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Abstract
The composition of tumor infiltrating lymphocytes (TIL) is heterogeneous. In addition, the ratio of
various subpopulations in the tumor microenvironment is highly dependent on the nature of the
host's immune response. Here, we characterize Foxp3-expressing CD8+ T cells in the tumor that
demonstrate effector function and accumulate in the context of an effective antitumor response.
CD8+Foxp3+ T cells are induced in TIL in regressing tumors of FVB/N mice treated with a GM-
CSF secreting HER-2/neu targeted whole cell vaccine. Foxp3 expression in tumor antigen-specific
CD8 T cells is restricted to the tumor microenvironment and influenced by cues in the tumor.
Interestingly, Foxp3+ and Foxp3− CD8+ T cells have similar IFN-γ production and antigen-
specific degranulation after stimulation with RNEU420–429, the immunodominant HER-2/neu
(neu) epitope in this model. Adoptive transfer studies, using RNEU(420–429)-specific effector T
cells into neu-N mice (a model that results in immune tolerance to neu), confirm that CD8+Foxp3+

T cells are present in tumors only if there is an existing pool of tumor-rejecting effector T cells.
CD8+Foxp3+ TILs mark the presence of tumor-rejecting antigen-specific T cells and their
accumulation serves as a marker for an effective T cell response.
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A recent study demonstrated that tumor-specific CD8+ T cell receptor-I (TcR-I) T cells
transferred into prostate tumor-bearing mice trafficked to the prostate and acquired
suppressive activity when tested in vitro. The report raised concerns that the development of
these suppressor cells in the tumor microenvironment may eliminate the potency of T cells
primed in the periphery or delivered during adoptive immunotherapy.1 Although a subset of
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these CD8+ T cells were found to be Foxp3+, the experiments focused on CD8+ (TcR-I) T
cells as a whole. In addition, others have described suppressive CD8+CD25+Foxp3+ Treg
cell clones derived from bulk prostate TIL lines generated from patients.2 Experimental
assays suggested that they are suppressive. Interestingly, transforming growth factor (TGF-
β) has been shown to induce Foxp3 expression in CD8+ TcR transgenic T cells and naive
CD4+ T cells resulting in the generation of inducible Tregs.3,4 There has been minimal
focus on the CD8+Foxp3+ subset of TILs, in part, because the conditions that promote
CD8+Foxp3+ T cell induction appear to be restricted to the effector site making isolation of
these cells in large numbers challenging.

In our study, we utilize a clinically relevant murine tumor model that exhibits immune
tolerance to characterize these elusive tumor-specific CD8+Foxp3+ T cells. HER-2/neu
transgenic (neu-N) mice, derived from the FVB/N mouse strain, express rat neu under the
control of a mammary-specific promoter, which results in spontaneous mammary tumors.5,6
As opposed to FVB/N mice, neu-N mice develop peripheral tolerance to neu and cannot
generate a neu-specific CD8+ T cell response using a neu-specific whole-cell granulocyte
macrophage colony stimulating factor (GM-CSF)-secreting vaccine. Our studies led us to
the discovery that 9–15% of the CD8+ T cells found in regressing tumors of vaccinated
FVB/N mice expressed Foxp3, and that this expression was limited to the tumor-infiltrating
lymphocytes. Further characterization of these cells suggested that they are most abundant in
the microenvironment of immunogenic tumors. The availability of tumor-specific clonotypic
T cells allowed us to further characterize the conditions that enhance or impair the presence
of these cells. Although neu specific-CD8+Foxp3+ TILs share some similarity to previously
described CD8+ “regulatory” populations in cell surface marker expression and in vitro
suppressive capacity, we find that based on analysis of both endogenously generated and
adoptively transferred CD8+Foxp3+ tumor antigen-specific TILs, CD8+Foxp3+ TILs mark
the presence of tumor-rejecting antigen-specific T cells and accumulation of these T cells
serves as a marker for an effective T cell response.

Material and Methods
Mice

FVB/N mice (Taconic) and neu-N mice (Jackson) were purchased. Foxp3gfp knockin mice
were provided by Alexander Rudensky, University of Washington.7 FVB/N mice were bred
to Foxp3gfp knockin mice resulting in heterozygous, F1 hybrids that express green
fluorescent protein (GFP) (F1 FVB.Foxp3gfp). FVB.Foxp3gfp heterozygous mice that were
backcrossed nine generations were also generated. Experiments used 6- to 12-week-old mice
in protocols approved by the Animal Care and Use Committee of Johns Hopkins. Clone 100
T-cell receptor transgenic mice have been described.8 A majority of CD8+ T cells (>90%)
from these mice express the high-avidity, RNEU(420–429)-specific TCR. RNEU(420–429) is
the immunodominant major histocompatibility complex (MHC) class I epitope recognized
by neu-specific CD8+ T cells.9

Cell lines and media
The GM-CSF-secreting vaccine cell lines, 3T3GM and 3T3neuGM, the NT2.5 neu-
expressing tumor line, and the T2Dq line were grown as previously described.5

TIL isolation
Mice were injected with NT2.5 cells into the mammary pad. Seven days later, 3T3neuGM or
3T3GM cells (3 × 106 irradiated [5000 rads]) were injected subcutaneously, equally divided
among three limbs 7 days after tumor. At various time points after vaccination, tumors were
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digested using hyaluronidase (Sigma, St. Louis, MO), collagenase type IV (Invitrogen,
Carlsbad, CA) and trypsin (Sigma).

Tumor challenge and adoptive transfers
F1 FVB.Foxp3gfp mice were injected with 5 × 106 NT2.5 cells into the mammary pad.
3T3neuGM cells were given seven days after tumor. For adoptive transfer of CD4 subsets,
105 CD4+Foxp3gfp− or CD4+Foxp3gfp+ sorted splenocytes from tumor challenged mice
were transferred 5 days after vaccination. Tumors were excised 14 days after vaccination.
For adoptive transfer of clonotypic RNEU(420–429)-specific T cells, splenocytes were
purified from Thy 1.2, TCR transgenic mice using Dynal CD8 negative selection beads
(Invitrogen) and transferred to Thy 1.1 FVB/N (5 × 105 T cells) or neu-N (1– 6 × 106 T
cells) tumor challenged mice. Mice were monitored for tumor growth or TILs were collected
6–12 days after vaccination. Cyclophosphamide (Baxter), 100mg/kg was administered on
the day before vaccination.

Peptides
RNEU(420–429) (PDSLRDLSVF) and NP118–126 (RPQASGVYM) peptides were synthesized
by the Peptide Synthesis Facility (Johns Hopkins, Baltimore, MD). NP118–126 is an
irrelevant H2Dq-binding peptide.10

Antibodies and flow cytometric (FACS) analysis
Anti-Foxp3, glucocorticoid-induced tumor necrosis factor receptor (GITR) and interferon
(IFN-γ) were from eBioscience (San Diego, CA). Streptavidin-PE was from Invitrogen
(Carlsbad, CA). Other antibodies were from BD Biosciences (San Jose, CA). Data was
collected using a BD FACSCalibur and analyzed using CellQuest and FlowJo.

Cells sorting
Cells were stained with anti-CD8 AlexaFluor-488 or APC, Anti-CD4 CyChrome or PerCP,
anti-Thy 1.2 PE and anti-CD25 biotin (clone 7D4) or PE. Streptavidin-PE was used as a
secondary and cells sorted using a BD FACSAria.

Immunofluorescence
Tissues were imbedded in Tissue-Tek OCT (VWR). Anti-Foxp3 rabbit polyclonal serum
was provided by Marc Gavin, Washington University. Alexa Fluor 594 goat anti-rabbit IgG
F(ab′)2 fragment and AlexaFluor 488 Streptavidin (Invitrogen, Carlsbad, CA) and anti-CD8
biotin were purchased.

Intracellular cytokine staining
Plates were coated with anti-CD3 (50 μl of 1 μg/ml in PBS) or PBS. T cell/TIL samples
were added to each well (2 × 105 cells). For antigen-specific activation, T2-Dq cells were
pulsed for 2–3 hr with RNEU(420–429) or NP118–126 (each at 10 μg/ml). T2-Dq (1 × 105)
cells and T cells/TIL were added (2 × 105). GolgiStop (BDBiosciences) was added at 0.67
μl/ml. After 6 hr, cells were stained, fixed and permeabilized using PermFix Buffer
(BDBiosciences).

CD107 assay
Intracellular cytokine staining (ICS) was performed with anti-CD107a/b FITC (final
concentration of each antibody 2.5 μg/ml) or Rat IgG isotype control FITC (5 μg/ml). The
percent CD107a/b+ was determined by comparison with CD107a/b FITC-staining in
unstimulated samples and the isotype control FITC-staining in stimulated samples.
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In vitro suppression
Sorted CD4+Foxp3gfp−CD25− responder splenocytes were isolated from F1 FVB.Foxp3gfp

mice. TILs were isolated from tumors of F1 FVB.Foxp3gfp mice. Accessory cells were T
cell depleted splenocytes (3,000 Rads). T cell depletion was accomplished with anti-Thy1.2
ascites followed by rabbit complement (Cedarlane Laboratories, Burlington, NC). Soluble
anti-CD3 at 5 μg/ml (Clone 145-2C11, BD Biosciences) was added. Each well contained
104 responder cells, 5 × 104 irradiated accessory cells, with or without 5 ug/ml anti-CD3. A
total of 104 TILs or splenic Tregs were added to one set of wells (1:1 Responder:Suppressor
ratio). After 48 hr, tritium (Ambient) was placed into each well at 5 μl/ml for 16 hr.

In vitro culture
For experiments using F1 mice, cells were sorted and stimulated with anti-CD3/CD28
dynabeads (Dynal Biotech) at a 1:1 ratio for 1 week. IL-2 (R&D Systems) was added at 20
units/ml and TGF-β (R&D Systems) at 2–5 ng/ml.

Statistics
Statistical significance of the time course data was determined by two-way analysis of
variance testing and Bonferroni post test. Student's t test was applied to compare two
treatment groups using GraphPad Prism software (San Diego, CA).

Results
CD8+Foxp3+ TIL increase in a temporal fashion and are found most abundantly in the
tumor microenvironment of regressing tumors

In an effort to study the differences in TIL populations between FVB/N and neu-N mice, we
isolated TILs from mice vaccinated with either 3T3 cells genetically modified to express
both neu and GM-CSF (3T3neuGM) or mock-vaccination (3T3GM) at various time points.
On day 7, 5 × 106 NT2.5 cells were injected into the mammary pad of FVB/N or neu-N
mice. On day 0, 3T3neuGM or 3T3GM cells were administered. TILs were collected on
days 6, 10 and 15. All tumors in 3T3neuGM-treated FVB/N mice started regressing between
7 and 10 days after treatment and were completely eradicated by day 28. Tumors progressed
in all other groups (unpublished data). There were a negligible number of T cells in the
tumors of neu-N mice. Analysis of the regressing tumors in FVB/N mice demonstrated a
large percentage of Foxp3-expressing CD8+ T cells in the tumor, but these were not found in
the spleen or tumor draining lymph nodes (Fig. 1a). In contrast, although CD4+Foxp3+ T
cells are increased in the tumor microenvironment (20–36% of CD4+ TILs), they also make
up 9–10% of the splenic and lymph node-derived CD4+ T cells. By absolute numbers, total
CD8+ T cells and CD8+Foxp3+ T cells were found most abundantly in the regressing tumors
of FVB/N mice treated with 3T3neuGM (Fig. 1b, left and right panel). 3T3neuGM and
3T3GM-treated neu-N mice and 3T3GM-treated FVB/N mice had a negligible number of
CD8+Foxp3+ TILs. In addition, these cells increased over time in the regressing tumors (p =
0.03). Although CD8+Foxp3+ TILs were detected in mock-vaccinated FVB/N mice by
percentage, these were fewer in absolute number (Fig. 1b, middle and right panel). The
presence of CD8+Foxp3+ T cells appears to be restricted to the immunogenic setting,
because they are always detected in the regressing tumors in FVB/N mice but not in the
progressing tumors isolated from neu-N mice.

Foxp3 expression was confirmed by quantitative RT-PCR in sorted cells with high CD25
expression and by immunofluorescence staining of explanted tumors. Using RT-PCR,
Foxp3 expression was detected in the CD8+CD25+ T cells and not detected in the
CD8+CD25− T cells (unpublished data). Using immunofluorescence, CD8 surface
expression colocalized with intracellular Foxp3 staining in a portion of the T cells (Fig. 1c).

Le et al. Page 4

Int J Cancer. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



CD8+Foxp3+ TILs have an activated effector phenotype
To further characterize the CD8+Foxp3+ T cells, TIL samples were stained for T cell
activation markers and Treg-associated markers (Fig. 2a). TILs express activation markers
regardless of their Foxp3 expression. No differences between the Foxp3+ and Foxp3− T cell
subsets were detected when stained for CD3(positive), CD44(CD44hi), CD69(positive) and
CD62L(CD62Llo) expression. CD8+Foxp3+ T cells expressed higher levels of the Treg
markers CD25, GITR and cytotoxic T-lymphocyte antigen 4 (CTLA4) when compared to
CD8+Foxp3− T cells. These markers while often associated with Treg populations are also
markers of T cell activation. A similar trend is seen upon staining the CD4+Foxp3+ T cells.

Identification of cells that expressed both CD8 and Foxp3 led us to question whether these
cells would secrete cytokines that were classically associated with effector function. Similar
percentages of IFN-γ producing CD8+Foxp3+ and CD8+Foxp3− T cells were observed as
assessed by ICS after anti-CD3 stimulation (p = 0.78) (Fig. 2b). We next explored antigen
specificity. A hallmark of the CD8+ T cell response in the FVB/N mice is a strong response
to the RNEU(420–429) peptide.9 TILs were stimulated with antigen presenting cells pulsed
with RNEU(420–429). The Foxp3 status of cells made no difference in the percentage of
CD8+ T cells that secreted IFN-γ (p > 0.05) (Fig. 2b). The IFN-γ expression pattern of
CD8+Foxp3+ TILs is consistent with an effector phenotype.

Because it is difficult to obtain a sufficient number of TILs for an in vitro lysis analysis, we
used CD107a/b staining as a surrogate for degranulation and lytic ability.11 TILs were
stimulated for 5 hr with plate-bound anti-CD3 (Fig. 3a) or RNEU(420–429)-pulsed APCs
(Fig. 3b) in the presence of anti-CD107a/b antibodies. Significant numbers of both
CD8+Foxp3+ and CD8+Foxp3− T cells showed CD107a/b staining on stimulation with
plate-bound anti-CD3 or RNEU(420–429)-pulsed APCs (Fig. 3c). Again, no difference was
observed in the CD8+Foxp3+ versus the CD8+Foxp3− T cell populations (p > 0.05). Thus,
the CD8+Foxp3+ T cells appear to have similar function to CD8+Foxp3− T cells.

Although the CD8 effector function of these cells was unexpected, the question of their
suppressive capacity still needed to be addressed. To obtain a purified population of
CD8+Foxp3+ cells that could be used in an ex-vivo study, FVB/N mice were bred to
Foxp3gfp knockin mice.7 Splenocytes and TILs from neu-vaccinated, tumor bearing F1
FVB.Foxp3gfp mice were sorted. The different TIL T cell subsets were
CD8+Foxp3gfp+CD25hi, CD8+Foxp3gfp−CD25lo, CD4+Foxp3gfp+CD25hi and
CD4+Foxp3gfp−CD25lo. The responder cells were CD4+Foxp3gfp−CD25lo F1 splenocytes.
Because the Foxp3 gene is on the the X chromosome, only one-half of Foxp3+ cells in
heterozygous female F1 mice express GFP because of random X chromosome inactivation.
Therefore, there is possible contamination of Foxp3+ (GFP negative) cells in the populations
labeled as Foxp3−. GFP+ populations were sorted to >95% purity, and responders were
stimulated using soluble anti-CD3 and accessory cells. Cells were plated in a 1:1
responder:suppressor ratio. Suppression of proliferation was seen in all three Foxp3-
expressing populations including the CD8+Foxp3+ TILs (Fig. 3d). These results are
consistent with the finding that Foxp3-expressing cell populations have suppressive capacity
in vitro.2–4 This finding is also in line with the report that CD8+ TcR-I prostate-infiltrating
TILs have suppressive capacity in vitro.1 Given technical limitations in the capacity to
collect sufficient CD8+Foxp3+ TILs for in vivo suppression assays, we were only able to
show a trend toward the suppression of vaccine-induced neu-specific T cells (Supporting
Information Fig. S1). Therefore, these cells are not conclusively “regulatory” but they share
surface phenotypic expression and in vitro suppression capacity with other regulatory cells.
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TGF-β plays a role in both the maintenance and induction of Foxp3 in CD8+ T cells
To test whether or not the TIL-derived CD8+Foxp3+ T cells required signals found in the
tumor microenvironment to maintain Foxp3 expression, we used TILs generated from the F1
FVB.Foxp3gfp mice and sorted the T cell populations so that the initial cells plated in culture
were all Foxp3+. The CD8+Foxp3gfp+ and CD4+Foxp3gfp+ TILs and CD4+Foxp3gfp+

splenocytes were stimulated in vitro for 1 week using anti-CD3/CD28 beads supplemented
with IL-2. The purity of a representative CD8+Foxp3gfp+ population before the in vitro
stimulation is provided in Supporting Information Fig. S2. A majority of splenic Tregs
(93.6%) maintained Foxp3 expression, whereas a small percentage of the CD4+Foxp3gfp+

TILs (6.9%) and even smaller percentage of CD8+Foxp3gfp+ TILs (0.3%) maintained Foxp3
expression (Fig. 4a). Many of the tumor-induced Foxp3+ cells T cells revert to Foxp3−
negative cells when provided anti-CD3/CD28 and IL-2, which are stimuli known to sustain
splenic Tregs in culture.

Foxp3 gene expression can be induced in CD4+CD25− T cells by stimulation with TGF-β
and anti-CD3/anti-CD28.12,13 TGF-β plays a role in enhancer related activation of Foxp3
expression.14 Given that TGF-β is known to be expressed in a variety of tumor
microenvironments and its role in the induction and maintenance of Foxp3 expression has
been well documented, we tested whether or not TGF-β could maintain Foxp3 expression in
the CD8+ TILs. Although IL-2 alone is not sufficient to maintain Foxp3 expression in
culture, TGF-β administration did maintain a small percentage (3.4%) of CD8+Foxp3+ TILs
(Fig. 4a). This data shows that, similar to recent findings in CD4+Foxp3+ T cells,
transcriptional control of Foxp3 in CD8+ T cells may be influenced by the cytokine milieu.

To further assess the effects of TGF-β on inducing Foxp3 expression in CD8+ T cell
populations, we analyzed TGF-β regulation of Foxp3 expression using Clone 100 TCR
transgenic T cells. The majority of CD8+ T cells (>90%) from these mice express the high-
avidity, RNEU(420–429)-specific TCR. Specifically, we stimulated naïve RNEU(420–429)
peptide-specific T cells under conditions known to express inducible CD4+Foxp3+ T cells
(anti-CD3/CD28 + TGF-β). We found that these conditions also induced Foxp3 expression
in the CD8+ RNEU(420–429) peptide-specific T cells (Fig. 4b). However, this induction is
more pronounced only at later time points, which correlates well with the data that
CD8+Foxp3+ TILs increase over time in regressing tumors. The addition of IL-2 and TGF-β
to cultures promoted robust Foxp3 expression and abrogated the difference in the time
points.

Foxp3 expression can be induced in vivo in high avidity tumor antigen-specific CD8+ T
cells

We next considered whether Foxp3 could be induced in high avidity tumor antigen-specific
T cells in an in vivo setting. To address this question, FVB/N (Thy 1.1+) mice received a
tumor challenge on day 7, vaccination on day 0 and adoptive transfer of the TCR transgenic
(Thy 1.2+) RNEU-specific CD8+ T cells on day +1, and TIL were collected and analyzed on
days 6 and 12. The results showed that a proportion of the adoptively transferred CD8+ T
cells became Foxp3+ within the TILs (Fig. 5). These cells were confirmed to be Foxp3
negative before transfer. In the three groups tested (no vaccination, 3T3GM mock vaccine or
3T3neuGM), a similar percent of Thy 1.2+ TILs became Foxp3+ by day 12. Interestingly,
when TILs were collected at the day 6 time point, the CD8+ TILs in the 3T3neuGM treated
mice had a lower percentage and absolute number of Foxp3+ cells than at the day 12 time
point (Fig. 5, column a and b, respectively). A reasonable explanation for this finding is that
when the RNEU-specific T cells are transferred into mice that have been vaccinated, the
vaccine primed dendritic cells activate peripheral T cells. At the early time point (day 6)
when these activated T cells enter the tumor microenvironment they are not as susceptible to
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the stimuli in the microenvironment and do not express Foxp3. At the later time point (day
12), the tumors have almost completely regressed, and the increased percentage of Foxp3-
expressing T cells may be explained by their longer exposure to the signals in the tumor
microenvironment. Importantly, the absolute number of CD8+Foxp3+ TILs is greater in the
3T3neuGM treated mice at day 12. Thus, this experimental system allowed us to confirm
expression of Foxp3 in CD8+ tumor-specific T cells that are derived from high avidity
effector CD8+ T cells that normally do not express Foxp3.

Manipulating conditions to promote an effective immune response promotes the
expansion of CD8+Foxp3+ TILs

The above data suggest that this CD8+Foxp3+ TIL population is induced during the
evolution of a productive immune response (vaccinated FVB/N mice). This observation led
us to consider whether or not conditions that could enhance a tumor-specific T cell response
could increase the percentage of CD8+Foxp3+ TILs. We applied our repeated observation in
vitro that CD4+Foxp3− cells enhance T cell proliferation to determine whether this
observation held true in vivo. F1 FVB.Foxp3gfp mice were given tumor and vaccination as in
the prior experiments. Five days after vaccination with 3T3neuGM, either CD4+Foxp3gfp+

or CD4+Foxp3gfp− splenocytes from tumor challenged syngeneic mice were adoptively
transferred into the F1 FVB.Foxp3gfp mice from which TILs would be collected on day 14
after vaccination. Providing additional CD4+Foxp3+ Tregs did not alter the percentage of
CD8+Foxp3+ TILs. However, providing CD4+FoxP3− T cells increased the percentage of
CD8+Foxp3+ TILs (Fig. 6a). Thus, manipulating conditions thought to promote an effective
immune response also promotes the expansion of CD8+Foxp3+ TILs. A possible explanation
for this finding is that the CD4+ T cells stimulate expansion of the pool of tumor-specific T
cells as well as add stimulatory cytokines such as IL-2 to the TGF-β expression already
present in the tumor's microenvironment.

One factor that may contribute to the lack of induction of Foxp3 expression in tumor-antigen
specific T cells in a tolerant host is the lack of a significant pool of CD8+ antigen-specific T
cells presumably due to deletion of these cells. It is therefore possible that neu-N mice fail to
demonstrate CD8+Foxp3+ TIL due to lack of endogenous RNEU-specific T cells or due to
immune regulatory mechanisms that inhibit these T cells. By adoptively transferring
clonotypic RNEU(420–429) specific T cells into neu-N mice under T cell activating
conditions, we were able to test whether the provision of these tumor-specific T cells would
be sufficient to generate CD8+Foxp3+ TILs. The high avidity RNEU-specific T cells were
therefore transferred into neu-N mice under three separate conditions. T cells were
transferred into tumor-bearing mice that were either: unvaccinated, a condition in which the
RNEU(420–429) specific T cells are not specifically being primed in vaccine draining lymph
nodes; vaccinated with 3T3neuGM, a condition that actively tolerizes the adoptively
transferred RNEU-specific T cells; or vaccinated with 3T3neuGM in sequence with Treg
cell modifying doses of cyclophosphamide (CY) the day before vaccination, a condition
which enhances the anti-tumor activity of the RNEU-specific T cells. We have previously
shown that CY depletes cycling Tregs allowing the generation and activation of endogenous
high avidity RNEU(420–429) specific T cells.15 In this study, we found that CY given before
vaccination is necessary to promote successful tumor clearance even with the adoptive
transfer of large numbers of T cells, up to 6 × 106 high avidity RNEU(420–429) specific T
cells (Fig. 6b, left panel). CD8+Foxp3+ TILs were induced in the tumors of both the AT
alone group and the group given AT + CY + 3T3neuGM but not the AT + 3T3neuGM group
(Fig. 6b, right panel). This observation suggests that CD8+Foxp3+ TILs are only found when
tumor antigen-specific T cells are present and not subjected to enhanced tolerizing
conditions. We could not enhance CD8+Foxp3+ TILs from the group of mice in which the T
cells were primed with vaccine only, a situation that induces active tolerance. Work from
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others have demonstrated that GM-CSF whole cell vaccine strategies increase the absolute
number of Tregs compared to unvaccinated mice.16 As further support of this finding,
lymph nodes from tumor bearing neu-N mice vaccinated with 3T3neuGM have increased
numbers of CD4+Foxp3+ T cells and the addition of CY reduces this number (Fig. 6c).
Therefore, vaccination alone in a tolerogenic system results in a condition in which
RNEU(420–429) specific T cells are actively tolerized in the presence of Tregs, and does not
result in the induction of CD8+Foxp3+ TILs. However, the numbers of CD8+Foxp3+ TILs
can be amplified within the tumor when techniques that inhibit vaccine-induced Treg
expansion are utilized (AT + CY + 3T3neuGM).

Discussion
In this report, we describe four findings that provide new insights into effector T cell
populations within the tumor's microenvironment. First, a subpopulation of T cells defined
as CD8+Foxp3+ T cells, are induced at the tumor site of regressing tumors but not in
immune tolerant conditions. Second, despite having an effector phenotype with some
features of other regulatory cells, CD8+Foxp3+ T cells can be associated with a desired anti-
tumor immune response. Third, Foxp3 expression in TIL subsets is dependent on ongoing
signals from the microenvironment. Fourth, only antigen-specific T cells that have not been
actively tolerized can acquire effector function and Foxp3 expression.

For therapeutic vaccine strategies to achieve optimal benefit, it is essential to understand the
elements necessary for adequate priming and expansion of tumor-specific T cells. It is also
critical to understand the effects of vaccination strategies on T cell populations both at
peripheral sites and within the tumor's microenvironment, and the complex interplay that
occurs in the microenvironment where effectors must infiltrate and kill their targets. Our
studies show for the first time that CD8+Foxp3+ T cells are localized to the TIL of
regressing tumors and mark the presence of potentially functional tumor-specific T cells. In
addition, induction of these T cells in TIL may serve as a marker for an effective T cell
response. In both preclinical and clinical studies, vaccines have been able to induce robust T
cell responses in the peripheral blood or lymph nodes. However, there has been a
dissociation between systemic and intratumoral responses.16 Few studies have correlated
vaccine-induced tumor regressions with tumor-specific T cell populations within the tumor's
microenvironment. Yet, T cells must maintain their active state within the tumor's
environment to serve as a true biomarker of tumor regression.

Some studies suggest that CD4+CD25+Foxp3+ Tregs in tumors contribute to immune
tolerance and are a correlative marker of poorer patient outcomes in breast, ovarian and
pancreatic cancers.17–20 Other studies suggest that it is Teff/Treg ratios that correlate with
effective anti-tumor responses.21,22 In Hodgkin's lymphoma, Tregs in the tumor
microenvironment are actually associated with improved clinical outcomes.23 In our model,
the ratio of Tregs to effectors does not necessarily correlate with an active immune response
as suggested by similar ratios of CD4Tregs/CD4effs in TILs isolated from both the FVB/N
and neu-N mice. In fact, by absolute numbers, the trend shows that CD4+ Tregs were more
abundant in the actively regressing tumors (Supporting Information Fig. S3). Foxp3
expression in the tumor microenvironment may serve as an activation marker in T cells.
Another hypothesis is that they serve to dampen an anti-tumor response as it resolves.
Interestingly, the transfer of Tregs into Apcmin/+ results in regression of intestinal tumors.24
This is primarily due to the anti-inflammatory role of the Treg in this model. In our model,
the best correlative marker of an effective anti-tumor response is the presence of
CD8+Foxp3+ TILs.
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The effector phenotype of a population with regulatory features is somewhat surprising.
Activation markers such as CD25, GITR and CTLA4 are expressed on the majority of TILs
as would be expected in ongoing immune responses. The use of Foxp3 as a Treg lineage
marker has made it possible to distinguish Tregs from effectors cells. Studies currently show
that Foxp3+ cells of any origin are suppressive. Even human CD8+ T cells that express
Foxp3 transiently in vitro as a result of activation have suppressive capacity. CD8+Foxp3+

TILs also have potent in vitro suppressive capacity. Therefore, our report does not contradict
prior studies on reportedly regulatory CD8+ T cell populations. Our data on vaccine-induced
endogenously generated and adoptively transferred transgenic tumor-specific T cells which
shows a correlation with an anti-tumor response stresses the importance that induction of
Foxp3 expression has to be understood within the context of the host's immune response.

The interactions among the diverse components of the tumor microenvironment are
becoming increasingly complex. Any one of the elements of the environment, from the
diverse populations to the evolving cytokine milieu, could be critical in the induction or
maintenance of the Foxp3 phenotype. Although most studies focus on the CD4 lineage,
TGF-β induced Foxp3 induction and maintenance is not a novel concept. Priming and
expansion of tumor-specific T cells under activating conditions appears to increase the pool
of T cells that will subsequently enter the tumor microenvironment. Intact signaling through
the T cell receptor and TGF-β/smad-3 pathway are likely necessary for Foxp3 induction.
Because Foxp3 expression suggests active signaling through the TCR, CD8+Foxp3+ T cells
signify a population of cells in which TCR signaling is not impaired. It is possible that these
cells could be recruited to function as anti-tumor effectors. A pure population of clonotypic
CD8+ effector T cells with tumor lysis capability can convert a proportion of active T cells
into Foxp3+ T cells. We therefore propose a model in which effector CD8+ T cells initially
traffic into the tumor's microenvironment and continue to expand to meet the demands of the
antigen load within a T cell activating cytokine mileu. As the tumor begins to regress and
the antigen load diminishes, changes in the cytokine mileu mediated by cytokines such as
TGF-beta induce upregulation of Foxp3 expression within a subpopulation of the effector
CD8+ T cells. Given that there is some suggestion that these cells acquire some suppressive
capacity, a hypothesis generated from these findings is that these T cells then control the
effector arm of the response, acting as a feedback mechanism to quickly turn off the
activation status of the larger effector T cell population.

In conclusion, our findings identify a novel CD8+ T cell population within the tumor
microenvironment that demonstrates tumor antigen specificity and effector function. Their
Foxp3 expression depends on the cytokine mileu. We also show for the first time that the
CD8+Foxp3+ TILs can serve as a potential marker for an effective anti-tumor immune
response. The presence of Foxp3+ T cells as a marker of an active immune response may
appear contradictory. However, these cells are present only in a host environment that is
supportive of a functioning effector T cell population and appear to be antigen-specific.
Thus, these findings provide new insights into the nature of Foxp3+ cells in the
microenvironment and suggest caution in interpreting any analysis which involves the
prognostic or predictive implications of the presence of Foxp3+ subsets.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
CD8+Foxp3+ T cells comprise a significant number of tumor infiltrating T cells in tumors
of FVB/N mice treated with 3T3neuGM. (a), FVB/N mice were tumor challenged and
vaccinated as described in Material and Methods. Splenocytes, tumor draining lymph nodes
and TILs were harvested 14 days after vaccination. Top row (CD4+ gate), Bottom row
(CD8+ gate). Isotype control staining was never >0.1% in the populations analyzed. (b),
TILs were harvested from FVB/N or neu-N mice on the designated days after vaccination
with 3T3neuGM or 3T3GM. Left panel, absolute number of CD8+ TILs. Middle panel,
percent of CD8+Foxp3+ TILs. Right panel, absolute number of CD8+Foxp3+ TILs. The
number of T cells per mg of tumor was calculated based on absolute number of viable TIL,
the percentages of each T cell subset determined by flow cytometry, and the tumor weight.
All tumors in 3T3neuGM-treated FVB/N mice start regressing between days 7–10 after
treatment. Tumors progress in all other groups (unpublished data). The graphs are the
compiled data of more than six independently conducted experiments. Error bars = standard
error of the mean. NS = p > 0.05. *p ≤ 0.05. c, Immunofluorescence using (left) Green =
CD8staining, Red = Foxp3 staining; (right) Green = CD8 staining, Red = control rabbit
serum staining. Sections are from tumor harvested from a vaccinated FVB/N mouse. Anti-
Foxp3 showed specific staining of tumor infiltrating CD8+ T cells. Image using fluorescent
microscope set up to image FITC (Alexa Fluor 488) and Texas Red (Alexa Fluor 594).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 2.
CD8+Foxp3+TILs express surface markers and cytokines associated with effector function.
a, Cells were analyzed by flow cytometry. Shaded histograms = Foxp3− subsets. Open
histograms = Foxp3+ subsets. Foxp3+ cells showed higher expression of CD25, GITR and
CTLA4 then Foxp3− cells. b, Foxp3 expression and IFN-γ secretion were determined by
ICS following in vitro stimulation with plate-bound anti-CD3 or RNEU(420–429)-pulsed
APCs. The percent IFN-γ+ was determined by subtracting the percent IFN-γ+ in the
unstimulated sample (or irrelevant peptide) from the percent IFN-γ+ in the stimulated
sample (or RNEU(420–429) peptide). The graphs are the compiled data of more than six
independently conducted experiments. Error bars = standard error of the mean, NS = p >
0.05.
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Figure 3.
CD8+Foxp3+ possess both lytic ability and suppressive capacity in vitro. a, Top row = gated
on CD8+Foxp3+ TILs. Bottom row = gated on CD8+Foxp3− TILs. Foxp3 expression, IFN-γ
secretion and CD107 staining were determined after stimulation with plate-bound anti-CD3.
b, Top row = gated on CD8+Foxp3+ TILs. Bottom row = gated on CD8+Foxp3− TILs.
Foxp3 expression, IFN-γ secretion and CD107 staining were determined after stimulation
with RNEU(420–429)-pulsed APC. Isotype control staining of CD107+IFNγ+ ceslls was
always less than 0.5%. c, Compiled data from the CD107 assays reveals that no differences
in lytic activity exist between the CD8+Foxp3+ and CD8+Foxp3− TIL populations (p >
0.05). The plots are representative of the data from three independently conducted
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experiments. NS = p > 0.05. d, TILs were harvested from F1 FVB.Foxp3gfp mice. Cells
were sorted based on their CD4, CD8, Foxp3gfp and CD25 status. Responders and
suppressors were plated in a 1:1 ratio. Responder cells were CD4+Foxp3gfp−CD25−
splenocytes. The various suppressor populations are noted in the figure (Sp = spleen, TIL =
tumor infiltrating lymphocytes). The stimulus was soluble anti-CD3.
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Figure 4.
Foxp3 expression in CD8+ T cells is dependent on the cytokine milieu. a, TILs were
cultured with anti-CD3/CD28 beads with either IL-2 or TGF-β for 1 week. The percentages
of each T cell subset was determined by flow cytometry. b, Naïve RNEU(420–429) peptide-
specific T cells were stimulated with anti-CD3/CD28 beads and 5ng/ml of TGF-β alone or
TGF-β + 20units/ml of IL-2.
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Figure 5.
Foxp3 expression is induced in adoptively transferred tumor antigen-specific CD8+ effector
T cells. FVB/N mice were challenged with NT2.5 on day −7, vaccinated with 3T3GM,
3T3neuGM, or not vaccinated on day 0, CD8+ clonotypic RNEU(420–429)-specific T cells
from Thy1.2+ mice were adoptively transferred on day 1, and TILs were collected on day 6
and day 12. CD8+ clonotypic RNEU(420–429)-specific T cells were isolated from spleens of
TCR transgenic mice using CD8 negative selection and documented to be Foxp3−. At the
earlier time point (top row), the percentage of Foxp3+ CD8 cells is less in the mice
vaccinated with 3T3neuGM. The percentage is equivalent at the later time point (bottom
row). Column a: Foxp3 expression of the Thy1.2+ cells was determined by intracellular
staining. The percentages of each T cell subset was determined by flow cytometry. Column
b: Foxp3 expressing Thy1.2+ T cells were normalized to tumor weight. At the early time
point (day 6) when these activated T cells enter the tumor microenvironment they are not as
susceptible to the stimuli in the microenvironment and do not express Foxp3. At the later
time point (day 12), the tumors have almost completely regressed, and the increased
percentage of Foxp3-expressing T cells may be explained by their longer exposure to the
tumor microenvironment. The absolute number of CD8+Foxp3+ TILs is greater in the
3T3neuGM treated mice at the later time point. Data are representative of two independent
experiments. NS = p > 0.05. *p < 0.05.
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Figure 6.
Manipulating conditions to promote an effective immune response promotes the expansion
of CD8+Foxp3+ TILs. a, adoptive transfer of CD4+Foxp3gfp− populations increases the
percentage of CD8+Foxp3+ TILs. F1 FVB.Foxp3gfp mice were challenged with NT2.5 on
day -7, vaccinated with 3T3neuGM on day 0, 1 × 105 CD4+ T cell subsets were adoptively
transferred on day 5, and TILs were collected on day 14. The adoptively transferred T cells
were obtained from spleens of tumor challenged F1 FVB.Foxp3gfpmice and sorted based on
CD4 and Foxp3gfp expression. The percentages of each T cell subset was determined by
flow cytometry. Data are representative of two independent experiments. *p < 0.05. b, Neu-
N mice were challenged with NT2.5 cells on day 7, given Cyclophosphamide on day 1, and
vaccinated with 3T3neuGM on day 0. CD8+ RNEU(420–429)-specific T cells from Thy1.2+

mice were adoptively transferred on day 1. Tumors were monitored for growth after
adoptive transfer (AT) of 6 × 106 T cells (left panel). TILs were collected on day 10 after
AT of 1 × 106 T cells (right panel). Foxp3 expressing Thy1.2+ T cells were determined by
flow cytometry. Data are representative of two independent experiments. *p < 0.05. c, Neu-
N mice were challenged with NT2.5 cells on day 7, given Cyclophosphamide on day 1, and
vaccinated with 3T3neuGM on day 0. Vaccine draining lymph nodes were harvested on day
2 and analyzed for expression of CD4 and Foxp3. The absolute number of CD4+Foxp3+ T
cells was based on the total lymphocyte count and the percentage of CD4+Foxp3+ T cells
determined by flow cytometry. These results were confirmed using F1 Neu-N.Foxp3gfp mice
(unpublished data).
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