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Abstract Recombinant human interleukin-2 (rhIL-2)

therapy is approved for treating patients with advanced

melanoma yet significant responses are observed in only

10–15% of patients. Interleukin-2 induces Foxp3 expres-

sion in activated human CD8 T cells in vitro and expands

circulating CD8 Foxp3? T cells in melanoma patients.

Employing IL-2 responsive (B16-F1, B16-BL6, JB/MS,

MCA-205) and nonresponsive (JB/RH, B16-F10) subcu-

taneous tumor mouse models, we evaluated CD8 Foxp3?

T cell distribution and changes in response to rhIL-2

(50,000 U, i.p. or s.q., twice daily for 5 days). In tumor-

free mice and subcutaneous tumor-bearing mouse models,

CD8 Foxp3? T cells were a rare but naturally occurring

cell subset. Primarily located in skin-draining lymph nodes,

CD8 Foxp3? T cells expressed both activated T cell

(CD28?, CD44?) and Treg (CTLA4?, PD1lo/var, NKG2A?/

var) markers. Following treatment with rhIL-2, a dramatic

increase in CD8 Foxp3? T cell prevalence was observed in

the circulation and tumor-draining lymph nodes (TD.LNs)

of animals bearing IL-2 nonresponsive tumors, while no

significant changes were observed in the circulation and

TD.LNs of animals bearing IL-2 responsive tumors. These

findings suggest expansion of CD8 Foxp3? T cell popu-

lation in response to rhIL-2 treatment may serve as an early

marker for tumor responsiveness to immunotherapy in an

immune competent model. Additionally, these data may

provide insight to predict response in patients with mela-

noma undergoing rhIL-2 treatment.
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Introduction

Epidemiological data report that while overall cancer

incidence and cancer-related mortality are declining in the

United States, incidence of melanoma continues to rise [1].

In 2010, an estimated 68,130 new diagnoses of melanoma

will be made in the United States and 8,700 deaths will

occur [1]. Treatment options for patients with unresectable

stage III and metastatic stage IV melanoma remain limited.

To date, response rates to chemotherapy (dacarbazine,

temozolomide) are\15%, and these responses are typically

partial, although complete responses have been reported

[2]. Immunotherapy provides a valuable treatment modal-

ity for select patients with late-stage melanoma. At the

forefront of this approach to treat melanoma, recombinant

human interleukin-2 (rhIL-2) is approved by the US-FDA

to treat stage IV disease and elicits a response in 10–15%

of patients. Remarkably, &5% of the patients with widely

metastatic melanoma treated with high-dose rhIL-2

undergo a complete clinical response with the disappear-

ance of widespread disease that is durable [3–5].
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Despite intensive research efforts, no accurate bio-

markers have been validated to predict the patients likely to

respond to rhIL-2 treatment. For melanoma, and other solid

tumors, the extent of tumor invasion by tumor-infiltrating

lymphocytes (TILs) is thought to correlate with outcome

[6]. However, the composition of TILs is heterogeneous,

and the function of tumor-specific CD8 ? cytotoxic T

lymphocytes (CTLs) may be compromised as a result of

accumulation of immunoregulatory cells and immune

escape mechanisms [7]. Interleukin-2 receptors are

expressed on both effector and regulatory cells, and IL-2 is

reported to enhance effector as well as regulatory function

[8]. These findings are in contrast to the earlier paradigm

that postulated IL-2 specifically enhances antitumor

immune surveillance and elimination by promoting T, B,

and NK cell growth and effector differentiation [9].

In addition, recent studies report polyclonal activation of

human CD8 CTLs in vitro, in the presence of rhIL-2,

induces Forkhead box P3 (Foxp3) transcription factor

expression [10]. In healthy individuals, circulating Foxp3-

expressing CD8 (CD8 Foxp3?) lymphocytes represent a

relatively small fraction (\1%) of peripheral T cells. In

contrast, melanoma patients exhibit significant increases in

their CD8 Foxp3? T cell population [11], an incremental

increase being reported in melanoma patients undergoing

rhIL-2 immunotherapy [10]. While Foxp3 expression by T

cells is induced upon activation, this transcription factor is

a lineage marker for regulatory T cells [12]. Frameshift

mutations of Foxp3 lead to multiple autoimmune condi-

tions in human (immunodysregulation, polyendocrinop-

athy, enteropathy, X-linked-IPEX) [13] or animal models

(scurfy phenotype in mice) [14].

In this study, we hypothesized that changes in CD8

Foxp3? prevalence prior to, and after, treatment with

rhIL-2 may predict responsiveness to immunotherapy. To

test this hypothesis, we first characterized the phenotype and

the distribution of Foxp3-expressing CD8 T cells in immu-

nocompetent C57BL/6 mice. Changes in CD8 Foxp3? T

cell prevalence were evaluated in 6 models of subcutaneous

tumor-bearing mice treated with rhIL-2, of which 5 were

established melanoma cell lines (B16-F1, B16-BL6, B16-

F10, JB/MS, and JB/RH), and one was a fibroblastic sarcoma

(MCA-205). Using this approach, we report CD8 Foxp3? T

cells are a rare (\1% total lymphocytes) but naturally

occurring cell subset, preferentially located in the axillary

and brachial lymph nodes (AB.LNs). CD8 Foxp3? T lym-

phocytes are distinct from their CD8 Foxp3- counterparts

due to a concomitant expression of both activated T cell

markers (CD25?, CD28lo, CD44?) and immunosuppressive

markers (CTLA-4?, PD1lo, NKAG2A?/var). The uneven

distribution of CD8 Foxp3? T cells in homeostatic mice

also correlates with constitutive expression of skin-homing

receptors and integrin expression (e.g., CCR4, CCR10,

CXCR3, and CD103). Screening 5 models of subcutaneous

melanoma as well as one model of fibrosarcoma for IL-2

responsiveness, we demonstrate 4 models respond to rhIL-2

treatment (B16-F1, B16-BL6, JB/MS, and MCA-205),

while JB/RH and B16-F10 were unresponsive. Furthermore,

CD8 Foxp3? T cells dramatically expand exclusively in JB/

RH and B16-F10 melanoma-bearing animals undergoing

rhIL-2 treatment, while no significant change in CD8

Foxp3? T cell expansion occurred in the other (rhIL-2-

responsive) tumor models.

Materials and methods

Animals

C57BL/6 WT (B6) mice and B6.Cg.Foxp3Tm2tch/J (B6

Fox3-GFP) breeding animals were purchased from Jackson

Laboratory (Bar Harbor, ME). Female mice (8–10 weeks)

were used, and the Institutional Animal Care and Use

Committee approved all studies.

Materials

B16-F1, B16-BL6, and B16-F10, spontaneous, melanoma

cell lines [15, 16] were purchased from the NCI-Frederick

tumor repository (Frederick, MD). JB/MS and JB/RH,

DMBA-induced, melanoma cell lines [17] were a generous

gift from Dr. E. Celis (H. Lee Moffitt Cancer Center, Tampa,

FL). The MCA-induced fibroblastic sarcoma cell line,

MCA-205 [18], was generously provided by Dr. A. Chang

(University of Michigan, Ann Arbor, MI). RPMI 1640

medium and phosphate buffered saline (PBS) were pur-

chased from Mediatech (Manassas, VA). L-Glutamine, peni-

streptomycin, and 0.1% trypsin/EDTA were purchased from

Life Technologies (Rockville, MA). Nonessential amino

acids, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

(HEPES), sodium pyruvate, 2-b mercaptoethanol (bME),

sodium azide, red blood cell (RBC) lysis buffer, and Ficoll-

Histopaque 1077 were purchased from Sigma–Aldrich (St.

Louis, MO). Fetal bovine serum (FBS) was purchased from

Thermo Scientific (Waltham, MA). Highly purified rhIL-2

(lot LQP-046) was a gift from Chiron Corp. (Emeryville,

CA).

Tumor cell lines and establishment of skin tumor

models in vivo

All cell lines were cultured in RPMI 1640 (with L-Gluta-

mine) supplemented with 10% (v/v) FBS, 1% (v/v) non-

essential amino acids, 1 mM sodium pyruvate, penicillin

[100 units/ml], and streptomycin [50 lg/ml] (37�C, 5%/

95% CO2/air, humidified incubator). For the MCA-205 cell
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line only, culture medium also contained 50 lM bME.

Subcultures were obtained by detachment (trypsin/EDTA)

and reseeding at a ratio of 1:100, with the exception of the

MCA-205 cell line that was reseeded at a 1:5 ratio.

Additionally, MCA-205 cells were maintained by inocu-

lation (s.q.) in B6 mice and reculture (3–5 days) prior to

use.

To establish tumors in vivo, B6 Foxp3-GFP animals

were injected with 2 9 105 melanoma (B16-F1, B16-BL6,

B16-F10, JB/MS, JB/RH) or fibrosarcoma (MCA-205)

cells (s.q.). Two weeks later, animals were euthanized by

cervical dislocation and single leukocyte suspensions pre-

pared for analysis. Tumor volume (V) was calculated using

the equation for typical ellipsoid volume [V = p/

6 9 (length) 9 (width) 9 (height)].

Murine rhIL-2 treatment

Lyophilized rhIL-2 (specific activity 1.8 9 106 Interna-

tional Units/mg) was reconstituted in 1.8 ml distilled water

and diluted with PBS containing 0.1% (w/v) BSA to obtain

a final concentration of 5,000 or 50,000 units/200 ll

(volume of injection). Mice were injected (s.q.) twice daily

with rhIL-2 at 8 h intervals for 5 consecutive days. One

week after commencing rhIL-2 injections (2 days after the

last injection), animals were euthanized by cervical dislo-

cation and single leukocyte suspensions prepared for

analysis.

Preparation of single leukocyte suspensions

Spleen, axillary (A. LNs) and brachial lymph nodes

(B.LNs) were resected and disrupted in culture medium

through a 70-lm nylon cell strainer using a 3-ml syringe

plunger. Splenocyte suspensions, or pooled suspensions

obtained from A. LNs and B.LNs (AB.LNs), were washed

with RPMI 1640 culture medium and centrifuged (2009g,

7 min, 25�C). Red blood cell (RBC) lysis buffer was

employed to remove any remaining RBCs as per the

manufacturer’s protocol. Cells were then washed (92) in

RPMI 1640 culture medium prior to analysis.

For circulating leukocyte analysis, blood was collected

by submandibular bleeding and mixed immediately with

heparin (1,000 U/ml). Peripheral blood mononuclear cells

(PBMCs) were enriched by Ficoll-Histopaque 1077 den-

sity-gradient centrifugation as per the manufacturer’s pro-

tocol and washed twice in RPMI culture medium prior to

analysis.

Staining for flow cytometry analysis and gating strategy

Leukocytes (1.5 9 106) were suspended in 50 ll staining

buffer (PBS without Ca2?/Mg2?, 0.5% (w/v) BSA, 1 mM

sodium azide) and incubated for 20 min at 4�C with 1:100

blocking CD16/CD32 (FCc III/II Receptor) antibodies (BD

Bioscience, San Jose, CA). Samples were then incubated

with surface staining antibodies for 20 min in the dark

(4�C) prior to washing with staining buffer (92).

To determine frequency and phenotype of CD8 Foxp3?

T cells, flow cytometry analysis was performed using the

following antibodies and their appropriate isotype controls:

anti-CD5, anti-CD8, and anti-Foxp3 (or Foxp3-GFP mice)

for initial gating; anti-CD4, anti-CD25, anti-CD28, and

anti-CD44 to investigate activation state; anti-CTLA-4,

anti-NKG2A, and anti-PD-1 to investigate immunosup-

pressive phenotype; anti-CCR4, anti-CCR10, anti-CXCR3,

and anti-CD103 to investigate homing pattern. (Table 1,

Supplemental Data).

Intranuclear Foxp3 staining was performed using a

FITC anti-mouse/rat Foxp3 kit as per the manufacturer’s

instructions (eBioscience, San Diego, CA). Phenotypic

analysis of CD8 Foxp3? T cells was measured using a

FACS Calibur (Becton–Dickinson, Franklin Lakes, NJ),

and data analysis performed using FlowJo 8.8.4 software

(Treestar, Ashland, OR). Positive events were gated based

on data obtained with a FITC rat IgG2a isotype control.

Spleen lymphocyte analysis was performed individually,

while PBMC and AB.LN lymphocytes were pooled from 2

mice prior to analysis.

Statistical analysis

Results are expressed as mean ± SEM. Paired t test was

used to compare the results from normal versus tumor-

bearing animals or treated versus untreated animals. Sta-

tistical analyses were performed using Prism5 software

(Graphpad Software Inc., La Jolla, CA). P \ 0.05 was

considered significant.

Results

CD8 Foxp3? T lymphocytes are preferentially located

in skin-draining lymph nodes

Single cell suspensions were prepared from primary or

secondary lymphoid organs [spleen, axillary, and brachial

lymph nodes (AB.LNs), and peripheral blood mononu-

clear cells (PBMCs)] harvested from C57BL/6 wild-type

(B6 WT) mice. Foxp3-expressing CD8 T cell (CD8

Foxp3? T cell) prevalence among total T lymphocytes

(CD5? cells) was then measured by flow cytometry.

Using this approach, we demonstrated Foxp3-expressing

CD8 T cells (CD8 Foxp3? T cells) were a rare but

naturally occurring cell subset in homeostatic B6 WT

mice (Fig. 1a). Distribution analysis of CD8 Foxp3? T
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cells in B6 WT mice (or Foxp3-GFP mice, data not

shown) demonstrated prevalence of this cell subset was

significantly higher in lymphocytes isolated from

AB.LNs than splenocytes (0.120 ± 0.017% [of total

lymphocytes] versus 0.052% ± 0.004%, respectively,

n = 9 independent experiments, P \ 0.05, Fig. 1a).

CD8 Foxp3? T cells share the expression of activation

markers and immunosuppressive receptors

To discriminate CD8 Foxp3? T cells from CD4 regulatory

T cells (CD4?, Foxp3?, CD25?) or suppressor T cells (Ts

cells; CD8?, CD28-, Foxp3var), splenocytes from B6 WT

Fig. 1 Murine Foxp3-expressing CD8 T cells are distinct from their

Foxp3- counterparts and unevenly distributed in homeostatic

animals. a Representative flow cytometry analysis of CD8 Foxp3?

T lymphocyte distribution in lymphocyte populations isolated from

spleen, peripheral blood mononuclear cells (PBMCs), and axillary-

brachial lymph nodes (AB.LNs) (left panels). Cumulative analysis is

expressed as the percentage of total lymphocytes (right panel).

*P \ 0.05 versus splenocytes. b Representative flow cytometry

analysis of CD8 Foxp3? T lymphocytes (solid histogram) ‘‘activated

phenotype’’ using antibodies against CD4 and activation markers

(CD25, CD28, CD44). c Representative flow cytometry analysis of

CD8? Foxp3? T cells (solid histogram) and Foxp3- counterpart

(dashed histogram), ‘‘immunosuppressive phenotype’’ in splenic

lymphocytes using antibodies against PD-1, NKG2A, and CTLA-4
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mice were stained with anti-CD4 and anti-CD28 antibod-

ies. Gated for CD5? T cells, CD8 Foxp3? lymphocytes

were distinct from Ts cells (CD28?) and existed as a CD8

single positive cell subset (CD4-) (Fig. 1b). Of note, CD8

Foxp3? lymphocytes also stained positive for T cell acti-

vation markers (CD25 and CD44) in homeostatic B6 WT

mice (Fig. 1b). These data indicate that CD8 Foxp3? T

cells are an independent cell subset capable of being acti-

vated in vivo.

To address whether Foxp3 expression by murine CD8 T

cells identifies an independent cell lineage, or merely cor-

relates with an activated state of CD8 T cells, leukocyte

preparations from homeostatic B6 WT or Foxp3-GFP mice

(spleen, PBMCs, and AB.LNs) were analyzed by flow

cytometry for immunosuppressive marker expression:

cytotoxic T lymphocyte antigen-4 (CTLA-4), natural killer

G2A (NKG2A), and programmed death-1 (PD-1) receptor

(Fig. 1c). Unlike their Foxp3- counterparts, CD8 Foxp3? T

lymphocytes were CTLA-4?, NKG2A?/var, and PD-1lo/var

(Fig. 1c).

rhIL-2 stimulates CD8 Foxp3 T cell expansion

in the periphery

C57BL/6 Foxp3-GFP (B6 Foxp3-GFP) mice were injected

twice daily (s.q.) with low- (5,000 Units) or high-

(50,000 Units) dose rhIL-2 for 5 consecutive days. One

week after commencing rhIL-2 treatment, CD8 Foxp3? T

cell prevalence among lymphocytes (CD5?) was analyzed

by flow cytometry. No significant changes were noted

systemically (Spleen and PBMCs) in response to rhIL-2

(Fig. 2). However, rhIL-2 triggered a minor, but dose-

dependant, increase in CD8 Foxp3? T lymphocyte prev-

alence in AB.LN lymphocytes associated with a lower

frequency of CD8 T cells (Foxp3-) (Fig. 2).

CD8 Foxp3? T cell distribution is not altered

in the presence of subcutaneous tumors

Preferential CD8 Foxp3 T cell localization to AB.LNs,

along with significant expansion following rhIL-2 treat-

ment, led us to consider whether this cell subset could act

as a putative marker to predict tumor responsiveness to

rhIL-2. To address this, 5 murine melanoma cell lines

sharing an H-2b haplotype were tested for IL-2 respon-

siveness (B16-F1, B16-BL6, B16-F10, JB/MS, and JB/RH)

in conjunction with the MCA-induced fibroblastic sarcoma

MCA-205 [16–18]. B6 Foxp3-GFP mice were inoculated

with melanoma or MCA-205 cells (s.q.) and treated 7 days

later with high-dose rhIL-2 (50,000 Units, either i.p. or s.q.

twice daily for 5 days). The response to rhIL-2 was

quantified by measuring tumor size 2 weeks post-tumor

inoculation. Using this approach, B16-F10 and JB/RH

tumor growth was not significantly affected by rhIL-2

(Fig. 3). Conversely, MCA205 and B16-BL6 tumor vol-

umes were reduced by a factor of 4.13 ± 2.09 and

3.06 ± 1.05, respectively, following s.q. rhIL-2 injection.

Of note, while i.p. treatment led to similar trends in tumor

volume reduction for MCA205 and B16-BL6 cell lines,

these changes in tumor volumes were not statistically sig-

nificant (Fig. 3). Finally, B16-F1 and JB/MS tumors

showed a dramatic response to rhIL-2 regardless of the

route of rhIL-2 administration (Fig. 3).

Murine melanoma and MCA-205 fibroblastic sarcoma

were injected subcutaneously, and CD8 Foxp3? T cell

frequency among splenocytes, PBMCs, and AB.LNs

Fig. 2 High-dose rhIL-2 significantly expands CD8 Foxp3? T cells

among skin-draining lymph nodes of tumor-free mice. a Cumulative

analysis of CD8 Foxp3? T cell frequency in lymphocytes isolated

from spleen, PBMCs, and AB.LNs from control (untreated), drug

vehicle (PBS ? 0.1% (w/v) BSA), low-dose rhIL-2 (5,000 U) and

high-dose rhIL-2 (50,000 U)-treated C57BL/6 mice. Data are

expressed as mean percentage CD8 Foxp3? T lymphocytes relative

to total lymphocyte population ± SE. *P \ 0.05 versus control

(untreated) for site of lymphocyte origin. b Cumulative analysis of

CD8 T lymphocytes (Foxp3-) frequency among lymphocytes

isolated from spleen, PBMCs, and AB.LNs from control, drug

vehicle, low-dose rhIL-2 (5,000 U) and high-dose rhIL-2 (50,000 U)-

treated C57BL/6 mice. Data are expressed as mean percentage CD8 T

cells relative to total lymphocyte population ± SEM. *P \ 0.05

versus control (untreated) for site of lymphocyte origin
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lymphocytes (CD5?) measured 2 weeks post-tumor chal-

lenge. Regardless of spontaneous versus chemically

induced, immunogenicity, origin (melanoma or fibrosar-

coma), or tumor sensitivity to rhIL-2, no significant dif-

ferences in Foxp3-expressing CD8 T cell prevalence or

distribution between tumor-free and subcutaneous tumor-

bearing mice were observed (Fig. 4).

rhIL-2 triggers systemic CD8 Foxp3? T cell expansion

exclusively in tumor models unresponsive to rhIL-2

therapy

To address whether CD8 Foxp3? T lymphocytes can

represent an early marker of rhIL-2 responsiveness, the

immune status of melanoma or MCA-205 tumor-bearing

mice was compared. B6 Foxp3-GFP mice were inoculated

subcutaneously with melanoma or MCA-205 cells and one

week later treated with 50,000 Units rhIL-2 for 5 days as

previously described. Two weeks post-tumor challenge, we

analyzed the prevalence of CD8 T cell subsets (Foxp3±)

both within the periphery (splenocytes and PBMCs) and

locally (AB.LNs). Using this approach, JB/MS and MCA-

205 tumor-bearing mice showed no significant changes in

prevalence in either of the CD8 T cell subsets (Fig. 5). In

parallel, similar observations were made with the two other

rhIL-2 ‘‘responder’’ models: B16-F1 and B16-BL6 (Figure

S1, Supplemental material). In contrast, in B16-F10 and

JB/RH tumor-bearing mice, Foxp3-expressing CD8 T cells

expanded in each of the three immune compartments

analyzed following rhIL-2 treatment (Fig. 5). Depending

on the route of rhIL-2 injection, the range of CD8 Foxp3?

T cell expansion was 1.5–2.5 fold among splenocytes

(Fig. 5a), although compared with the total population,

relative prevalence remained comparatively low (&0.1%)

Fig. 3 JB/RH and B16-F10 melanoma growth is not affected by high-

dose rhIL-2 treatment. Tumor volume of B16-F1, B16-BL6, JB/MS,

JB/RH, B16-F10 subcutaneous melanoma, and MCA-205 subcutane-

ous fibrosacroma-bearing mice 2 weeks after cell inoculation and

1 week after high-dose rhIL-2 (50,000 U) treatment. Data are

expressed as mean tumor volume ± SEM. n = 3 independent exper-

iments, *P \ 0.05 versus untreated tumor size, **P \ 0.01 versus

untreated tumor size. rhIL-2 non-responsive tumors (JB/RH and B16-

F10) boxed

Fig. 4 CD8 Foxp3? T cells are preferentially located within AB.LNs

independently of tumor growth. Cumulative analysis of CD8 Foxp3?

T lymphocytes frequency in lymphocytes isolated from (a) spleen,

(b) peripheral blood mononuclear cells (PBMCs), and (c) axillary-

brachial lymph nodes (AB.LNs) from control (no tumor), subcuta-

neous melanoma (B16-F1, B16BL-6, JB/MS, JB/RH, B16-F10), and

subcutaneous fibrosacroma (MCA-205)-bearing C57BL/6 mice. Data

are expressed as mean percentage CD8 Foxp3? T cells relative to

total lymphocyte population ± SEM
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in this immune compartment. Strikingly, circulating CD8

Foxp3? T cells expanded three to five-fold in response to

rhIL-2 compared with basal (untreated) levels, ultimately

accounting for as much as 0.2 and 0.45% of total lym-

phocytes in JB/RH and B16-F10 tumor-bearing mice,

respectively (Fig. 5c). Finally among AB.LNs, CD8

Foxp3? T cell expansion ranged from two to three-fold,

accounting for up to 0.2% of total lymphocytes in this

compartment (Fig. 5e). This trend was associated with a

&20% decrease in the prevalence of the CD8 Foxp3-

counterpart (Fig. 5f).

The distinct CD8 Foxp3? T cell phenotype

is conserved upon rhIL-2 treatment

Finally, we sought to address whether heterogeneous

Foxp3-expressing CD8 T cell distribution, in homeostatic

and tumor-bearing animals, exhibit inherent ability to

preferentially traffic to the skin. Circulating CD8 Foxp3?

T lymphocytes from melanoma (JB/MS, JB/RH, B16-F10)

and MCA-205 fibrosarcoma tumor-bearing mice (B6

Foxp3-GFP) were analyzed for skin-homing marker

expression. CD8 Foxp3? T cells expressed CCR4 and

Fig. 5 rhIL-2 therapy triggers

systemic and local expansion of

CD8 Foxp3? T cells

exclusively in melanoma

models unresponsive to the

treatment. Cumulative analysis

of CD8 Foxp3? T cells (a, c, e;

e.g., left panel) and their

Foxp3- counterpart (b, d, f;
e.g., right panel) frequencies

among lymphocytes isolated

from spleen, peripheral blood

mononuclear cells (PBMCs),

and axillary-brachial lymph

nodes (AB.LNs) from JB/MS,

MCA-205, JB/RH, and B16-F10

tumor-bearing C57BL/6 mice

treated with high-dose rhIL-2

(50,000 U) s.q. or i.p. Data are

expressed as mean percentage

CD8 Foxp3? T cells (or

Foxp3-) relative to total

lymphocyte population ± SEM.

n = 6 independent experiments,

*P \ 0.05 versus no treatment,

**P \ 0.01 versus no treatment
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CCR10 (CCL28 agonists), CXCR3 (CXCL9 agonist), and

integrin CD103 (E-cadherin agonist) (Fig. 6a and data not

shown). Furthermore, rhIL-2 treatment did not significantly

alter chemokine-receptor/integrin expression patterns of

CD8 Foxp3? T cells (Fig. 6a and data not shown).

To address whether CD8 Foxp3? T cells conserve their

immunosuppressive phenotype following rhIL-2 therapy in

our model, immunosuppressive markers (CTLA-4,

NKG2A, PD-1) were analyzed in single cell suspensions

from PBMCs isolated from B6 Foxp3-GFP mice bearing

JB/MS, JB/RH, B16-F10, or MCA-205 tumors. Using this

approach, we demonstrated CD8 Foxp3 T lymphocytes

exhibit conserved immunosuppressive receptor expression

in response to rhIL-2 (Fig. 6b and data not shown).

Discussion

In this study, we describe the phenotype and the distribu-

tion of Foxp3-expressing CD8 T cells in immunocompetent

mice. CD8 Foxp3? T cells were found in homeostatic

animals with preferential localization in the AB.LNs.

Compared with healthy donors, blood samples from mel-

anoma patients have a significantly higher percentage of

homeostatic T cells such as T suppressor (Ts) (CD8?

CD28-) [19] and T regulatory cells (Treg) (CD4?

CD25high Foxp3?) [12]. Despite a low representation

among total murine lymphocytes (\1%), in all 6 models of

subcutaneous tumor growth employed (B16-F1, B16-BL6,

B16-F10, JB/MS, JB/RH, and MCA-205), distribution and

prevalence of CD8 Foxp3? T cells are similar to that of the

healthy animals, suggesting this cell subset may not be

related to conventional Treg or Ts cell subsets. While

Foxp3 expression by CD4 T cells has been associated with

an immunoregulatory phenotype [12], a growing body of

evidence indicates that Th cells initiate Foxp3 expression

upon activation [20]. While our data demonstrated an

activated phenotype for CD8 Foxp3 ? cells (CD25? and

CD44?), this cell subset also harbored a constitutive

expression of immunosuppressive markers (CTLA-4?,

NKG2A?/var and PD-1lo/var). This finding correlates with

the data reported by Mayer et al. employing a DE-

REG 9 Rag1-/- 9 OTI mouse model in which the nat-

ural occurrence of Foxp3-expressing CD8 T cells increases

&ten-fold compared with wild type [21]. Furthermore,

naturally occurring and TGF-b/RA/OVA257-264-induced

CD8 Foxp3? T cells are reported to express classical

‘Treg’ markers including CD25, CTLA-4, GITR, and

CD103 [21]. Taken together, the unique phenotype of CD8

Foxp3? T cells and their natural occurrence concomitantly

Fig. 6 CD8 Foxp3? T lymphocytes constitutively express immuno-

suppressive markers, skin-homing chemokine receptors, and integrin.

a Representative flow cytometry analysis demonstrating

CD8 ? Foxp3? T lymphocytes constitutively express immunosup-

pressive markers. Lymphocytes were isolated from spleen, peripheral

blood mononuclear cells (PBMCs), and axillary-brachial lymph nodes

(AB.LNs) from B16-F10 tumor-bearing C57BL/6 mice treated with

high-dose rhIL-2 (50,000 U) s.q. or i.p. Cells were stained for CD8,

Foxp3 and PD-1, NKG2A, CTLA-4 expression. b Representative

flow cytometry analysis demonstrating CD8 ? Foxp3? T lympho-

cyte constitutive expression of skin-homing chemokine receptors and

integrin. Lymphocytes were isolated from spleen, PBMCs, and

AB.LNs from B16-F10 tumor-bearing C57BL/6 mice treated with

high-dose rhIL-2 (50,000 U) s.q. or i.p. Cells were stained for CCR4,

CCR10 CXCR3, or CD103 expression

b
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with CD8 T cells (Foxp3-) in homeostatic animals sug-

gests Foxp3 expression by CD8 T cells in our models is the

hallmark of an independent cell subset.

Clinical studies demonstrate that rhIL-2 triggers circu-

lating CD8 Foxp3? T cell expansion in melanoma patients

[10]. Our study shows that Foxp3-expressing CD8 T cells

constitutively express the IL-2 receptor a-subunit (CD25)

that has been associated with memory CD8 T cell pheno-

type [22]. In vivo treatment with rhIL-2, in the absence of

exogenous antigen stimulation, led to significant dose-

dependent CD8 Foxp3? T cell expansion combined with

increased CD44 expression (data not shown), ruling out the

memory function of CD8 Foxp3? T cells. Further char-

acterization of CD8 Foxp3? T cell interactions and effects

after exposure to rhIL-2 in the subcutaneous melanoma

tumor model is currently under investigation.

The origin of CD8 Foxp3? T cells in our model, as well

as specific function, remains to be identified. Despite a

natural occurrence, frequency of CD8 Foxp3? T cells

among total lymphocytes was not modified in skin tumor-

bearing mice compared with control animals or in rhIL-2

responding (B16-F1, B16-BL6, JB/MS, and MCA-205)

versus nonresponding tumor (JB/RH and B16-F10) models.

However, in the setting of rhIL-2 treatment, a dramatic

systemic increase in CD8 Foxp3? T cell prevalence

occurred, but only in JB/RH and B16-F10 tumor-bearing

mice. The correlation observed between non-responsive-

ness and expansion of CD8 Foxp3? T cells in our obser-

vations might be explained by immunomodulatory

mechanisms originating from the tumor. In a similar

manner, melanoma growth in patients has been associated

with the accumulation of tolerogenic APCs in draining

lymph nodes [23]. Similarly, B16-F10 melanoma contrib-

utes to the generation of tolerogenic dendritic cells through

IDO-dependent mechanisms in a mouse model [24]. While

mature dendritic cells actively repress Foxp3 induction in

CD8 ? T cells in part via CD80/86 costimulation [21],

tolerogenic APCs are reported to induce Foxp3 expression

by CD8 T cells ex vivo [25].

From a broader perspective, our study indicates that

while CD8 Foxp3? T cell frequency analysis cannot dis-

criminate responding and non-responding tumor types,

their expansion correlates with a lack of response to rhIL-2

treatment in vivo as early as one week after commencing

rhIL-2 treatment of established subcutaneous tumors.

Given the severity and frequency of the side effects

experienced by patients undergoing treatment with high-

dose rhIl-2, evaluation of early Foxp3-expressing CD8 T

cell expansion may serve as a valuable ‘‘intermediate

point’’ biomarker to predict responsiveness for patients

undergoing rhIL2 therapy. Furthermore, a better under-

standing of the role and/or origin of Foxp3-expressing CD8

T cells may also provide greater insight into the design and

implementation of immunotherapy strategies.
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