P < 0�001).
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Figure 3. Live tumour cells observed in B16Fas ligand-injected mice. Haematoxylin & eosin-stained sections were generated as described for

Fig. 1 at 4, 24 and 96 hr post-injection. (a) The total volume of cellular mass for each mouse was estimated based on the area of cellular mass

on each section and the distance between them, as described in the Materials and methods. Data are shown ± SEM of at least four mice per

group. (b) An example of live tumour cells in an established tumour. (c) Live cells within cellular masses of GL113-treated mice are identified as

being histologically similar to those found within established tumours and are indicated by arrows.

� 2010 The Authors. Immunology � 2010 Blackwell Publishing Ltd, Immunology, 131, 583–592 587

Regulatory T cells suppress neutrophils



Treg cells limit neutrophil survival at the site of
B16FasL inoculation

As detailed phenotypic characterization of neutrophils

from tissue sections is difficult, cytospins were gener-

ated from the lavage fluid of mice receiving B16FasL

cells i.p., enabling us to compare neutrophils isolated

from PC61-treated and GL113-treated mice (Fig. 6). No

differences were observed in expression of the neutro-

phil activation marker, CD11b or ROS (data not

shown). An effect of Treg cells on neutrophil activation

cannot be ruled out, however, because it is possible

that only activated neutrophils would be recovered in

the lavage fluid (and similarly the site of tumour cell

inoculation) so any impact of Treg cells on neutrophil

activation may be difficult to observe in vivo. However,

differences were observed between neutrophils isolated

from PC61-treated and GL113-treated mice (Fig. 6).

Figure 6(a,b) shows examples of neutrophils isolated

from GL113-treated and PC61-treated mice, respectively.

Examples of segmented nuclei are given in Fig. 6(c),

where segments are joined by thin strands of chroma-

tin. Upon enumeration, it was evident that the propor-

tion of neutrophils with a higher number of segments

was increased in PC61-treated mice (Fig. 6d,e), which

results in an increase in the average number of seg-

ments per neutrophil (Fig. 6d,e). Hypersegmentation of

nuclei in neutrophils has long been associated with

more mature neutrophils, and is an indicator of pro-

longed neutrophil survival.18 Collectively, these data

support the premise that Treg cells affect neutrophil

accumulation at the site of antigenic challenge not

through inhibiting their activation but through influ-

encing local chemokine production and by limiting

their survival.

Suppression of neutrophil infiltration by Treg cells
limits the immunogenicity of vaccination by B16FasL

To test the relevance of neutrophils in this model, we first

determined, in an in vitro assay, whether neutrophils

could impinge on tumour rejection through direct lysis of

tumour cells. As shown in Fig. 7(a), neutrophils were

capable of lysing both B16 and B16FasL cells. To test the

hypothesis in vivo, mice were treated with both PC61 and

RB6-8C5, to deplete CD25+ cells and neutrophils, respec-

tively, followed by s.c. challenge with B16FasL (Fig. 7b).

As expected, rejection of B16FasL tumour cells increased

from around 50% in GL113-treated mice to 100% in

mice depleted of Treg cells using PC61. When neutrophils

were concurrently depleted this enhanced rejection was

no longer observed. These data indicate that Treg cells

can limit the extent of neutrophil activity in the skin at a

very early time-point following antigenic challenge and

highlight the connection between enhanced neutrophil

accumulation observed in the skin of Treg-reduced mice

and tumour rejection.

Discussion

Previous reports indicate that B16FasL is associated with

the accumulation of neutrophils following subcutaneous

injection of the cells into B6 mice.8 Our own previous

work using B16FasL confirmed this finding but high-

lighted important roles for macrophages and natural killer

cells for rejection of the tumour cells.9 This current report

extends our understanding of the model by showing that

neutrophils can also contribute to tumour rejection but

that this ability is normally suppressed by Treg cells. In

this study we used the FasL-expressing tumour cell line to

study the effect of Treg cells on neutrophils. Collectively,

FOXP3

Normal
  skin

 B16FasL-
inoculated
     skin

H&E

Figure 4. Foxp3+ cells in skin of B16Fas

ligand-injected mice. Serial sections of normal

and B16FasL-inoculated skin from GL113-trea-

ted mice were stained with either haematoxylin

& eosin or Foxp3-specific monoclonal antibod-

ies. The Foxp3+ cells are indicated by the

arrows. No stained cells were observed in the

PC61-treated mice (not shown).
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our data indicate that skin-resident Treg cells act rapidly

to limit the extent of neutrophil accumulation at the site

of tumour cell challenge. This occurs partly through the

influence of Treg cells on neutrophil survival, as evi-

denced by a significantly enhanced nuclear hypersegmen-

tation in neutrophils recovered from mice with reduced

Treg-cell numbers. Nuclear hypersegmentation is strongly

associated with non-infectious inflammatory conditions
19–21 and is historically associated with older neutrophils

and prolonged survival. More recently, hypersegmented

neutrophils resulting from granulocyte colony-stimulating

factor treatment,22 exhibited increased survival and

increased phagocytic and cytolytic capacity.23,24 In addi-

tion, hypersegmentation was associated with prolonged

chemotaxis towards C5a and IL-8 and sustained expres-

sion of chemokine receptors CXCR1 and CXCR2.25

Our in vivo data relating to the relationship between Treg

cells and neutrophil survival is supported by previous in

vitro studies indicating that lipopolysaccharide-activated

human Treg cells promoted neutrophil apoptosis and

death.26 A previous report by Engeman et al.27 indicated

that the extent of the neutrophil response to a given anti-

genic challenge correlated with the number of CD8+ T

cells recruited to the challenge site. Although not

addressed in our study, these data collectively support the

possibility that Treg cells can impact on adaptive immune

responses indirectly, through limiting early neutrophil

activity.

As migration of inflammatory cells is regulated by vari-

ous chemoattractants and adhesion molecules produced/

up-regulated in response to injury or infection, we sur-

mised that manipulation of Treg cells might alter chemo-

kine production in response to B16FasL challenge.

Indeed, quantitative PCR performed at the site of tumour

cell inoculation revealed an increase in levels of the neu-

trophil-attracting chemokines CXCL1 and CXCL2 in ani-

mals partially depleted of Treg cells compared

with controls. We speculate that one highly effective
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Figure 5. Depletion of CD25+ cells promotes neutrophil accumulation at the site of tumour inoculation. Mice were treated with either isotype

control monoclonal antibodies (GL113; a) or CD25-specific monoclonal antibodies (PC61; b) and injected 1 day later with 105 B16Fas ligand. At

24 hr post-injection, mice were killed and the skin surrounding the injection site was collected for histology. Interleukin-8 receptor (IL-8R) -

stained 5-lm paraffin-mounted sections were generated to identify neutrophils. Areas of neutrophil infiltration are enclosed by the blue lines.

Sections are representative of at least five mice per group at 24 hr. (c) Examples of neutrophils (indicated by arrows) which stain dark brown

with multi-lobed nuclei. (d) The numbers of neutrophils, assessed as polymorphonuclear cells with IL-8R expression, are given where each

symbol represents the score for one mouse. Statistical significance was evaluated by Mann–Whitney U-test (*P < 0�05). (e) The relative expression

of CXCL1 and CXCL2, assessed by real-time PCR, in the skin of GL113-treated and PC61-treated B16FasL-inoculated mice.
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mechanism through which Treg cells limit neutrophil

responses is to reduce chemokine production perhaps by

a variety of cells, including epithelial cells, macrophages

(CXCL1 and CXCL2) and neutrophils (CXCL1). This

finding expands upon previous observations showing

that anergic regulatory T cells inhibit tissue invasion by

T cells and granulocytes through chemokine metabo-

lism.28 Similarly, Sarween et al.29 reported that CD4+

CD25+ Treg cells prevent tissue invasion by other T cells

through effects on chemokine receptor and chemokine

expression.
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Figure 7. Neutrophils play a significant role in tumour rejection and

in induction of adaptive immunity in regulatory T cell-depleted

mice. (a) Neutrophils isolated from the bone marrow of mice were

used directly as effectors against 51Cr-labelled B16 or B16Fas ligand

cells at a ratio of 40 : 1. Bars indicate mean ± SD of duplicates and

are representative of two independent experiments. (b) Mice were

treated with either isotype control monoclonal antibodies (mAbs)

(GL113) or CD25-specific mAbs (PC61), with or without Gr1-spe-

cific mAbs (RB6-8C5) for the depletion of neutrophils. Bars indicate

the mean percentage rejection ± SEM in three and two experiments

respectively, with the number of tumour-free mice/total number

indicated. Statistical significance was evaluated by Fisher’s exact test

(**P < 0�01).

Figure 6. Increased number of nuclear segments in neutrophils

recovered from mice depleted of CD25+ cells. Mice were treated with

either isotype control monoclonal antibodies (GL113) or CD25-spe-

cific monoclonal antibodies (s (PC61) and injected intraperitoneally

1 day later with 2 · 106 B16Fas ligand. Eighteen hours later, mice

were killed and the peritoneal cavity was lavaged. Cytospins gener-

ated of lavaged cells were stained and the number of segments in

100 neutrophils was assessed. Representative photographs of cyto-

spins generated from GL113-treated (a) and PC61-treated (b) mice.

(c) Examples of segmented neutrophils where the number of seg-

ments in each neutrophil is given. (d) The proportion of neutrophils

with the indicated number of segments is shown. Mice were analysed

individually and data shown are the mean ± SEM of four mice per

group. Statistical significance between groups sharing the same letter

was evaluated by Mann–Whitney U-test (*P > 0�05). (e) The average

number or segments per neutrophil is given for each mouse. Statisti-

cal significance was evaluated by Mann–Whitney U-test

(*P = 0�0286).
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The impact of Treg cells on inflammatory responses is

not confined to B16FasL. Enhanced rejection of B16 cells

observed after partial depletion of Treg cells is dependent

on innate immune responses and B16 tumours grow

more rapidly in RAG)/) mice receiving CD4+ CD25+ cells

compared with those receiving CD4+ CD25) cells. Full

characterization of the early events following tumour cell

inoculation in these mice is not possible because the

inflammatory response, although biologically relevant,

cannot be readily detected by immunohistochemistry.

Hence, the B16FasL cell line serves a useful purpose as

enhanced immunogenicity facilitates characterization of

early events occurring after tumour cell inoculation.

Other studies support a role for Treg cells in controlling

neutrophil responses. Previous studies of Helicobacter hep-

aticus-driven inflammatory responses in the gut indicated

that adoptive transfer of Treg cells reduced neutrophil

numbers in the spleen and lamina propria of chronically

infected RAG)/) mice.30

There are many mechanisms involved in controlling

immune responses in the skin. The ability of Treg cells

to control the activity of CD8+ T-cell responses in the

skin has been previously demonstrated.31,32 Our results

show that Treg cells also control innate responses in

the skin. These Treg cells may be activated by tissue

damage or stimuli from melanoma cells and thereafter

act rapidly in an antigen non-specific fashion, to be

able to control early innate immune activation. We

found no detectable increase in the level of skin Treg

cells after inoculation of tumour cells further supporting

the premise that skin-resident Treg cells are rapidly

mobilized, controlling innate immune activation without

the need for expansion of recruitment of Treg cells into

the skin. In line with the rapid manifestation of Treg-

cell activity in the skin, previous reports indicate that

the majority of skin Treg cells express CCR4 and high

levels of CD103, a molecule implicated as a marker of

effector memory Treg cells,33 suggesting that the Treg

cells are ready to exert their effects early in an immune

response. In addition, a recent report by Rubtsov

et al.34 indicated that Treg cells, present at environmen-

tal surfaces like skin and gut, keep immune responses

at these sites in check through the production of

the immunosuppressive cytokine, IL-10. Interleukin-10

exerts potent and widespread immunosuppressive effects

including the inhibition of chemokine production.

(reviewed in ref. 35) It is therefore possible that IL-10,

produced by a small number of skin-resident Treg cells,

mediates potent anti-inflammatory effects by serving to

limit the amplification of inflammatory networks. With

this in mind it is therefore tempting to speculate that

in our model, IL-10 produced by skin-resident Treg

cells, acts to suppress the accumulation and survival of

neutrophils at the site of antigenic challenge thereby

reducing the overall immunogenicity of the antigen.

These findings have implications for vaccine efficacy

because they indicate that even partial removal of Treg

cells will alter vaccine immunogenicity through limiting

the influence of the cells on both innate and adaptive

immune responses.
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