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Abstract

Background: Cancer vaccines are designed to activate and enhance cancer-antigen-targeted T cells that are suppressed
through multiple mechanisms of immune tolerance in cancer-bearing hosts. T regulatory cell (Treg) suppression of tumor-
specific T cells is one barrier to effective immunization. A second mechanism is the deletion of high avidity tumor-specific T
cells, which leaves a less effective low avidity tumor specific T cell repertoire available for activation by vaccines. Treg
depleting agents including low dose cyclophosphamide (Cy) and antibodies that deplete CD25-expressing Tregs have been
used with limited success to enhance the potency of tumor-specific vaccines. In addition, few studies have evaluated
mechanisms that activate low avidity cancer antigen-specific T cells. Therefore, we developed high and low avidity HER-2/
neu-specific TCR transgenic mouse colonies specific for the same HER-2/neu epitope to define the tolerance mechanisms
that specifically affect high versus low avidity tumor-specific T cells.

Methodology/Principal Findings: High and low avidity CD8+ T cell receptor (TCR) transgenic mice specific for the breast
cancer antigen HER-2/neu (neu) were developed to provide a purified source of naı̈ve, tumor-specific T cells that can be
used to study tolerance mechanisms. Adoptive transfer studies into tolerant FVB/N-derived HER-2/neu transgenic (neu-N)
mice demonstrated that high avidity, but not low avidity, neu-specific T cells are inhibited by Tregs as the dominant
tolerizing mechanism. High avidity T cells persisted, produced IFNc, trafficked into tumors, and lysed tumors after adoptive
transfer into mice treated with a neu-specific vaccine and low dose Cy to deplete Tregs. Analysis of Treg subsets revealed a
Cy-sensitive CD4+Foxp3+CD25low tumor-seeking migratory phenotype, characteristic of effector/memory Tregs, and capable
of high avidity T cell suppression.

Conclusion/Significance: Depletion of CD25low Tregs allows activation of tumor-clearing high avidity T cells. Thus, the
development of agents that specifically deplete Treg subsets should translate into more effective immunotherapies while
avoiding autoimmunity.
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Introduction

Activation, amplification, and survival of CD8+ cytotoxic T

lymphocytes (CTL) are required as part of a successful adaptive

immune response to developing tumors. High avidity antigen-

targeted CTL can exit the thymus after selection, even though

many recognize altered self-proteins. However, multiple mecha-

nisms of peripheral immune tolerance exist that prevent complete

activation of CTL, including ignorance, deletion, functional

inactivation, and T regulatory cell (Treg)-mediated suppression

[1,2,3,4,5,6]. Low avidity CTL specific for the same antigenic

epitope easily exit the thymus but are thought to remain non-

functional in the periphery, presumably due to inefficient

activation and maintenance of function. Due to efficient thymic

deletion and peripheral suppression of high avidity T cells, low

avidity T cells are the predominant population of T cells available
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for activation in the periphery of cancer bearing hosts. Therefore,

model systems allowing tracking and the dissection of mechanisms

of regulation of sub-populations of antigen-targeted CTL are

needed to decipher barriers to CTL clearance of tumors in cancer

bearing hosts.

Suppression by Tregs is one well-described tolerance mecha-

nism. Tregs inhibit the activation and recruitment of antigen-

targeted CTL. It is unclear whether Tregs suppress both high and

low avidity antigen-targeted CTL, and how and where this

suppression occurs in tumor-bearing hosts. Understanding the

mechanism by which Tregs suppress these CTL is complicated by

the recent discovery of Treg subsets that may be more potent

suppressors of CTL, and may traffic more efficiently to areas of

inflammation. Effector/memory-like CD4+Foxp3+ Tregs have

been described that preferentially migrate to non-lymphoid and

inflamed tissues to exert suppressive effects [7,8]. These studies

suggest that Tregs represent a heterogeneous population of cells

responsible for a variety of suppressive and migratory functions.

Therefore, it is critical to understand which Treg populations

provide cancer-antigen-targeted CTL suppression within tumors

so that agents can be identified to effectively suppress these sub-

populations as part of immune activating therapies. The

availability of naı̈ve purified T cells with defined avidities that

are specific for a cancer-targeted antigen allows for the dissection

of the mechanisms involved in suppression, activation, and

trafficking of antigen-targeted CTL in tolerant tumor-bearing

hosts.

We previously demonstrated that FVB/N mice produce an

oligoclonal high avidity T cell response against the immunodomi-

nant neu-derived CD8+ T cell epitope, RNEU420–429, when

vaccinated with a neu and granulocyte-macrophage colony-

stimulating factor (GM-CSF)-expressing whole cell vaccine. How-

ever, this same vaccine induces only low avidity RNEU420–429-

specific T cells in neu-N mice that are naturally tolerant to neu due to

the expression of the neu transgene in mammary tissue [9,10]. We

previously reported that 20–30% of neu-N mice treated with this

vaccine and immune modulating doses of cyclophosphamide (Cy) to

deplete Tregs develop high avidity RNEU420–429-specific CTL

responses that are associated with tumor clearance. In contrast,

mice developing only low avidity RNEU420–429-specific CTL fail to

clear tumor [11]. These findings suggest that one difference in

vaccine efficacy is the availability of high versus low avidity T cell

repertoires for tumor clearance.

We previously generated high and low avidity RNEU420–429-

specific CD8+ T cell clones derived from vaccinated FVB/N and neu-

N mice, respectively [11]. While these clones are of value in studying

antigen recognition, they are not ideal for studying mechanisms of

tolerance because they have already been through the tolerance

process. Here we report the generation of RNEU420–429-specific high

and low avidity [12,13] TCR transgenic mice that derive from

these T cell clones. We show for the first time that tumor trafficking

and function of the high avidity RNEU420–429-specific T cells

when adoptively transferred into neu-N mice are suppressed by a

CD25low Treg effector/memory subpopulation residing at the

tumor site. In addition, this suppression is reversed by depletion of

Tregs with Cy. In contrast, low avidity T cells specific for the

same antigenic epitope are not suppressed by this Treg sub-

population and do not become activated following depletion of these

Tregs. Thus, these findings elucidate one mechanism by which high

avidity tumor antigen-specific T cells are selectively suppressed.

These findings also provide a strong rationale for inhibiting specific

subsets of Tregs as a component of cancer-targeting vaccine

approaches.

Results

High avidity RNEU420–429-specific T cells mediate tumor
regression only following Treg depletion in tolerant
neu-N mice

We previously reported that Cy given one day prior to a neu-

targeted vaccine resulted in the partial depletion of Tregs,

activation of endogenous high avidity RNEU420–429–specific

CD8+ T cells, and tumor clearance in 20–30% of neu-N mice

[11]. However, it is unclear whether the failure to cure the

majority of tumor bearing mice was due to the inefficient depletion

of Tregs, lack of induction of sufficient numbers of high avidity T

cells, or additional mechanisms of T cell regulation. RNEU420–429-

specific high and low avidity CD8+ TCR transgenic mice were

therefore created to evaluate the fate of naı̈ve antigen-targeted T

cells under conditions of T cell tolerance [11]. These mice were

confirmed to express high and low avidity T cell receptors specific

for the RNEU420–429 epitope (as previously reported for the T cell

clones from which they derived) using dilutional tetramer staining

of naı̈ve TCR transgenic T cells isolated directly from the TCR

transgenic mice (Figure S1), and using ELISpot as a functional

analysis of avidity. Specifically, comparison of high versus low

avidity T cell populations isolated from vaccinated TCR

transgenic mice and assessed either directly or following a one

week stimulation with the RNEU420–429 peptide, demonstrated

that the high avidity T cell populations were better cytokine

producers when tested against NT2.5 tumors as targets (Data not

shown). To assess the in vivo function of each T cell population,

isolated naı̈ve high and low avidity T cells were adoptively

transferred into tumor-bearing FVB/N and tolerant neu-N mice,

treated with combinations of either the specific 3T3neuGM

vaccine or the negative control 3T3GM mock vaccine, with or

without low dose Cy. 3T3GM mock vaccine was used as the

negative control in all studies in order to control for the non-

specific physiological effects of GM-CSF. Hence any differences

between groups are from the specific presence of neu in the

vaccine. FVB/N mice were used as positive control mice to assess

optimal T cell function in non-tolerant mice. FVB/N mice

receiving high avidity T cells and the 3T3neuGM vaccine with or

without Cy cleared tumor faster than mice receiving low avidity T

cells (Figure 1a, b) indicating that the high avidity T cells are

naturally more potent than the low avidity T cells even in mice

without tolerizing mechanisms. In addition, treatment with the

high avidity T cells and only the control 3T3GM mock vaccine

still controlled tumors in the FVB/N mice more effectively than

treatment with low avidity T cells and the 3T3GM mock vaccine

(Figure 1a, b) indicating that high avidity T cells can be activated

in non-tolerant mice bearing antigen expressing tumors even

without receiving an antigen containing vaccine.

The majority of neu-N mice (.75%) receiving Cy plus high

avidity T cells also cleared tumor rapidly, within one week of

adoptive transfer. After 30 days, tumors in these mice were

significantly smaller in size than tumors in mice treated with Cy

plus vaccine, without high avidity T cells (Figure 2a, p,0.001

using both ANOVA and t test). In contrast, tumors in neu-N mice

receiving low avidity T cells all progressed, regardless of the

treatment they received (Figure 2b). In addition, the rate of

tumor growth in mice receiving Cy, 3T3neuGM vaccine, and low

avidity T cells, was similar to mice receiving Cy and vaccine alone.

These data indicate that Cy is required for the sustained in vivo

function of high avidity but not low avidity T cells in tolerant mice.

However, these studies failed to show a difference in tumor

clearance between mice receiving the 3T3neuGM vaccine versus

the 3T3GM mock vaccine when given with both Cy and high

High Avidity T Cell Trafficking into Tumors
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avidity T cells in FVB/N and neu-N mice. Therefore, to further

investigate whether a neu-targeted vaccine is needed for optimal

high avidity T cell function when Tregs are depleted, we

compared the mock versus the neu-targeted vaccine for the ability

to facilitate clearance of a larger tumor burden. When mice were

challenged with twice the number of tumor cells, a significantly

greater percentage of mice receiving the neu-targeted vaccine had

long-term tumor control (p,0.05, Figure 2c). Similar results

were seen if T cell transfer was delayed until 10 days post tumor

challenge allowing the tumors to develop longer (Data not shown).

Using titration experiments, we found that minimal number of

adoptively transferred T cells to eliminate large tumor burdens

was 46106 T cells. (Data not shown) Thus, both Treg depletion

and an antigen-specific vaccine are required for inducing the most

effective high avidity T cell response against larger tumor burdens

in these tolerant mice.

Figure 1. Adoptively transferred RNEU420–429-specific high
avidity T cells enhance tumor clearance in FVB/N mice. The
minimal tumorigenic dose was given to FVB/N mice on day 0; Cy was
given on day 2; vaccine or mock vaccine was injected on day 3; high
avidity or low avidity T cells were adoptively transferred on day 4.
Treatment groups are indicated in the figures. (A) Tumor growth after
high avidity T cell adoptive transfer into FVB/N mice. (B) Tumor growth
after low avidity T cell adoptive transfer into FVB/N mice. Data was
graphed as the tumor area vs. days (figures 1 A–B) after adoptive
transfer. * = p,0.05; ** = p,0.001. Experiments were repeated three
times (n = 10 mice per group).
doi:10.1371/journal.pone.0031962.g001

Figure 2. RNEU420–429-specific high avidity T cells enhance
tumor clearance in neu-N mice given Cy and vaccine. Neu-N mice
were treated as in Figure 1 and the Methods. (A) Tumor growth after
high avidity T cell adoptive transfer into neu-N mice. (B) Tumor growth
after low avidity T cell adoptive transfer into neu-N mice. (C) Twice the
minimum tumor dose was given to neu-N mice (16105 cells/mouse) on
day 0. Data was graphed as the tumor free probability vs. weeks
(Figure 2C) or tumor size (mm2) vs. days (figures 2A–B) after adoptive
transfer. * = p,0.05; ** = p,0.001. Experiments were repeated three
times (n = 10 mice per group).
doi:10.1371/journal.pone.0031962.g002
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Adoptively transferred high avidity T cells produce
higher levels of cytokines when compared with low
avidity T cells in FVB/N and neu-N mice

Initial adoptive transfer studies demonstrated that high avidity T

cells are more capable of killing neu-expressing tumor cells than low

avidity T cells. To assess whether this difference correlated with

increased high avidity T cell persistence, we evaluated the percentage

of high avidity and low avidity T cells (TCR transgenic T cells are

Thy1.2+ and neu-N and FVB/N mice are Thy1.1+) recovered from

FVB/N and neu-N mice at 1, 3, and 5 weeks after adoptive transfer.

While high avidity T cells persisted for at least 5 weeks following

transfer into tumor-bearing FVB/N mice treated with the

3T3neuGM vaccine plus Cy (Figure S2a, p,0.001), less than 2%

of both high avidity and low avidity T cells persisted .3 weeks in neu-

N mice even following treatment with 3T3neuGM vaccine plus Cy

(Figure S2b). We previously reported that maximal Treg depletion

occurs 2 days after Cy treatment in neu-N mice and returns to baseline

about one week later [11]. Therefore, the effects of Treg depletion on

T cell persistence would be expected to occur during T cell priming in

the first week after vaccine plus Cy treatment. We therefore

calculated the absolute numbers of T cells remaining in the tumor-

draining lymph nodes (TDN) and vaccine-draining lymph nodes

(VDN) of neu-N mice on days 3, 5, and 8 after adoptive transfer. Both

high avidity and low avidity T cells were found to migrate into the

VDN and TDN, regardless of the treatment (Figure 3a, b). In

addition, the highest numbers of T cells were detected in VDN and

TDN on day 3 after adoptive transfer, a finding consistent with

previous studies suggesting that the peak of endogenous T cell

priming occurs in the lymph nodes 3–4 days following treatment with

the 3T3neuGM vaccine plus Cy [14]. Thus, although there were a

higher number of high versus low avidity T cells detected in TDN

and VDN, differences in T cell persistence do not fully explain why

high but not low avidity T cells develop tumor lytic function following

Treg depletion.

We therefore evaluated the activation status of the high avidity

and low avidity T cells in Cy plus 3T3neuGM-treated neu-N mice

on days 3 and 5 after adoptive transfer. Specifically, the absolute

number of IFNc-, TNFa-, and IL-2-secreting Thy1.2+ cells in the

VDN, TDN, and non-draining lymph nodes (NDN, control lymph

nodes) were determined. Despite the persistence of similar

numbers of total high and low avidity adoptively transferred T

cells, there were significantly greater numbers of high avidity T

cells secreting activation-associated cytokines when compared to

low avidity T cells (Figure 4). IFNc is the main cytokine produced

by these activated high avidity T cells in tolerant neu-N mice, while

multiple cytokines (IFNc, TNFa, and IL-2) are produced following

adoptive transfer of high avidity T cells into non-tolerant mice

(Figure S3). Taken together, these findings suggest that the

tolerant environment in neu-N mice hinders the development of

the most potent polycytokine producing T cells, even when Tregs

are transiently suppressed during T cell priming. However, high

but not low avidity T cells transferred into tolerant mice are able

to reach a level of activation required to produce IFNc and

mediate tumor lysis.

Adoptively transferred high avidity but not low avidity T
cells upregulate integrin and CXCR3 expression in TDNs
in vaccinated and Cy treated neu-N mice

So far the data demonstrate that adoptively transferred high

avidity T cells can be activated to secrete cytokines to a greater

extent than low avidity T cells in 3T3neuGM plus Cy-treated neu-

N mice. However, activated T cells must also migrate from the

lymph nodes to the tumor microenvironment to effect tumor

clearance. It is still unclear whether there are also differences in

tumor migration efficiency between high and low avidity T cells in

neu-N mice. T cell expression of integrins and chemokines are

known requirements for T cell migration from the priming site to

the site of effector function [15,16]. Specifically, the VLA family of

Figure 3. High avidity T cells expand preferentially after adoptive transfer into Cy and vaccine-treated neu-N mice. Mice were injected
with 16106 tumor cells/mouse one week prior to Cy and vaccine treatment. High avidity or low avidity T cells were adoptively transferred one day
after vaccination. (A) The absolute # of Thy1.2 T cells were calculated in the tumor draining lymph nodes (TDNs) of neu-N mice on day 3 (White bars),
5 (Gray bars), and 8 (Black bars) after adoptive transfer (n = 9 mice per group). (B) The absolute # of Thy1.2 T cells were calculated in the vaccine
draining lymph nodes (VDNs) on day 3 (White bars), 5 (Gray bars), and 8 (Black bars) after adoptive transfer (n = 9 mice per group). Treatment groups
are as indicated. High/low = High or low avidity T cells, respectively. Cy = Cytoxan treated. Vaccine = 3T3neuGM vaccine, Mock = 3T3GM control
vaccine. Each experiment was repeated three times with similar results.
doi:10.1371/journal.pone.0031962.g003
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molecules are known mediators of T cell activation and migration

in models of tumor and inflammation [17,18,19,20,21]. We

therefore compared high and low avidity T cells for surface

expression of the VLA integrins b1 (CD29), a4 (CD49d), and a6

(CD49f), in spleens and TDNs, on days 3 and 5 after adoptive

transfer into tumor-bearing neu-N mice. High avidity T cells in

TDNs had significantly higher b1 integrin expression when

compared with low avidity T cells isolated from 3T3neuGM plus

Cy-treated (p,0.001) and 3T3neuGM only treated mice

(p,0.001 for both ANOVA and t test) (Figure 5a). High avidity

T cells from 3T3neuGM plus Cy-treated mice also expressed

significantly higher a4 (p,0.001 for both ANOVA and t test) and

a6 (p,0.001 for ANOVA analysis and p,0.05 for t test) integrins

than all other mouse groups (Figure 5b, c). Similar results were

observed for T cells isolated from spleen (data not shown). Thus,

Cy treatment leads to upregulation of T cell trafficking integrins

on high avidity but not low avidity T cells.

Chemokine receptor CXCR3 expression has also been reported

to be critical for T cell migration to target tissues expressing the

CXCR3 ligands CXCL9 and CXCL10. CXCL9 is produced in

the tumor-microenvironment in response to IFNc production, and

can attract CXCR3+ T cells into the tumor [22,23]. To further

evaluate differences between high and low avidity T cell function

in tolerized mice, we analyzed CXCR3 expression on both high

avidity and low avidity T cells on days 3 and 5 after adoptive

transfer into tumor-bearing neu-N mice. High avidity T cells

isolated from the TDNs upregulated surface expression of CXCR3

to a greater extent than low avidity T cells from 3T3neuGM plus

Cy-treated mice at day 5 (p,0.05, Figure 5d). In contrast, high

avidity T cells from 3T3neuGM only treated mice had lower levels

of CXCR3 expression (p,0.001). In addition, we analyzed

CXCR3 and CXCL9 expression in neu-expressing tumors on

days 3 and 5 after adoptive transfer into tumor-bearing neu-N

mice. Interestingly, while tumors isolated from all mouse groups

produced low levels of CXCL9, neu-expressing tumors isolated

from mice receiving the 3T3neuGM vaccine, Cy, and high avidity

T cells, produced the highest levels of CXCL9 on days 3 and 5

after adoptive transfer (Figure S4). These data suggest that

CXCR3 expression is upregulated on high avidity T cells following

Cy treatment, allowing them to migrate to the CXCL9-producing

tumor. These data provide an additional mechanism by which

Tregs may preferentially regulate high avidity but not low avidity

T cells in tolerant mice.

Cy-mediated Treg depletion facilitates high avidity T cell
infiltration into neu-N mouse tumors

The adoptive transfer studies presented thus far demonstrate

that Cy given in sequence with an antigen-targeted vaccine to

deplete Tregs selectively increases high but not low avidity T cell

persistence, activation, and integrin expression in VDNs and

TDNs. To further evaluate Cy-mediated high avidity T cell

function, we investigated the numbers and quality of high avidity

T cells migrating into the tumor after various treatments. High

avidity and low avidity T cells were adoptively transferred into

tumor-bearing FVB/N and neu-N mice receiving either the

3T3neuGM or control 3T3GM mock vaccines. Significantly

greater numbers of high avidity T cells were isolated from the

tumors on day 5 after adoptive transfer following vaccine plus Cy

Figure 4. Enhanced cytokine secretion in high avidity T cells post-transfer into Cy and vaccine-treated neu-N mice. On day 3 and day 5
after adoptive transfer, lymphocytes isolated from the non-draining lymph nodes (NDNs, White bars), VDNs (Black bars), and TDNs (Gray bars) were
analyzed for the ability to secrete IFNc, TNFa, and IL-2 secretion by ICS, and the absolute # of activated Thy1.2 cells was calculated (n = 3 mice per
group). Treatment groups are as indicated. High/low = High or low avidity T cells, respectively. Cy = Cytoxan treated. Vaccine = 3T3neuGM vaccine,
Mock = 3T3GM control vaccine. Each experiment was repeated three times with similar results.
doi:10.1371/journal.pone.0031962.g004
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treatment when compared with all other treatment groups

(p,0.05 using ANOVA and t test, Figure 6a) and few low

avidity T cells infiltrated tumors regardless of the treatment

(Figure 6b). Interestingly, the peak of high avidity T cell

infiltration into tumors occurs about 2 days after the peak of high

avidity T cell IFNc secretion and integrin upregulation in TDNs.

As expected, both low avidity and high avidity T cells infiltrated

the tumors of vaccinated FVB/N mice, even without Treg

depletion (data not shown). Thus Cy-mediated Treg depletion is

required for high avidity but not low avidity T cell activation and

tumor migration in tolerized mice. Low avidity T cell migration

likely requires additional activation signals that are not available in

non-tolerant hosts.

While CD8+ T cell trafficking into the tumor is an important

predictor of tumor clearance, the ratio of effector T cells to

Tregs (Teff/Treg) and the activation status of effector T cells in

the tumor microenvironment are also important tumor

clearance factors [24,25,26,27,28]. We therefore compared

the number of tumor infiltrating high avidity T cells to the

number of CD4+Foxp3+ Tregs in the tumor of vaccinated mice

with and without Cy treatment (Figure 6c). Cy treatment

groups did indeed have a higher Teff/Treg ratio in the tumor

when compared to non-Cy treated groups (p,0.05 using

ANOVA and t test). To confirm that these high avidity T cells

in TIL are capable of effector function, ICS studies were

performed and demonstrated that up to 30% of the high avidity

TIL produce IFNc (Figure 6d). These data confirm through

ex-vivo analysis, that high avidity T cells trafficking into the

tumors are present in high effector:Treg ratios, and are capable

of producing IFNc.

Next, we used biodistribution and imaging studies to verify the

selective trafficking of high avidity versus low avidity T cells into

the tumors of tolerant neu-N mice. Tumor-bearing neu-N mice

received the 3T3neuGM or 3T3GM mock vaccines with and

without Cy, and high or low avidity T cells, followed by injection

with indium-111-labeled Thy1.2 mAb on day 4 after T cell

transfer. Twenty-four hours following Thy1.2 monoclonal anti-

body injection, tumors were excised and measured for indium-111

content. The mean tumor radioactivity concentration was 2-fold

higher in mice receiving 3T3neuGM vaccine plus Cy with high

avidity T cells than in the non-Cy groups (p,0.05 using ANOVA

and t test) (Figure 7a). These findings were further confirmed

using SPECT/CT imaging, in vivo (Figure 7b). Finally, we

performed in situ immunofluorescence staining of resected tumors

for Thy1.2 expression (Figure 7c). From these studies it is clear

that only Thy1.2+ high avidity T cells infiltrate tumors

predominantly following Cy treatment. These results confirm that

high avidity T cells have the capacity to infiltrate tumors of

tolerant mice if the mice are given immune-modulating doses of

Cy in combination with vaccine.

Figure 5. Cy plus vaccine enhances VLA-4, VLA-6, and CXCR3 expression on high avidity T cells. On day 3, TDN lymphocytes from neu-N
mice were stained for (A) b1 integrin expression, (B) a4 integrin, or (C) a6 integrin, and the Mean Fluorescent Intensities (MFI) calculated. (n = 3mice/
group). Isotype control MFIs were b1 integrin ,20, a4 integrin ,50–100, a6 integrin ,30. (D) TDN lymphocytes from neu-N mice on day 5 were
stained for CXCR3 and the %CXCR3+ of Thy1.2 cells was calculated (n = 5 mice/group). MFI isotype for CXCR3 is ,10. * = p,0.05, ** = p,0.001. High/
low = High or low avidity T cell transfer, respectively. Cy = Cyclophosphamide treatment. Vaccine = 3T3neuGM vaccine, Mock = 3T3GM control vaccine.
Each experiment was repeated three times with similar results.
doi:10.1371/journal.pone.0031962.g005

High Avidity T Cell Trafficking into Tumors
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CD25low Tregs migrate into tumors and mediate high
avidity T cell suppression

While Cy allows for enhanced high avidity T cell trafficking into

tumors, it does not deplete the systemic Treg population as

extensively as other Treg-depleting agents. One explanation for

this difference is that each Treg inhibiting agent affects different

Treg subsets. Recent studies have characterized distinct Treg

subpopulations that express different activation molecules, migra-

tion integrins, and levels of the IL-2 receptor, CD25. Initial flow

cytometry experiments characterizing the CD4+Foxp3+ T cells

that infiltrate neu-expressing tumors showed that Cy depletes a

population of CD4+Foxp3+ T cells that express an activated/

migratory phenotype (ICOS+, b-integrinhigh, CD44+/high,

CD62Llow) (Data not shown), Subsequently this subset of Tregs

was further analyzed for CD25 expression following treatment of

neu-N mice with 3T3neuGM vaccine alone or 3T3neuGM plus Cy

and high avidity T cells. Cy given with the 3T3neuGM vaccine

reduced both the percent and absolute number of CD25low Tregs

in the spleen compared to vaccine alone (28% versus 52% of the

CD4+Foxp3+ cells were CD25low, respectively) (Figure 8a, b).

The reduction in absolute numbers of CD25low Tregs with Cy

treatment in spleen reached significance (p,0.05 and p,0.001,

respectively using both ANOVA and t test, Figure 8b, c). Trends

were similar but not statistically significant in TDNs (Data not

shown). These data provide additional support that Cy preferen-

tially targets a CD25low Treg population.

CD25low Tregs have been described as an inflammation-

seeking, migratory effector/memory population responsible for

suppression in the periphery, while CD25high Tregs have been

described as a lymph-node resident population [7,8]. To further

assess the migration potential and activation status of these two

Treg subsets, Tregs from neu-N mice treated with vaccine and high

avidity T cells were isolated and analyzed based on CD25

expression. Analysis of each population revealed that the

Figure 6. Cy-mediated Treg depletion increases high avidity T cell tumor trafficking in neu-N mice. Neu-N mice were treated as in
Figure 3. (A and B) On day 3 (White bars) and day 5 (Gray bars) after adoptive transfer, the absolute number of Thy1.2+ cells/mg of tumor was
calculated for each treatment group (n = 3 mice/group). (C) On day 5 after adoptive transfer the ratio of Thy1.2+ cells/CD4+Foxp3+ cells was calculated
(n = 3 mice/group). (D) Lymphocytes from tumors on day 5 after adoptive transfer were stimulated as described in the methods and the %Thy1.2+

cells producing IFNc after RNEU420–429 stimulation was calculated after NP stimulation was subtracted (n = 5mice/group). * = p,0.05. High/low = High
or low avidity T cell transfer, respectively. Cy = Cyclophosphamide treatment. Vaccine = 3T3neuGM vaccine, Mock = 3T3GM control vaccine. Each
experiment was repeated three times with similar results.
doi:10.1371/journal.pone.0031962.g006
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CD4+Foxp3+CD25low Tregs expressed higher levels of the

activation markers ICOS, CD44, CTLA-4, and GITR, and the

migration markers b1 integrin, LFA1, and CXCR3 and lower

levels of the lymph node homing marker CD62L when compared

with the CD4+Foxp3+CD25high Tregs (Figure 9a, b). Thus,

CD25low Tregs express an activated phenotype [7,8] that appears

to be responsible for suppressing high avidity T cells infiltrating

tumors.

Next, we assessed whether CD4+Foxp3+CD25low Tregs can

suppress antigen-specific high avidity T cells using an in vitro

suppression assay. Naı̈ve CFSE-labeled high avidity T cells were

incubated with CD11c+ DCs from 3T3neu GM vaccine-treated

FVB/N mice for 3 and 5 days to stimulate their proliferation.

These vaccine primed DCs from non-tolerized mice would be

expected to provide optimal high avidity T cell activation. Flow

cytometry sorted CD4+Foxp3+CD25high or CD4+Foxp3+CD25low

Tregs isolated from Foxp3GFP neu-N mice that were vaccinated with

3T3neuGM one week earlier were then added to the high avidity

T cell cultures. Treatment of neu-N mice with vaccine alone would

be expected to induce optimal numbers of Tregs. High avidity T

cells were analyzed for CFSE dilution after 3 and 5 days of culture.

Positive controls included high avidity T cells with DCs alone, and

high avidity T cells with DCs plus control naı̈ve CD4+ T cells

isolated from FVB/N GFP mice. As expected, the addition of

FVB/N CD4+ T cells increased the proliferation of high avidity T

cells above that seen with DCs and high avidity T cells alone.

However, high avidity T cell proliferation was suppressed at 3 and

5 days in the groups that received either CD25high or CD25low

Tregs, indicating that CD25low Tregs are indeed capable of

suppressing tumor-specific high avidity T cell proliferation

(Figure 10a). In support of these findings, both Treg subsets

were confirmed to express TGFb and IL-10 by qRT-PCR (data

not shown). Similarly, these same CD4+Foxp3+CD25low Tregs

derived from vaccinated Foxp3GFP neu-N mice suppressed high

avidity T cell IFNc secretion in vivo after they were transferred into

tumor bearing FVB/N mice treated with the 3T3neuGM vaccine

and high avidity T cells (Figure 10b). To further establish that the

CD25low Tregs are the predominant Tregs that traffic into tumors,

we evaluated the percent of Tregs found in tumors after each Treg

subpopulation was adoptively transferred into tumor bearing mice.

Neu-N mice were given 3T3neuGM vaccine plus Cy, and

adoptively transferred high avidity T cells. CD25low CD4+Foxp3+

or CD25high CD4+Foxp3+ Tregs (56105 per mouse) from

vaccinated Foxp3GFP neu-N mice were also adoptively transferred

on the same day as the high avidity T cells. Five days later, the

percentage of transferred GFP+ Treg subsets within the total

CD4+Foxp3+ population was evaluated in the spleens, VDNs,

TDNs, and tumors. Although both Treg subsets traffic into the

lymph nodes and spleen, the CD25low Tregs traffic to a

Figure 7. Confirmation of increased high avidity T cell tumor
trafficking by in vivo imaging. (A) Neu-N mice were tumor
challenged and treated as in the Methods. One day after T cell
adoptive transfer mice were treated with In-111 labeled anti-Thy1.2, the
tumors isolated and the radiation content analyzed as described in
Methods. Isotype = Isotype control treatment group. Tumor radioactiv-
ity concentration was reported as the average % injection dose/g of
tumor (n = 3mice/group). (B) neu-N mice treated as in 7A, and
underwent SPECT/CT imaging. Coronal (left panel) and transverse (right
panel) cross-sections through the tumor are shown for each treatment.
(C) Tumors were collected on day 5 after adoptive transfer and
immunofluorescence stained for Thy 1.2. * = p,0.05. High/low = High or
low avidity T cell transfer, respectively. Cy = Cyclophosphamide
treatment. Vaccine = 3T3neuGM vaccine. Mock = 3T3GM Control Vac-
cine. These experiments were repeated 2–3 times with similar results.
doi:10.1371/journal.pone.0031962.g007

High Avidity T Cell Trafficking into Tumors

PLoS ONE | www.plosone.org 8 February 2012 | Volume 7 | Issue 2 | e31962



significantly greater extent into the tumor than the CD25high

Tregs (p,0.05 using both ANOVA and t test) (Figure 10c).

These data provide additional support that the CD25low Treg

population is primarily responsible for high avidity T cell

suppression in the tumor microenvironment.

Discussion

We previously reported that high avidity CD8+ T cell

populations specific for the immunodominant neu-derived epi-

tope, RNEU420–429, are recruited to kill neu-expressing tumors

following treatment with a neu-expressing vaccine and low dose

Cy as a method to deplete Tregs. Here we report three new

findings that for the first time elucidate the mechanism by which

Tregs suppress high avidity T cell activation and migration in the

immune tolerant environment of neu-N mice. First, high avidity

cancer antigen-targeted T cells can effectively eradicate develop-

ing tumors in tolerant hosts when efficient numbers of activated T

cells are available. However, activation and persistence of efficient

numbers of high avidity T cells is only possible following reduction

of Treg numbers. Importantly, we show for the first time that

Tregs appear to be the major regulator of these high avidity

effector T cells. Second, we also show for the first time that

antigen-targeted low avidity T cells are unable to persist long-term

and reach a necessary threshold of activation in tolerant hosts,

even with Treg reduction. Third, a Cy-sensitive Foxp3+CD25low

effector/memory Treg sub-population present in tolerant mice is

the primary mediator of antigen-targeted high avidity T cell

suppression within the tumor microenvironment.

Ideal vaccines should induce antigen-specific high avidity T cells

that can migrate to sites of inflammation and express multiple

effector cytokines [4,29,30,31]. In practice, vaccines do induce

high avidity T cells specific for infectious and cancer-associated

antigens when administered prior to antigen exposure. However,

there is an ongoing debate in the literature as to whether cancer

antigen-specific high avidity T cells exist in the periphery of

cancer-bearing hosts because many of these antigens are altered

self proteins. Some studies have suggested that high avidity T cells

are deleted, leaving only low avidity T cells for vaccine activation

[32]. Other studies have shown that high avidity antigen-targeted

T cells exist, but are tolerized and unable to mediate tumor

clearance [6,33,34]. We previously reported that Cy mediated

Treg depletion given in sequence with a neu-targeted vaccine

induces endogenous high avidity T cells that mediate tumor

clearance in 20–30% of mice [11]. These prior studies could not

address whether the low number of treatment successes was due to

the existence of yet undefined tolerance mechanisms or the

inability to induce large enough numbers of antigen-specific high

avidity T cells. Using the transgenic T cells described here to

model endogenous T cells, we demonstrate that larger numbers of

vaccine-activated high avidity T cells are necessary to treat

developing tumors in tolerized mice. Furthermore, these data

suggest that vaccination alone is not enough to activate the

number of endogenous T cells required for tumor clearance, and

that a significant reduction in the numbers of a specific subset of

Tregs is required to allow efficient vaccine activation of high

avidity T cells. Thus, these data show that Tregs are indeed a main

mechanism by which high avidity tumor antigen-specific T cell

function is suppressed.

In addition to inducing high avidity T cells, an ideal vaccine

should also induce a sufficient memory response to fight off future

antigenic challenges [35,36]. Our studies also show that

approximately 60% of mice given Cy, vaccine, and adoptive

transfer of high avidity T cells can resist a second tumor challenge

Figure 8. Cy preferentially depletes CD25lowFoxp3+ Tregs. Neu-N mice were treated as in Figure 3 and the Methods. Lymphocytes from
spleens were collected on day 3. (A) CD4+Foxp3+ Tregs were analyzed for CD25 expression. Definition of CD25high vs. CD25low is based on isotype
control. CD25low cells = gray fill under the histogram. (B) Absolute # CD25lowCD4+Foxp3+ Tregs calculated in spleens. (C) Absolute number of
CD25highCD4+Foxp3+ Tregs calculated in spleens. High = high avidity T cell transfer, Cy = Cyclophosphamide treatment, Vaccine = 3T3neuGM vaccine
treatment. * = p,0.05. These studies were repeated three times with similar results (n = 3 mice/group).
doi:10.1371/journal.pone.0031962.g008
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given 3 weeks post adoptive transfer, indicating that our vaccine

regimen can induce a partial memory type response. At this time

point, Thy1.2+ high avidity T cells comprise a detectable

population of the CD8+ T cells with effector and central memory

phenotypes in neu-N mice that wanes at 5 weeks (Figure S2, and

Data not shown). The partial response may be due to the re-

establishment of tolerance in this system either by the re-

establishment of Treg numbers, as we have shown, or by an as

yet undetermined mechanism [11]. Future experiments will

address the longevity of the high avidity response in this system.

However, we hesitate to make definitive conclusions regarding the

memory phenotype of our adoptively transferred T cells, as others

have clearly demonstrated that adoptively transferring high

numbers of T cells alters the effector memory/central memory

development ratio away from the endogenous situation [37,38,39].

Partial Treg depletion using low dose Cy plus a neu-targeted

vaccine allowed for enhanced persistence, activation, and tumor-

trafficking of adoptively transferred high avidity T cells, leading to

tumor clearance in tolerant neu-N mice. Thus, the availability of

sufficient high avidity T cells alone is likely not enough to treat

tumors in tolerant hosts. Instead, Cy treatment, either through

Treg reduction or another mechanism, facilitates efficient high

avidity T cell activation, persistence, and tumor trafficking. Studies

have shown that lymph node residing T cells upregulate VLA-4,

VLA-6, and CXCR3 in order to migrate to CXCL9 producing

tumors [15,18,20]. In our model, high avidity T cells transferred

into Cy-treated neu-N mice upregulated these trafficking receptors

after adoptive transfer, allowing for tumor-infiltration, and tumor

clearance by one week after Cy administration, which is the same

time-point when depleted Treg populations begin to repopulate

the tolerant host [11], and the transferred high avidity T cells lose

IFNc production. Thus, Cy-mediated Treg depletion allows high

avidity T cells to upregulate the migration and activation signals

necessary for tumor trafficking and anti-tumor activity. Until

methods are available to deplete Tregs for longer than 1–2 weeks,

it is not possible to determine whether vaccine induced

endogenous T cells are capable of reaching the numbers achieved

with adoptively transferred high avidity T cells that are required

for tumor control in the majority of mice.

Although adoptively transferred high avidity T cells are efficiently

activated to clear tumor in tolerant mice, their cytokine secretion

capacity appears limited to IFNc secretion. In contrast, these same

high avidity T cells produce multiple cytokines (IFNc, IL-2, and

TNFa) when transferred into tumor-bearing non-tolerant FVB/N

mice. Other groups have suggested that TNFa expression correlates

with better effector function, cell persistence [40], and clinical

outcomes [41]. Thus, these data imply that a reduction in Treg

numbers alone is not sufficient to optimally activate high avidity T

cells. It is likely that fewer numbers of activated high avidity T cells

would be required to clear the same tumor burden in tolerant neu-N

mice if these T cells were optimally activated. In support of this

concept, the activation state of the high avidity T cells has recently

been implicated in their ability to promote tumor clearance.

Specifically, central memory T cells have been described as more

‘‘fit’’ to mediate tumor clearance due to their less-differentiated state

and higher proliferative capacity [42,43,44]. Activation of termi-

nally-differentiated high avidity T cells is thought to lead to weaker

responses due to their limited proliferation. However, high avidity T

cells, including central memory cells, are often exhausted due to

chronic tumor antigen stimulation and may exist in a ‘‘corrupted’’

or tolerant state [44]. Thus, additional studies are needed to further

clarify the role that the T cell activation state plays in tumor

clearance in tolerant hosts.

Many studies have also focused on antigen-targeted low avidity

T cell activation and function due to the predominance of low

avidity T cells in cancer-bearing hosts. Previous studies suggested

that low avidity T cells remain ignorant of antigen expression and

therefore do not mount a successful tumor-specific response

[32,45,46], while others suggest that CD4+ T cell help enhances

low avidity T cell function allowing for some degree of tumor

destruction [26,46]. While those studies attempted to address the

role of low avidity T cells in tumor-bearing mice, none had

available a source of naı̈ve low avidity CD8+ TCR transgenic T

cells specific for a natural tumor antigen. Here, we show that neu-

specific low avidity T cells are capable of activation when

adoptively transferred into a non-tolerant environment. In neu-N

mice, however, low avidity T cells were unable to reach a level of

activation necessary for adequate IFNc secretion, integrin

upregulation, or tumor infiltration. As a result, these low avidity

cells did not affect tumor clearance, and their activation and

migration status was not altered by Treg reduction. The difference

in low avidity T cell function in the non-tolerant versus tolerant

environment is likely due in part to the presence of effective CD4+

T cell help in non-tolerant mice. Our finding agrees with other

Figure 9. CD25lowFoxp3+ Tregs demonstrate an effector
phenotype. (A) CD4+Foxp3+CD25high and CD4+Foxp3+CD25low Tregs
from high avidity T cell and vaccine treated mice analyzed for
expression of ICOS, CTLA-4, GITR, and CD44. (B) CD25high and low Tregs
were analyzed for b1 integrin, LFA-1, CD62L, and CXCR3. CD25high

histograms = Black line. CD25low histograms = Dotted line. These studies
were repeated three times with similar results (n = 3 mice/group).
doi:10.1371/journal.pone.0031962.g009
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studies that show that with sufficient CD4+ T cell help, low avidity

CD8+ T cells can become active and infiltrate the tumor

microenvironment [47,48]. Since low avidity T cells were able

to migrate into the tumor, but still were not as potent as the high

avidity T cells in rejecting tumor in non-tolerant FVB/N mice, it is

likely that alternative mechanisms are blocking optimal low avidity

T cell activation even in a more immune permissive setting.

Both CD25high and low Treg subsets effectively suppress high

avidity T cells in vitro, yet we only observed a trend in suppression

with an in vivo suppression assay. One possibility that explains why

the in vivo suppression assay results failed to reach significance is

the technical difficulty of isolating sufficient numbers of Tregs that

maintain stable function after adoptive transfer. It is also possible

that systemic evaluation of CD25low Treg suppression of high

avidity T cells is not an optimal assay since CD25low Tregs likely

function best within the tumor micro-environment, where they

preferentially migrate [49]. Some studies have shown that tumor-

specific T cells are tolerized at the tumor site. Although technically

difficult, future in vivo studies will attempt to address where

CD4+Foxp3+CD25low Tregs affect tolerance.

Emerging data demonstrate that even among CD4+FoxP3+

Tregs, there are sub-populations with different functions and sites

Figure 10. CD25lowFoxp3+ Tregs suppress high avidity T cells and traffic preferentially to the tumor. (A) CD25low and CD25high CD4+

Treg cells suppress high avidity T cell activation in vitro. CD25low or CD25high CD4+ FoxP3gfp+, DC, and CFSE-labeled high avidity Thy1.2+ CD8+ neu-
specific T cells were mixed as described in the Methods. CFSE dilution was measured on days 3 and 5. CD4+ T cells from FVB/N mice were used as
controls. High+DCs = High avidity T cells+DCs. High+DCs+CD4s = High avidity T cells+DCs+FVB/N CD4+ T cells, (B) CD25lowCD4+FoxP3+ Tregs trend
toward suppression in vivo. neu-N/FoxP3gfp mice were given tumor and vaccinated as in the Methods. CD4+CD25low Tregs were isolated 1 week later
and transferred to FVB/N-TgN(TIE2GFP)287Sato mice which were then vaccinated. CD8+ T cells were isolated 2 weeks later and tested for the ability to
secrete IFNc in response to RNEU420–429. Data are presented as % RNEU420–429-specific, IFNc+ of CD8+ T cells. This experiment was done twice with
similar results. (C) CD25low Tregs traffic preferentially to the tumor. neu-N mice received tumor and one week later received Cy, vaccine, 66106 high
avidity T cells, and 56105 CD25low or CD25high CD4+GFP+ Tregs. On day 5 CD25low or CD25high CD4+GFP+ Tregs recovered from tumors, spleens, TDNs,
and VDNs were enumerated as a fraction of the total # of FoxP3+ T cells at each site (n = 3mice/group). * = p,0.05. This experiment was repeated
three times with similar results.
doi:10.1371/journal.pone.0031962.g010
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of activity. To date, there are only a few studies that have

attempted to characterize an inflammation-seeking and highly

suppressive CD25low Treg effector/effector memory population

[7,8,50,51]. The surface markers expressed by these Tregs point

towards their critical suppressive role in tumor-bearing hosts. High

b1 integrin, LFA-1, and CXCR3 expression on CD25low Tregs

allow for increased blood vessel extravasation and migration into

the tumor, while the low levels of CD62L indicate a migratory

phenotype. The importance of ICOS expression by Tregs has

been well documented and may be responsible for increased IL-10

production [52,53], while CD44, CTLA-4, and GITR are also

expressed highly on antigen experienced or activated Tregs [54].

Although a few studies have shown that this CD25low suppressor T

cell population also express CD103 [7], we were unable to detect

any Treg CD103 expression on CD25low Tregs in neu-N mice.

Other groups have describe Tbet expression by CD25low Treg

cells [8]. The CD25low Tregs in our model also express high levels

of CXCR3 and Tbet. (Data not shown) Taken together, these

findings suggest that the CD25low Tregs identified in this study

likely represent an effector/memory Treg subpopulation similar to

that described by other groups.

Treg depletion is believed to be an important strategy in

enhancing cancer vaccine efficacy in tumor-bearing hosts. Many

pre-clinical and clinical studies have successfully used a variety of

Treg-depleting agents to reduce tolerance and activate CD8+ T

cell populations in the setting of tumor development [55,56]. Treg

depletion strategies strive to deplete all Treg populations because

we do not understand which populations predominantly prevent T

cell activation in tumor-bearing hosts. Therefore, the study of Treg

subpopulations may allow the development of new Treg depleting

agents that remove the Tregs responsible for inhibiting cancer

antigen-targeted T cells and preserve Treg populations required

for inhibiting autoimmune disease. Thus, the surface activation

markers expressed on the subset of Tregs that migrate to the tumor

may be important targets for future Treg depletion strategies to

improve vaccine therapy. This study also verifies the importance of

this CD25low Treg population in a clinically relevant model of

breast cancer.

In addition to its CD25low Treg-depletion effects, Cy may also

have other beneficial effects in a tumor-bearing host. A few studies

have shown that in certain models, Cy increases type I IFN

production and activates DCs that increase effector cell popula-

tions [57,58]. These findings may explain the apparent longer-

term effects of Cy treatment on the persistence and activation of

adoptively transferred high avidity T cells into FVB/N mice when

compared with the short-term effects on the same T cells

adoptively transferred into neu-N mice. It is possible that Cy

depletes tolerogenic DCs or other antigen presenting cells

responsible for activating Tregs [57,59]. The resulting shift in

DC homeostasis would ultimately lead to increased activation of

tumor-specific CD8+ T cells. This effect would likely be short-term

in neu-N mice due to the regeneration of such antigen presenting

cell populations, whereas the effect would be longer-term in non-

tolerant FVB/N mice. In addition, by increasing type I IFNs and

DC activation, Cy may increase T cell survival and memory

development [58,60]. Recently there has been a link postulated

between lymphopenia and autoimmune disease. Since Cy does

cause mild lymphopenia, in the neu-N system, a mild form of

autoimmunity may be induced leading to tumor destruction [61].

Finally, a recent study suggested that Cy may promote the

differentiation of non-Treg CD4+ T cells into pro-inflammatory T

helper 17 cells that enhance anti-tumor immunity [62]. Therefore,

Cy may have multiple tolerance-reducing effects that lead to

enhanced anti-tumor activity.

In conclusion, these findings demonstrate for the first time that

high avidity antigen-targeted CD8+ T cells are regulated

predominantly by Tregs in cancer bearing hosts. In addition, a

subset of effector/memory Tregs are largely responsible for

suppressing high avidity T cells in the tumor microenvironment.

Low avidity tumor-specific T cells can function in a non-tolerant

host following antigen-targeted vaccination but require as of yet

undefined activation signals to achieve adequate function in

tolerant hosts and optimal function in non-tolerant hosts. Thus,

through the use of high avidity and low avidity T cell populations

specific for the same antigen, the specific requirements for T cell

activation, trafficking, and function within the tumor micro-

environment can be delineated under different tumor-bearing

conditions. Ultimately, this information will lead to improved

combinatorial immune based approaches for cancer therapy.

Methods

Ethics Statement
All mice were treated according to AALAC approved protocols

and guidelines outlined by the Johns Hopkins School of Medicine’s

Animal Care and Use Committee, specifically approved under

protocol number MO10M262.

Mice
All mice used were females between 6–12 weeks of age. FVB/N

mice were obtained from Harlan Laboratories (Frederick, MD).

Neu-N mice were purchased from the Jackson Laboratory (Bar

Harbor, ME) and bred in the Johns Hopkins animal facility. FVB/

N Thy1.2+ mice were generated by backcrossing the Thy1.2 gene

from BALB/c mice onto the FVB/N background for 10

generations.

TCR transgenic mice were created from high avidity and low

avidity RNEU420–429-specific T-cell clones, which were generated

from vaccinated FVB/N and neu-N mice, respectively [11]. The

high avidity clone expresses the TCR variable regions Vb4 and

Va1.1, while the low avidity clone expresses the TCR variable

regions Vb2 and Va5. cDNA was isolated from the clones using

the SMART-RACE kit (Clontech) and primers HT-27

(TCGGTGAACAGGCAGAGGGTG) and HT-2 8(CTTTT-

GATGGCTCAAACAAGGAGA), which are specific for the

alpha and beta constant regions of the TCR, respectively. Chains

were cloned into pCR2.1 using the TOPO-TA cloning kit

(Invitrogen). Artificial introns and restriction sites for cloning were

constructed for the alpha and beta chains. The constructs were

then cloned into cassette vectors as described by Kouskoff et al.

[63,64]. Low avidity a and b chains were PCR amplified from the

genomic sequence and cloned directly into the Kouskoff cassette

vectors [64].

Founder mice were selected following antibody staining for Vb4

(clone KT4) and Vb2 (clone B20.6) chains for the high avidity and

low avidity mice, respectively (Figure S1a–d). Since antibodies to

the Va1.1 and Va5 chains are not commercially available, the Va
chain usage was confirmed through evaluation of mRNA

expression levels (data not shown) [11]. CD8+ T cells from each

mouse colony were confirmed to have equivalent levels of CD3,

CD8, or Vb expression (Figure S1e). The avidity of the TCR

transgenic T cells was assessed by flow cytometry using dilutional

tetramer staining as previously described [11], and confirmed to

be of similar avidity levels to the clones from which they derived

(Figure S1f). High avidity and low avidity mice were bred with

FVB/N Thy1.2+ mice, and pups tested for Vb and Thy1.2

expression by antibody staining. Avidity status was confirmed by
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dilutional tetramer staining. Thy1.2 was used as a marker to track

adoptively transferred TCR transgenic T cells in vivo.

FVB/N-TgN(TIE2GFP)287Sato mice were purchased from

Jackson Labs. Foxp3gfp knock-in mice were provided by Alexander

Rudensky (University of Washington, Seattle, WA), and back-

crossed to the FVB/N background for 10 generations and then

crossed to the neu-N background to generate neu-NFoxp3gfp mice

[65].

Cell lines and media
NT2.5, the neu-overexpressing mammary tumor cell line, was

generated from a spontaneously arising tumor in a neu-N mouse as

previously described [66,67]. NT2.5 was maintained in RPMI

with 20% FBS, 1.2% HEPES, 1% L-glutamine, 1% non-essential

amino acids, 1% sodium pyruvate, 0.5% penicillin-streptomycin,

0.2% insulin, and 0.02% gentamycin. The 3T3neuGM vaccine

cell line (3T3 cells genetically modified to express both neu and

GM-CSF (GM)), and the 3T3GM cell line (mock vaccine that does

not express neu) have been previously described [9]. Vaccine lines

were maintained in DMEM supplemented with 10% bovine calf

serum, 1% sodium pyruvate, and 0.5% penicillin-streptomycin,

with methotrexate selection added to the 3T3neuGM line. The

T2Dq cells [9] were and maintained as previously described in

RPMI supplemented with 10% FBS, 1% L-glutamine, 1% sodium

pyruvate, 1% non-essential amino acids, 0.5% penicillin-strepto-

mycin, and 0.68% hygromycin B.

Peptides and antibodies
The RNEU420–429 (PDSLRDLSVF) and the negative control

peptide LCMV NP118–126 (RPQASGVYM) [68] peptides were

produced in the Johns Hopkins Biosynthesis and Sequence Facility

at a purity .95%. Antibodies used for analysis were anti-Thy1.2-

PerCP (Biolegend), anti-TNFa-allophycocyanin (BD Pharmingen),

anti-IL-2-FITC (BD Pharmingen), anti-IFNc-PE (BD Pharmin-

gen), anti-CD4-FITC (BD Pharmingen), anti-CD25-PerCP (Bio-

legend), anti-CD62L-allophycocyanin (BD Pharmingen), anti-

ICOS-PE (anti-CD278, BD Pharmingen), anti-CD44- allophyco-

cyanin (BD Pharmingen), anti-GITR-allophycocyanin (eBios-

cience), anti-CTLA-4-PE (BD Pharmingen), anti-CD29-PE

(eBioscience), anti-LFA-1-PE (anti-CD11a, BD Pharmingen), and

anti-CXCR3-allophycocyanin (Biolegend).

Tumor, vaccine, chemotherapy, and antibody
administration procedures

For tumor-clearance studies, FVB/N and neu-N mice received

subcutaneous (s.c.) injections into the right upper mammary fat

pad of 26106 and 56104 NT2.5 cells [69,70] in 0.1 ml PBS,

respectively. For tumor infiltrating lymphocyte (TIL) and lymph

node analysis experiments, FVB/N and neu-N mice received

56106 and 16106 NT2.5 cells, respectively. Tumor cells were

injected 3 days prior to vaccination, except for TIL and lymph

node experiments, where tumor was given 8 days prior to

vaccination. Cyclophosphamide (Cy) was injected intraperitone-

ally (i.p.) at a dose of 100 mg/kg in 0.5 ml PBS. Cy was given

24 hrs prior to vaccine administration. The vaccine (3T3neuGM

cells) and mock vaccine (3T3GM cells) were administered s.c. at a

dose of 36106 cells per mouse, divided into three 0.1 ml injections

in PBS, and distributed equally among the left upper limb, and

right and left lower limb.

Adoptive transfer studies
Thy1.2+ TCR transgenic high avidity and low avidity CD8+ T

cells were isolated by CD8 negative selection using Dynal CD8

isolation kits (Invitrogen). After isolation, cells were adoptively

transferred at 66106 cells per mouse (unless otherwise stated) in

0.5 ml PBS via tail vein injection, one day after vaccine

administration. Four million high avidity T cells was determined

to be the minimal adoptive transfer dose necessary to achieve

.75% tumor clearance in Cy+ vaccine treated neu-N mice (data

not shown). A 66106 T cell dose was administered to maximize

cell recovery from various tissues for analysis during cytokine and

trafficking experiments after adoptive transfer. T cells were

isolated from spleens, lymph nodes, and tumors 3, 5, and 8 days,

and 3 and 5 weeks after adoptive transfer and analyzed by flow

cytometry as described below.

Flow cytometry, intracellular cytokine staining (ICS), and
tetramer analyses

At the time points described above, spleens and lymph nodes

were collected from adoptively transferred mice and mashed

through 40 mM nylon cell strainers. Tumors were mashed through

cell strainers, enzymatically digested using collagenase (1 mg/ml,

Gibco) and Hyluronidase (25 mg/ml, Sigma), and plated on flasks

to separate adherent tumor cells from lymphocytes in suspension.

Isolated lymphocytes were assessed for activation status by ICS for

cytokine expression (IFNc, IL-2, and TNFa) using a mouse ICS kit

(BD Biosciences). Lymphocytes were incubated at 37uC
with peptide-pulsed T2Dq targets (pulsed with RNEU420–429 or

NP118–126) and Brefeldin A (GolgiStop, BD Biosciences) for 5 hrs

using a ratio of lymphocytes to targets of 4:1. Absolute numbers of

CD8+ T cells were determined using samples evaluated for CD8

and Thy1.2 expression only. Cells that were stained for cytokine

expression were first stained for surface CD8 and Thy1.2

expression. Cells were resuspended in FACS buffer (PBS, 5%

FBS, .02% NaAzide) prior to analysis on a FACScalibur (BD

Pharmingen). The percentage of antigen-specific activation was

calculated by subtracting the percentage of cytokine-secreting cells

in NP118–126 -pulsed samples from the percentage of cytokine-

secreting cells in RNEU420–429 -pulsed samples. Absolute numbers

were calculated from total T cell counts specific for each peptide.

The programs Spice and Pestle were used, courtesy of Mario

Roederer of the NIAID Vaccine Research Center, for poly-

cytokine analyses [71].

Treg characterization was assessed using the Foxp3 permeabi-

lization kit (eBioscience) after staining for surface trafficking and

activation markers. Surface markers were stained for 2 hours prior

to extensive washing, fixation/permeabilization, and Foxp3

staining.

Avidity was assessed by dilutional tetramer analyses using the

RNEU420–429/H-2Dq and NP118–126/H-2Dq tetramers. Samples

were stained using tetramers with a beginning concentration of

1.9 mM and dilutions of 1:2, 1:5, 1:10, 1:20, 1:50, 1:100, 1:200,

1:500 (950 nM, 380 nM, 190 nM, 95 nM, 38 nM, 19 nM,

9.5 nM, and 3.8 nM respectively) was used to assess T cell avidity

by flow cytometry [11].

Tumor size assessments
Tumors were measured twice weekly, beginning 3 days after

vaccination. Tumor length and width were measured and used to

calculate tumor area. Mice with tumors .1 cm2 were sacrificed

according to Johns Hopkins Animal Care and Use protocols.

Biodistribution studies and in vivo imaging
At various time points after adoptive transfer, mice were

injected i.v. with 20 mg of Thy1.2 monoclonal antibody or control

IgG radiolabeled with 200 mCi indium-111 per mouse. The
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antibody was radiolabeled using previously described methods

[12,72,73]. After 24 hours, lymph nodes, spleens, and tumors were

excised, weighed, and placed in a gamma counter to measure their

radioactivity. For in vivo imaging, mice were treated as described

above. Twenty-four hours after radiolabeled antibody injection the

mice were anesthetized with 3% isofluorane and maintained at 1–

2% with a constant rate of oxygen flow of 1 l/m. Mice were then

imaged by small-animal SPECT/CT (XSPECT system, by

GammaMedica) fitted with a pinhole collimator appropriate for

indium-111 photons.

In vitro suppression assay
CD11c+ cells were isolated from the vaccine-draining lymph

nodes (VDNs) of FVB/N mice that had been vaccinated 7 days

prior to dissection. Lymph nodes were gently mashed through

40 mM cell strainers and then CD11c+ cells were positively

selected using CD11c+ MicroBeads (Miltenyi Biotec). Tregs were

isolated from the spleens and lymph nodes of Foxp3GFP neu-N mice

that had been vaccinated 7 days prior to isolation. CD4+ T cells

were isolated using negative selection Dynal CD4+ T cell isolation

kits (Invitrogen) and then stained for CD25 expression using anti-

CD25-PE (eBioscience) prior to sorting. Foxp3 expression was

indicated by GFP fluorescence and T cells were sorted into either

GFP+CD25high or GFP+CD25low populations. Control CD4+ T

cells were isolated from non-vaccinated FVB/N GFP mice using

CD4+ negative selection. High avidity T cells were isolated from

TCR transgenic mice using CD8+ T cell negative selection Dynal

kits (Invitrogen). High avidity T cells were then labeled with CFSE

using the CellTrace CFSE Proliferation Kit (Invitrogen). CDllc+

dendritic cells (DC), Tregs/CD4+ T cells, and high avidity T cells

were plated at a 1:1:2 ratio. Unstimulated high avidity T cells were

plated as a negative control. CD11c+ cells were plated with high

avidity cells in a 1:2 ratio and FVB/N-derived CD4+ T cells,

CD11c+ cells, and high avidity cells plated at a 1:2:1 ratio, both as

positive controls. Cells were incubated for 3 and 5 days prior to

flow cytometric analysis of CFSE dilution on Thy1.2+ cells.

In vivo suppression assay
Neu-N/Foxp3gfp mice were injected with 16105 NT2.5 cells

followed by whole cell vaccination 3 days later. Seven days post-

vaccination, splenic CD4+ T cells were isolated by negative

selection (Invitrogen), and sorted based on FoxP3 and CD25

(Clone 3C7, Biolegend) expression. CD4+FoxP3+CD25 high or

low cells (16106) were adoptively transferred into FVB/N-

TgN(TIE2GFP)287Sato mice that were vaccinated 1 day later.

Two weeks post-vaccination CD8+ T cells were negatively isolated

from the FVB/N-TgN(TIE2GFP)287Sato mice and tested for

IFN-c secretion by ICS assay, and the %IFN-c+ CD8+ T cells was

evaluated.

Immunohistochemistry (IHC)
One week after receiving a neu-expressing tumor cells, neu-N

mice were treated with Cy, vaccine, and adoptively transferred

high avidity T cells. On day 3 or 5 after treatment, tumors from

neu-N mice were fixed in 10% paraformaldehyde on days 3 and 5

after adoptive transfer. Tumors were imbedded in paraffin and

sectioned by the Johns Hopkins Medical Laboratories, Reference

Histology Lab. Slides were then stained in the Johns Hopkins IHC

laboratory. The anti-mouse CXCL9 antibody (R & D Systems)

was used at a 1:200 dilution with an anti-goat antibody used at a

1:2000 dilution. The Leica-Bond maX system with Bond-max

Software was used, and the epitope retrieval method used was

Leica-Bond ER2.

For immunofluorescence staining of Thy1.2 in the tumors of

treated mice, tumors were frozen in Tissue-Tek OCT (VWR)

prior to preparation of 5 mm sections by the JHMI Pathology core.

Anti-Thy1.2-biotin (BD Pharmingen) and AlexaFluor 488 strep-

tavidin (Invitrogen) were used with standard immunofluorescence

protocols. Blocking was completed with an avidin and biotin

blocking kit (Vector labs). Slides were then mounted using

ProLong Gold anti-fade reagent plus DAPI stain (Molecular

Probes).

Statistical analysis
Statistical analyses were conducted in Microsoft Excel using

either ANOVA analysis or an unpaired, two-tailed, Student’s t-

test, assuming equal population variances. A log-rank test was used

for Kaplan Meier plots.

Supporting Information

Figure S1 Characterization of RNEU420–429-specific,
CD8+ TCR transgenic mice. Staining CD8+ T cells from

high and low avidity mice confirms the dominance of the

transgenes. (A) CD8+ T cells from high avidity mice are .98%

Vb4+. CD8+ T cells from an FVB/N control are ,10% Vb4+.

CD8+ T cells from low avidity mice stain .95% Vb2+. CD8+ T

cells from an FVB/N control are ,17% Vb2+. (B) Dilutional

tetramer staining confirms avidity of TCR transgenic CD8+ T

cells. FVB/N mice stain similarly with RNEU420–429/H-2Dq

tetramer (green line) and irrelevant peptide NP118–126/H-2Dq

tetramer (blue line) at 1:5, 1:50, and 1:200 dilutions. Low avidity

TCR transgenic mice show a positive shift in RNEU420–429/H-

2Dq tetramer staining at 1:5 and 1:50 dilutions when compared to

NP118–126/H-2Dq tetramer staining. High avidity TCR transgenic

mice show a strong positive shift of RNEU420–429/H-2Dq tetramer

staining at all dilutions when compared to NP118–126/H-2Dq

tetramer staining. (C) Comparison of CD8, CD3, and Vb
expression on T cells from TCR transgenic mice using antibody

staining. There is no difference in expression of these markers

across mouse lines.

(TIF)

Figure S2 High and low avidity T cells persist longer in
FVB/N than in neu-N mice after adoptive transfer. The

average percent of Thy1.2+ high or low avidity T cells of the total

CD8+ T cells in FVB/N or neu-N mice as a measure of cell

persistence at 1, 3, and 5 weeks post-adoptive transfer.

Treatments: Tumor Alone = tumor plus adoptive transfer,

Mock = tumor, 3T3GM mock vaccine, and adoptive transfer,

Vacc = tumor, 3T3neuGM vaccine, and adoptive transfer. Cy

Mock = tumor, Cy, 3T3GM mock vaccine, and adoptive transfer,

Cy Vacc = tumor, Cy, 3T3neuGM vaccine, and adoptive transfer.

High avidity T cell transfer = gray bars; low avidity T cell = white

bars. (A) Adoptive transfer of high or low avidity T cells into

treated FVB/N mice. (B) Adoptive transfer of high or low avidity

T cells into treated neu-N mice. Note different scale on the Y axis.

** = p,.0001.

(TIF)

Figure S3 Polycytokine secreting high and low avidity T
cells are detected following adoptive transfer into
treated FVB/N mice. Lymphocytes were collected from

tumor-draining lymph nodes on day 3 and day 5 and analyzed

for cytokine secretion by ICS as described in the methods. The

absolute # of activated Thy1.2 cells in the tumor-draining nodes

(TDN, Red Bars), vaccine-draining nodes (VDN, Green Bars), and

non-draining nodes (NDN, Blue Bars) on Day 3, 5, and 8 after
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adoptive transfer that produce various combinations of IFNc,

TNFa, and IL-2, is shown. (n = 3 mice per group). These

experiments were repeated at least three times with similar results.

(A) High avidity T cell transfer with 3T3GM Mock (Left) or

3T3neuGM vaccine (Right). (B) High avidity T cell transfer with

Cy plus 3T3GM Mock (Left) or 3T3neuGM vaccine (Right). (C)

Low avidity T cell transfer with Cy plus 3T3GM Mock (Left) or

3T3neuGM vaccine (Right). Polyclonal cytokine expression was

not detected at high levels in low avidity T cells transferred into

FVB/N mice treated with vaccine or mock vaccine without Cy

(data not shown).

(TIF)

Figure S4 Neu-N mouse tumors produce higher levels of
CXCL9 following treatment with Cy and adoptively
transferred high avidity T cells. CXCL9 staining of neu-

expressing tumors on day 3 (Left Panels) or 5 (Right Panels) after

treatment as described in the Methods, Top panels: High avidity T

cell transfer+3T3neuGM vaccine. Middle panels: Cy+3T3neuGM

vaccine. Lower panels: High avidity T cell transfer+Cy+3T3-

neuGM vaccine.

(TIF)

Acknowledgments

We thank Lillian Dasko-Vincent of the CRB Cell Imaging Core for

assistance with microscopy, Ada Tam and Lee Blauser of the CRB Flow

Cytometry Core for assistance with cell sorting, and Dr. Rajni Sharma and

Bonnie Gambichler for their assistance with tissue processing and

preparation. We thank Dr. Fidel Zavala for technical advice in generating

the TCR transgenic mice.

Author Contributions

Conceived and designed the experiments: VLW THL HS GS EMJ TDA.

Performed the experiments: VLW THL HS TDA TSK CMB. Analyzed

the data: VLW THL TDA. Contributed reagents/materials/analysis tools:

HS GS. Wrote the paper: VLW TDA EMJ.

References

1. Curotto de Lafaille MA, Lafaille JJ (2009) Natural and adaptive foxp3+ regulatory

T cells: more of the same or a division of labor? Immunity 30: 626–635.

2. Dutoit V, Rubio-Godoy V, Dietrich PY, Quiqueres AL, Schnuriger V, et al.
(2001) Heterogeneous T-cell response to MAGE-A10(254–262): high avidity-

specific cytolytic T lymphocytes show superior antitumor activity. Cancer Res

61: 5850–5856.

3. Mittendorf EA, Sharma P (2010) Mechanisms of T-cell inhibition: implications
for cancer immunotherapy. Expert Rev Vaccines 9: 89–105.

4. Pardoll D (2003) Does the immune system see tumors as foreign or self? Annu

Rev Immunol 21: 807–839.

5. Singh NJ, Schwartz RH (2006) Primer: mechanisms of immunologic tolerance.
Nat Clin Pract Rheumatol 2: 44–52.

6. Sprent J, Webb SR (1995) Intrathymic and extrathymic clonal deletion of T

cells. Curr Opin Immunol 7: 196–205.

7. Huehn J, Siegmund K, Lehmann JC, Siewert C, Haubold U, et al. (2004)

Developmental stage, phenotype, and migration distinguish naive- and effector/
memory-like CD4+ regulatory T cells. J Exp Med 199: 303–313.

8. Koch MA, Tucker-Heard G, Perdue NR, Killebrew JR, Urdahl KB, et al.

(2009) The transcription factor T-bet controls regulatory T cell homeostasis and
function during type 1 inflammation. Nat Immunol 10: 595–602.

9. Ercolini AM, Machiels JP, Chen YC, Slansky JE, Giedlen M, et al. (2003)

Identification and characterization of the immunodominant rat HER-2/neu

MHC class I epitope presented by spontaneous mammary tumors from HER-2/
neu-transgenic mice. J Immunol 170: 4273–4280.

10. Guy CT, Cardiff RD, Muller WJ (1992) Induction of mammary tumors by

expression of polyomavirus middle T oncogene: a transgenic mouse model for
metastatic disease. Mol Cell Biol 12: 954–961.

11. Ercolini AM, Ladle BH, Manning EA, Pfannenstiel LW, Armstrong TD, et al.

(2005) Recruitment of latent pools of high-avidity CD8(+) T cells to the

antitumor immune response. J Exp Med 201: 1591–1602.

12. Kim PS, Armstrong TD, Song H, Wolpoe ME, Weiss V, et al. (2008) Antibody
association with HER-2/neu-targeted vaccine enhances CD8 T cell responses in

mice through Fc-mediated activation of DCs. J Clin Invest 118: 1700–1711.

13. Manning EA, Ullman JG, Leatherman JM, Asquith JM, Hansen TR, et al.
(2007) A vascular endothelial growth factor receptor-2 inhibitor enhances

antitumor immunity through an immune-based mechanism. Clin Cancer Res

13: 3951–3959.

14. Murata S, Ladle BH, Kim PS, Lutz ER, Wolpoe ME, et al. (2006) OX40
costimulation synergizes with GM-CSF whole-cell vaccination to overcome

established CD8+ T cell tolerance to an endogenous tumor antigen. J Immunol
176: 974–983.

15. Harlin H, Meng Y, Peterson AC, Zha Y, Tretiakova M, et al. (2009) Chemokine

expression in melanoma metastases associated with CD8+ T-cell recruitment.

Cancer Res 69: 3077–3085.

16. Hogg N, Laschinger M, Giles K, McDowall A (2003) T-cell integrins: more than
just sticking points. J Cell Sci 116: 4695–4705.

17. Colantonio L, Iellem A, Clissi B, Pardi R, Rogge L, et al. (1999) Upregulation of

integrin alpha6/beta1 and chemokine receptor CCR1 by interleukin-12
promotes the migration of human type 1 helper T cells. Blood 94: 2981–2989.

18. Haworth O, Hardie DL, Burman A, Rainger GE, Eksteen B, et al. (2008) A role

for the integrin alpha6beta1 in the differential distribution of CD4 and CD8 T-

cell subsets within the rheumatoid synovium. Rheumatology (Oxford) 47:
1329–1334.

19. Nguyen K, Sylvain NR, Bunnell SC (2008) T cell costimulation via the integrin

VLA-4 inhibits the actin-dependent centralization of signaling microclusters
containing the adaptor SLP-76. Immunity 28: 810–821.

20. Sasaki K, Zhao X, Pardee AD, Ueda R, Fujita M, et al. (2008) Stat6 signaling

suppresses VLA-4 expression by CD8+ T cells and limits their ability to infiltrate
tumor lesions in vivo. J Immunol 181: 104–108.

21. Yusuf-Makagiansar H, Anderson ME, Yakovleva TV, Murray JS, Siahaan TJ

(2002) Inhibition of LFA-1/ICAM-1 and VLA-4/VCAM-1 as a therapeutic

approach to inflammation and autoimmune diseases. Med Res Rev 22:
146–167.

22. Andersson A, Yang SC, Huang M, Zhu L, Kar UK, et al. (2009) IL-7 promotes

CXCR3 ligand-dependent T cell antitumor reactivity in lung cancer. J Immunol
182: 6951–6958.

23. Ohtani H, Jin Z, Takegawa S, Nakayama T, Yoshie O (2009) Abundant

expression of CXCL9 (MIG) by stromal cells that include dendritic cells and

accumulation of CXCR3+ T cells in lymphocyte-rich gastric carcinoma. J Pathol
217: 21–31.

24. Curiel TJ, Coukos G, Zou L, Alvarez X, Cheng P, et al. (2004) Specific

recruitment of regulatory T cells in ovarian carcinoma fosters immune privilege
and predicts reduced survival. Nat Med 10: 942–949.

25. Gajewski TF, Meng Y, Blank C, Brown I, Kacha A, et al. (2006) Immune

resistance orchestrated by the tumor microenvironment. Immunol Rev 213:

131–145.

26. Shafer-Weaver KA, Watkins SK, Anderson MJ, Draper LJ, Malyguine A, et al.
(2009) Immunity to murine prostatic tumors: continuous provision of T-cell help

prevents CD8 T-cell tolerance and activates tumor-infiltrating dendritic cells.
Cancer Res 69: 6256–6264.

27. Sinicrope FA, Rego RL, Ansell SM, Knutson KL, Foster NR, et al. (2009)

Intraepithelial effector (CD3+)/regulatory (FoxP3+) T-cell ratio predicts a

clinical outcome of human colon carcinoma. Gastroenterology 137: 1270–1279.

28. Whiteside TL (2008) The tumor microenvironment and its role in promoting
tumor growth. Oncogene 27: 5904–5912.

29. Dranoff G, Jaffee E, Lazenby A, Golumbek P, Levitsky H, et al. (1993)

Vaccination with irradiated tumor cells engineered to secrete murine
granulocyte-macrophage colony-stimulating factor stimulates potent, specific,

and long-lasting anti-tumor immunity. Proc Natl Acad Sci U S A 90:

3539–3543.

30. Gilboa E (2004) The promise of cancer vaccines. Nat Rev Cancer 4: 401–411.

31. Hege KM, Jooss K, Pardoll D (2006) GM-CSF gene-modifed cancer cell
immunotherapies: of mice and men. Int Rev Immunol 25: 321–352.

32. McMahan RH, Slansky JE (2007) Mobilizing the low-avidity T cell repertoire to

kill tumors. Semin Cancer Biol 17: 317–329.

33. den Boer AT, van Mierlo GJ, Fransen MF, Melief CJ, Offringa R, et al. (2004)
The tumoricidal activity of memory CD8+ T cells is hampered by persistent

systemic antigen, but full functional capacity is regained in an antigen-free

environment. J Immunol 172: 6074–6079.

34. Overwijk WW, Theoret MR, Finkelstein SE, Surman DR, de Jong LA, et al.
(2003) Tumor regression and autoimmunity after reversal of a functionally

tolerant state of self-reactive CD8+ T cells. J Exp Med 198: 569–580.

35. Butler NS, Nolz JC, Harty JT (2011) Immunologic considerations for generating
memory CD8 T cells through vaccination. Cell Microbiol 13: 925–933.

36. Obar JJ, Lefrancois L (2010) Memory CD8+ T cell differentiation. Ann N Y Acad

Sci 1183: 251–266.

37. Marzo AL, Klonowski KD, Le Bon A, Borrow P, Tough DF, et al. (2005) Initial

T cell frequency dictates memory CD8+ T cell lineage commitment. Nat
Immunol 6: 793–799.

38. Obar JJ, Khanna KM, Lefrancois L (2008) Endogenous naive CD8+ T cell

precursor frequency regulates primary and memory responses to infection.
Immunity 28: 859–869.

High Avidity T Cell Trafficking into Tumors

PLoS ONE | www.plosone.org 15 February 2012 | Volume 7 | Issue 2 | e31962



39. Wherry EJ, Teichgraber V, Becker TC, Masopust D, Kaech SM, et al. (2003)

Lineage relationship and protective immunity of memory CD8 T cell subsets.
Nat Immunol 4: 225–234.

40. Shi M, Ye Z, Umeshappa KS, Moyana T, Xiang J (2007) Alpha tumor necrosis

factor contributes to CD8(+) T cell survival in the transition phase. Biochem
Biophys Res Commun 360: 702–707.

41. Chen DS, Soen Y, Stuge TB, Lee PP, Weber JS, et al. (2005) Marked differences
in human melanoma antigen-specific T cell responsiveness after vaccination

using a functional microarray. PLoS Med 2: e265.

42. Gattinoni L, Powell DJ, Jr., Rosenberg SA, Restifo NP (2006) Adoptive
immunotherapy for cancer: building on success. Nat Rev Immunol 6: 383–393.

43. June CH (2007) Principles of adoptive T cell cancer therapy. J Clin Invest 117:
1204–1212.

44. Klebanoff CA, Gattinoni L, Restifo NP (2006) CD8+ T-cell memory in tumor
immunology and immunotherapy. Immunol Rev 211: 214–224.

45. Liu GY, Fairchild PJ, Smith RM, Prowle JR, Kioussis D, et al. (1995) Low

avidity recognition of self-antigen by T cells permits escape from central
tolerance. Immunity 3: 407–415.

46. Lyman MA, Nugent CT, Marquardt KL, Biggs JA, Pamer EG, et al. (2005) The
fate of low affinity tumor-specific CD8+ T cells in tumor-bearing mice.

J Immunol 174: 2563–2572.

47. Antony PA, Piccirillo CA, Akpinarli A, Finkelstein SE, Speiss PJ, et al. (2005)
CD8+ T cell immunity against a tumor/self-antigen is augmented by CD4+ T

helper cells and hindered by naturally occurring T regulatory cells. J Immunol
174: 2591–2601.

48. Wong SB, Bos R, Sherman LA (2008) Tumor-specific CD4+ T cells render the
tumor environment permissive for infiltration by low-avidity CD8+ T cells.

J Immunol 180: 3122–3131.

49. Janicki CN, Jenkinson SR, Williams NA, Morgan DJ (2008) Loss of CTL
function among high-avidity tumor-specific CD8+ T cells following tumor

infiltration. Cancer Res 68: 2993–3000.
50. Lin YC, Chang LY, Huang CT, Peng HM, Dutta A, et al. (2009) Effector/

memory but not naive regulatory T cells are responsible for the loss of

concomitant tumor immunity. J Immunol 182: 6095–6104.
51. Zelenay S, Lopes-Carvalho T, Caramalho I, Moraes-Fontes MF, Rebelo M,

et al. (2005) Foxp3+ CD252 CD4 T cells constitute a reservoir of committed
regulatory cells that regain CD25 expression upon homeostatic expansion. Proc

Natl Acad Sci U S A 102: 4091–4096.
52. Ito T, Hanabuchi S, Wang YH, Park WR, Arima K, et al. (2008) Two functional

subsets of FOXP3+ regulatory T cells in human thymus and periphery.

Immunity 28: 870–880.
53. Strauss L, Bergmann C, Szczepanski MJ, Lang S, Kirkwood JM, et al. (2008)

Expression of ICOS on human melanoma-infiltrating CD4+CD25highFoxp3+
T regulatory cells: implications and impact on tumor-mediated immune

suppression. J Immunol 180: 2967–2980.

54. Yi H, Zhen Y, Jiang L, Zheng J, Zhao Y (2006) The phenotypic characterization
of naturally occurring regulatory CD4+CD25+ T cells. Cell Mol Immunol 3:

189–195.
55. Emens LA, Asquith JM, Leatherman JM, Kobrin BJ, Petrik S, et al. (2009)

Timed sequential treatment with cyclophosphamide, doxorubicin, and an
allogeneic granulocyte-macrophage colony-stimulating factor-secreting breast

tumor vaccine: a chemotherapy dose-ranging factorial study of safety and

immune activation. J Clin Oncol 27: 5911–5918.

56. Kimpfler S, Sevko A, Ring S, Falk C, Osen W, et al. (2009) Skin melanoma

development in ret transgenic mice despite the depletion of CD25+Foxp3+
regulatory T cells in lymphoid organs. J Immunol 183: 6330–6337.

57. Radojcic V, Bezak KB, Skarica M, Pletneva MA, Yoshimura K, et al. (2010)

Cyclophosphamide resets dendritic cell homeostasis and enhances antitumor

immunity through effects that extend beyond regulatory T cell elimination.

Cancer Immunol Immunother 59: 137–148.

58. Schiavoni G, Mattei F, Di Pucchio T, Santini SM, Bracci L, et al. (2000)

Cyclophosphamide induces type I interferon and augments the number of

CD44(hi) T lymphocytes in mice: implications for strategies of chemoimmu-

notherapy of cancer. Blood 95: 2024–2030.

59. Nakahara T, Uchi H, Lesokhin AM, Avogadri F, Rizzuto GA, et al. (2010)

Cyclophosphamide enhances immunity by modulating the balance of dendritic

cell subsets in lymphoid organs. Blood 115: 4384–4392.

60. Mattei F, Bracci L, Tough DF, Belardelli F, Schiavoni G (2009) Type I IFN

regulate DC turnover in vivo. Eur J Immunol 39: 1807–1818.

61. Baldridge MT, King KY, Goodell MA (2011) Inflammatory signals regulate

hematopoietic stem cells. Trends Immunol 32: 57–65.

62. Viaud S, Flament C, Zoubir M, Pautier P, LeCesne A, et al. (2011)

Cyclophosphamide induces differentiation of Th17 cells in cancer patients.

Cancer Res 71: 661–665.

63. Correia-Neves M, Waltzinger C, Mathis D, Benoist C (2001) The shaping of the

T cell repertoire. Immunity 14: 21–32.

64. Kouskoff V, Signorelli K, Benoist C, Mathis D (1995) Cassette vectors directing

expression of T cell receptor genes in transgenic mice. J Immunol Methods 180:

273–280.

65. Khattri R, Cox T, Yasayko SA, Ramsdell F (2003) An essential role for Scurfin

in CD4+CD25+ T regulatory cells. Nat Immunol 4: 337–342.

66. Machiels JP, Reilly RT, Emens LA, Ercolini AM, Lei RY, et al. (2001)

Cyclophosphamide, doxorubicin, and paclitaxel enhance the antitumor immune

response of granulocyte/macrophage-colony stimulating factor-secreting whole-

cell vaccines in HER-2/neu tolerized mice. Cancer Res 61: 3689–3697.

67. Reilly RT, Gottlieb MB, Ercolini AM, Machiels JP, Kane CE, et al. (2000)

HER-2/neu is a tumor rejection target in tolerized HER-2/neu transgenic mice.

Cancer Res 60: 3569–3576.

68. Schulz M, Aichele P, Schneider R, Hansen TH, Zinkernagel RM, et al. (1991)

Major histocompatibility complex binding and T cell recognition of a viral

nonapeptide containing a minimal tetrapeptide. Eur J Immunol 21: 1181–1185.

69. Alaoui-Jamali MA, Paterson J, Al Moustafa AE, Yen L (1997) The role of ErbB-

2 tyrosine kinase receptor in cellular intrinsic chemoresistance: mechanisms and

implications. Biochem Cell Biol 75: 315–325.

70. Disis ML, Cheever MA (1997) HER-2/neu protein: a target for antigen-specific

immunotherapy of human cancer. Adv Cancer Res 71: 343–371.

71. Roederer M, Nozzi JL, Nason MC (2011) SPICE: exploration and analysis of

post-cytometric complex multivariate datasets. Cytometry A 79: 167–174.

72. Brechbiel MW, Pippin CG, McMurry TJ, Melenic D, Roselli M, et al. (1991) An

effective chelating agent for labelling of monoclonal antibody with 212Bi for a-

particle mediated radioimmunotherapy. J Chem Soc, Chem Commun 1991:

1169–1170.

73. Nikula TK, Curcio MJ, Brechbiel MW, Gansow OA, Finn RD, et al. (1995) A

rapid, single vessel method for preparation of clinical grade ligand conjugated

monoclonal antibodies. Nucl Med Biol 22: 387–390.

High Avidity T Cell Trafficking into Tumors

PLoS ONE | www.plosone.org 16 February 2012 | Volume 7 | Issue 2 | e31962


