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Abstract Targeting interleukin-2 (IL-2) and/or agonist

anti-CD40 antibody (Ab) into tumors represents an effec-

tive vaccination strategy that avoids systemic toxicity and

resolves treated-site tumors. Here, we examined IL-2 and/

or anti-CD40 Ab-driven local versus systemic T cell

function and the installation of T cell memory. Single

tumor studies showed that IL-2 induced a potent CD4? and

CD8? T cell response that was limited to the draining

lymph node and treated-site tumor, and lymph node tumor-

specific CD8? T cells did not upregulate CD44. A two-

tumor model showed that while IL-2-treated-site tumors

resolved, distal tumors continued to grow, implying limited

systemic immunity. In contrast, anti-CD40 Ab treatment

with or without IL-2 expanded the systemic T cell response

to non-draining lymph nodes, and distal tumors resolved.

Tumor-specific T cells in lymph nodes of anti-CD40 Ab ±

IL-2-treated mice upregulated CD44, demonstrating acti-

vation and transition to effector/memory migratory cells.

While CD40-activated CD4? T cells were not required for

eradicating treated-site tumors, they, plus CD8? T cells,

were crucial for removing distal tumors. Rechallenge/

depletion experiments showed that the effector/memory

phase required the presence of previously CD40/IL-2-

activated CD4? and CD8? T cells to prevent recurrence.

These novel findings show that different T cell effector

mechanisms can operate for the eradication of local trea-

ted-site tumors versus untreated distal tumors and that

signaling through CD40 generates a whole of body,

effector/memory CD4? and CD8? T cell response that is

amplified and prolonged via IL-2. Thus, successful

immunotherapy needs to generate collaborating CD4? and

CD8? T cells for a complete long-term protective cure.
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Abbreviations

Ab Antibody

i.t. Intratumoral

dLN Draining lymph node

non-dLN Non-draining lymph node

Introduction

We, and others, have shown that developing solid tumors

communicate with draining LNs (dLNs) leading to the

generation of CD8? cytotoxic T cells (CTL) [1–4]. These

cells may traffic into the tumor microenvironment where

they are ineffective [5, 6], but once activated appropriately

can destroy tumors [7, 8]. This may explain why vaccine

strategies that target the tumor microenvironment can be

effective [9, 10]. In our models of mesothelioma and lung
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cancer systemic administration via intravenous (i.v.) or

intraperitoneal (i.p.), injection of either IL-2 or agonist

anti-CD40 Ab was less effective and required higher toxic

doses than intratumoral (i.t.) delivery [11]. The intratu-

moral (i.t.) IL-2 or anti-CD40 Ab monotherapies were

effective when faced with small tumor burdens [12, 13],

and eradicating larger tumor burdens required local co-

administration of IL-2 with anti-CD40 Ab [11]. Impor-

tantly, promising effects have been observed after local

administration of immune-enhancing agents into mesothe-

lioma tumors via direct injection or via intrapleural gene

therapy in clinical trials [14, 15]. Encouragingly, techno-

logical advances such as CT-guided injections, gene ther-

apy, monoclonal antibodies, and nanotechnology will

further enable tumor targeting [16, 17].

Few studies have systematically examined the impact of

intratumoral immunotherapy on local versus global (sys-

temic) antitumor immunity and long-term memory. While

agonist anti-CD40 Ab treatment has been shown to bypass

the need for CD4? help in the priming [18, 19] and

effector/memory phases [20, 21], in several studies, others

have shown that regardless of CD40 activation, CD4? T

cell help for CD8? T cells remains crucial [22, 23]. Local

anti-CD40 Ab administration has been shown to eradicate

treated-site tumor and induce a systemic CTL response that

eradicates distal tumors [24, 25]. However, the role of

CD40-activated CD4? T cells in helping local versus sys-

temic effector CD8? T cell function is less well under-

stood. It is possible that anti-CD40 Ab plays a key role in

systemic antitumor immunity by releasing not only tumor-

specific CTL [25, 26] but also CD4? T cells, from the dLN

into the circulation. One concern is that anti-CD40 Ab

treatment may lead to the deletion of tumor-specific CD8?

T cells; however, this response has been rescued by com-

bination with tumor antigen in the form of viral immuni-

zation [27].

IL-2 combined with anti-CD40 antibody may represent

an alternative rescue strategy by enhancing CD8? T cell

activation [28, 29], preventing anergy of tumor-specific

CD8? T cells [30], and promoting CD8? T cell prolifera-

tion and effector function [31]. Exogenous IL-2 may be

critically required for the development and execution of an

effective effector/memory response in the tumor vaccine

setting [32, 33]. In the absence of sufficient CD4? T cell

help, exogenous IL-2 may re-activate proliferation of

CD8? T cells that have undergone activation-induced non-

responsiveness [34]. Furthermore, recent studies have

shown that endogenous IL-2 provided by CD4? T cells

during priming is required for the development of func-

tional memory CD8? T cells [28, 29].

Here, we used a model of murine mesothelioma to

examine the key immune mechanisms responsible for

eradicating untreated distal tumors and installing T cell

memory after use of a local anti-CD40 Ab with or without

IL-2 vaccination approach. CD4? and CD8? T cell

responses in dLNs, non-dLNs, and tumors were monitored,

and a two-tumor model and depletion studies were used to

assess their role in eradicating distal tumors. Rechallenge

plus/minus depletion studies were used to identify the

points at which CD4? and CD8? memory T cells were

generated and required.

Materials and methods

Mice

Female C57BL/6J (H-2b) mice aged 6–8 weeks were

obtained from the Animal Resources Centre (Perth,

Australia). All mice were used in accordance with insti-

tutional guidelines and approval of the UWA and Curtin

University’s Animal Ethics Committees (AEC). Mice were

injected subcutaneously (s.c.) with 5 9 105 tumor cells per

site, and tumor growth monitored. Animals were sacrificed

when tumors reached 100 mm2 as per AEC conditions.

Murine tumor cell lines and the murine model

AE17 is a malignant mesothelioma cell line derived from

C57BL/6J mice injected with asbestos fibers as previously

described [12]. AE17-sOVA was developed by stably

transfecting the parental cell line (AE17) with secretory

ovalbumin (sOVA; [12]).

CD4? and CD8? depletions

For depletion of CD4? or CD8? cells, two doses (150 lg/

dose) of either YTS-191 or YTS-169 (both from the

European Collection of Animal Cell Cultures (ECACC;

Salisbury, UK) were injected i.p. before anti-CD40 Ab ±

IL-2 treatment and continued (three doses/week;

100–150 lg/dose) as described for each experiment. FACS

analysis showed that CD4? depletion was 90–95% effec-

tive and CD8? cell depletion was 95–99% effective (data

not shown).

IL-2 and agonist anti-CD40 Ab

Proleukin (rhIL-2; Cetus Corporation, Emeryville, CA,

USA) and anti-CD40 Ab (FGK45; WEHI, Melbourne,

Victoria, Australia) were diluted in PBS to the required

concentration as previously described [11]. Mice bearing

small tumors were treated with the IL-2 and anti-CD40 Ab

monotherapies, while mice with large tumors were treated

with the IL-2/anti-CD40 Ab combination therapy as pre-

viously described [11].
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FACS analysis

Samples were prepared as a single-cell suspension and

stained for FACS analysis using anti-CD4 (clone RM4-5;

Pharmingen) or anti-CD8 (clone 53-6.7; Pharmingen).

Analysis was performed on a FACScan (Becton–Dickinson,

Mountain View, CA) using Cell Quest software.

Tetramer staining

Single-cell suspensions were sequentially incubated with

Fc block (CD16/32; Pharmingen) for 30 min on ice, the

SIINFEKL Kb-PE tetramer (kindly donated by Dr Andrew

Brooks University of Melbourne, Victoria, Australia) for

1 h at room temperature, and anti-CD8 tricolour (Caltag,

Burlingame, CA, USA) combined with anti-CD44-FITC

(Pharmingen) for 30 min on ice. FACS analysis was per-

formed on a Becton–Dickinson FACScan using Cell Quest

V3.1f Apple Software. Treated and untreated mice with

untransfected AE17 tumors were used as the negative

control.

In vivo CTL assay

Target cells for in vivo evaluation of cytotoxic activity

were prepared as previously described [12]. Briefly,

C57BL/6J spleen and LN cell suspensions were divided

into two populations. One population was pulsed with

1 9 106 M SIINFEKL for 90 min at 37�C, washed in PBS,

and labeled with a high concentration (5 mM) of CFSE

(Invitrogen). Control, uncoated target cells were labeled

with a low concentration of CFSE (0.5 mM). An equal

number of cells from each population were pooled and

injected i.v. into recipient mouse (2 9 107 cells total/

mouse). Lymph nodes (dLN and non-dLN) from recipient

mice were analyzed by flow cytometry 18 h after injection.

The ratio between the percentage of uncoated versus

SIINFEKL coated was calculated to obtain a numerical

value of cytotoxicity. Naı̈ve mice, as well as treated and

untreated mice with untransfected AE17 tumors, were used

as controls.

Statistical analysis

Statistical significance was calculated using GraphPad

PRISM. Student’s t test was used to determine differences

between two populations. One-way analysis of variance

(ANOVA) was used to determine differences between

more than two populations.

Results

CD40 activation broadens CD4? and CD8? T cell

circulation

The murine mesothelioma AE17 model is one of the

few subcutaneous tumor models that is generated by the

appropriate carcinogen and maintains human features of

the disease [12]. In the first series of studies, a single

tumor model was used in which AE17 tumor cells were

s.c. inoculated on day 0. Tumors were left to develop

into tumors ranging from 25 to 50 mm2 before therapies

consisting of three i.t. injections per week for 2 weeks

with PBS, IL-2, anti-CD40 Ab, or the IL-2/anti-CD40

Ab combination commenced, as previously described

[11].

To monitor the strength and extent of the T cell

response, dLN and non-dLN were collected after three

doses or six doses of treatment (Fig. 1a) and the absolute

numbers of CD4? and CD8? cells determined. We have

previously used the AE17 and AE17-sOVA mesothelioma

models to demonstrate that the i.t. IL-2 monotherapy

induced CD4? and CD8? T cell-dependent regression of

treated-site tumors [12]. However, this response had no

effect on a distal tumor implanted on the opposite flank

[11]. We now postulate that this is because the IL-2-driven

changes in the CD4? and CD8? T cell response, relative to

the diluent control (PBS), were restricted to the dLN

(Fig. 1b, c, respectively) and tumor (published in [12]), and

no changes were seen in the non-dLN (Fig. 1b, c). These

data suggest that i.t. IL-2 induces a local immune response

consisting of T cells trafficking between the dLN and

tumor, but it does not induce systemic immunity. In con-

trast, the i.t. anti-CD40 Ab monotherapy induced an

increase in CD4? and CD8? T cell numbers in draining

and non-dLNs (Fig. 1d, e). This was associated with the

resolution of treated-site (Figs. 1a, 4a) and distal untreated

tumors (Fig. 4b, and [11]), suggesting that CD40 ligation

releases activated T cells from the local site enabling

access to distal tumors. The CD4? T cell differences

between PBS and anti-CD40 Ab-treated mice in non-dLNs

reached statistical difference by the sixth dose, whereas the

CD8? T cell difference was already clear by the third dose.

The caveat for both monotherapies is that treatment needs

to commence when the tumors are established but small in

size and completely fail in larger tumors [11, 12]. In con-

trast, the IL-2/anti-CD40 Ab combination is effective in

larger tumors, and this combination generated a CD4? and

CD8? T cell response that was already significantly

increased in non-dLNs by the third dose (Fig. 1f, g).
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Anti-CD40 Ab broadens the tumor-specific

CD8? T cell response

To examine tumor-specific CD8? T cell responses, mice

bearing the OVA transfectant (AE17-sOVA), in which

OVA becomes a marker tumor antigen, were also treated

with IL-2, anti-CD40 Ab, or both using the same approach

described earlier. OVA-specific MHC class I tetramer

staining allowed enumeration of tumor antigen-specific

CD8? T cells (Fig. 2a). Examination of dLNs showed that

OVA-tetramer?CD8? T cell numbers dramatically and

significantly increased after three doses with anti-CD40 Ab

alone or the IL-2/anti-CD40 Ab combination relative to

IL-2 and PBS-treated mice (Fig. 2b–d). After six doses,

tumor-specific CD8? T cells numbers had declined,

although mice treated with IL-2/anti-CD40 Ab displayed

significantly higher numbers than the other groups.

A similar trend, albeit with lower overall numbers of

Fig. 1 Anti-CD40 Ab extends

the CD4? and CD8? cell

response to non-dLNs. C57BL/

6J mice inoculated with

5 9 105 AE17 tumor cells s.c.

on day 0 were left to develop

tumors ranging from 16 to

40 mm2 before therapy

commenced. Treatment

regimens consisted of three i.t.

injections per week for 2 weeks

with PBS (the diluent control,

n = 15 mice), IL-2 (20 lg/dose

into small tumors, n = 15 mice)

or anti-CD40 Ab (40 lg/dose

into small tumors, n = 15 mice)

as monotherapies, as well the

IL-2/anti-CD40 Ab combination

(same doses into large tumors,

n = 15 mice: a). Pooled data

shown from three experiments

(60 mice total) are represented

as mean ± SEM. In a separate

experiment, AE17 tumor-

bearing mice were given three

or six i.t. doses of PBS (n = 8

mice), IL-2 (20 lg/dose, n = 8

mice; b, c), anti-CD40 Ab

(40 lg/dose, n = 8 mice; d, e),

or IL-2/anti-CD40 Ab (n = 10

mice, f, g). Total CD4? (b, d, f)
and CD8? (c, e, g) numbers

from the dLN and non-dLN

were calculated by flow

cytometry. Pooled data shown

from two experiments (42 mice

for each timepoint, total

mice = 84) are represented as

mean ? SEM. *P \ 0.05,

**P \ 0.01, ***P \ 0.001,

n.s. not significant comparing

treated groups to PBS treated
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tetramer?CD8? T cells, was seen in the non-dLN, and

once again the response persisted longer in mice treated

with IL-2/anti-CD40 Ab (Fig. 2b–d). Note that the IL-2/

anti-CD40 Ab-treated mice (Fig. 2d) demonstrated an

amplified tumor-specific CD8? T cell response that was

twice the size of the anti-CD40 Ab monotherapy

(Fig. 2c). These data imply that IL-2 promotes CD40-

activated T cell proliferation, survival, and function.

We have previously shown that IL-2 increased CTL

activity in animals bearing small but not large tumors [12].

In contrast, anti-CD40 antibody alone did not increase CTL

activity ([13] and Suppl Fig 1). Therefore, we next exam-

ined in vivo CTL activity in lymph nodes of large AE17-

sOVA tumor-bearing mice after IL-2/anti-CD40 Ab

(Fig. 2e). IL-2/anti-CD40 antibody treatment significantly

enhanced tumor-specific CTL activity after three and six

doses compared with PBS-treated controls (Fig. 2e and

data not shown). These data suggest that IL-2 enhances the

quality (i.e., increased CTL activity), but not the quantity

of T cells (as shown by the tetramer data in Fig. 2b). In

contrast, anti-CD40 Ab increases the number (Fig. 2c) but

not the activity of tumor-specific T cells [13]. The IL-2/

anti-CD40 Ab combination induces a large, prolonged, and

highly active antitumor-specific response (Fig. 2d, e).

Anti-CD40 Ab drives tumor-specific T cells to express

high levels of CD44

CD44 is upregulated on lymphocytes following activation

and remains high thereafter [35]. High levels of CD44 are

indicative of effector/memory cells as CD44 is important

for survival during clonal expansion and subsequent entry

into the memory compartment [36]. Tetramer?CD8? cells

in the dLN and non-dLN of IL-2-treated mice did not

exhibit increased CD44 compared with PBS controls

(Fig. 3a, b). In contrast, CD44 expression was increased in

anti-CD40 Ab-treated mice (Fig. 3c, d). This was more

pronounced in IL-2/anti-CD40 Ab-treated mice as CD44

Fig. 2 IL-2 amplifies and

prolongs CD40-driven tumor-

specific CD8? T cell responses.

C57BL/6J mice bearing small

(9–20 mm2) or large AE17-

sOVA tumors (25–42 mm2)

were given three or six i.t. doses

of PBS (n = 8 mice), IL-2

(small tumors, n = 8 mice; b),

anti-CD40 Ab (small tumors,

n = 8 mice; c), or IL-2/anti-

CD40 Ab (large tumors, n = 10

mice; d). The dLNs and non-

dLNs were prepared as a single

suspensions, stained for OVA-

tetramer?CD8? cells (gating

strategy shown in a), and total

cell numbers calculated by flow

cytometry. Fluorescently

labeled, target cells expressing

MHC class I bound SIINFEKL

were adoptively transferred into

tumor-bearing mice treated with

three or six i.t. doses of IL-2/

anti-CD40 Ab (e), and in vivo

CTL activity was determined in

the dLN and non-dLN. Pooled

data shown from two

experiments (42 mice for each

timepoint, total mice = 84) are

represented as mean ± SEM.

**P \ 0.01, *P \ 0.05, n.s. not

significant comparing treated

groups to PBS-treated controls
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expression on tetramer?CD8? cells in the dLN and non-

dLN peaked at three doses and remained high at six doses

(Fig. 3e, f). This was also observed in mice with complete

tumor resolution after six doses (Fig. 3f). These data sug-

gest that IL-2/CD40-driven tumor-specific CD8? T cells

may be transitioning to effector/memory cells.

Eradicating distal untreated tumors requires

CD4?/CD8? T cell collaboration

The next series of experiments addressed the role T cells

play in eradicating distal untreated tumors using a two-

tumor model. To do this, mice inoculated with AE17 cells

s.c. into both the left and right flanks on day 0 were sep-

arated into those with small or large tumors. Two days

before the start of anti-CD40 Ab ± IL-2 treatment, animals

were depleted of CD4? T cells, CD8? T cells, or both.

Depletions continued throughout the treatment period;

generally, the depleted cells returned 5 days after the last

dose. IL-2 was not included as we have previously shown

that IL-2 does not impact on untreated distal tumors [11].

Anti-CD40 Ab alone inhibited the treated-site tumor

growth in 70% of mice, and mice depleted of CD4? and/or

CD8? T cells maintained a partial antitumor response after

anti-CD40 Ab (Fig. 4a). Interestingly, the contralateral

untreated tumors continued to grow at almost the same rate

as PBS-treated controls in the absence of CD4? and/or

CD8? T cells (Fig. 4b). These data imply that both T cell

populations are critically required for the regression of

distal tumors, yet only partially responsible for the reso-

lution of treated-site tumors after anti-CD40 Ab treatment.

Immunologically intact (i.e., no depletion) mice

responded to the combination treatment of IL-2/anti-CD40

Ab into both small (data not shown) and large tumors

Fig. 3 CD40 drives activated

CD44hi tumor-specific CD8? T

cells. C57BL/6J mice bearing

small (9–20 mm2) or large

AE17-sOVA tumors

(25–42 mm2) were given three

or six i.t. doses of PBS (n = 8

mice), IL-2 (into small tumors,

n = 8 mice; a, b), anti-CD40

Ab (into small tumors, n = 8

mice; c, d), or IL-2/anti-CD40

Ab (into large tumors, n = 10

mice; e, f). The dLNs and non-

dLNs were prepared as single

suspensions and stained for

CD44, OVA-tetramer, and CD8.

The percentage of OVA-

tetramer?CD8? cells that were

CD44hi was calculated by flow

cytometry. Representative

histograms of CD44 staining

from IL-2-treated (a), anti-

CD40 Ab-treated (c) and IL-2/

anti-CD40 Ab treated (e) from

the dLN are shown after 6

doses. Pooled data (b, d, f) are

shown from two experiments

(42 mice for each timepoint,

total mice = 84) represented as

mean ± SEM. ***P \ 0.001,

**P \ 0.01, *P \ 0.05, n.s. not

significant comparing treated

groups to PBS-treated controls
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leading to the regression of treated-site and untreated distal

tumors (Fig. 4c, d). Treatment of large tumors with IL-2/

anti-CD40 Ab remained effective in the treated-site tumor

in CD4? depleted animals, but not in mice depleted of

CD8? or both CD4? and CD8? (Fig. 4c). These data

clearly show that IL-2/anti-CD40 Ab-driven treated-site

tumor eradication is critically dependent on CD8? but not

CD4? T cells. Once again, the contralateral tumor

responded differently as depletion of CD4?, CD8? cells, or

both led to their continued growth (Fig. 4d). Similar to the

anti-CD40 Ab monotherapy data, these data imply that

while CD4? cells are not required for treated-site tumor

eradication, they are critically required, in association with

CD8? T cells, for destruction of distal site untreated

tumors.

CD40/IL-2-activated CD4? and CD8? T cells are

necessary and sufficient for protective memory

Mice bearing single AE17 or AE17-sOVA tumors that had

completely regressed after the IL-2 or anti-CD40 Ab

monotherapies or the IL-2/anti-CD40 Ab combination were

left for varying periods of time ranging from two to

12 months and then rechallenged with 5 9 105 AE17 or

AE17-sOVA cells at either the original tumor implantation

site or the contralateral site as shown in Table 1. All

treatment groups resulted in the majority of animals pro-

tected regardless of the site of rechallenge. Interestingly,

while IL-2 was unable to remove untreated distal tumors,

IL-2 provided protection to 79% of mice. This indicates

that IL-2 is capable of inducing a protective memory

response. In contrast, all mice treated with anti-CD40 Ab ±

IL-2-treated mice were protected. Interestingly, mice with

AE17-sOVA as their original treated tumor were protected

from AE17 tumors, suggesting that OVA is not the domi-

nant tumor antigen in this model. Mice protected from

rechallenge were challenged with AE17 tumor cells yet

again at another site (data not shown). All mice remained

tumor-free for the remainder of their natural lives

([500 days), confirming that each treatment induces pro-

tective immunological memory.

The next series of experiments focussed on the IL-2/

anti-CD40 Ab combination therapy as it induced resolution

of large tumors [11] and provided 100% immunological

protection. We have previously demonstrated that a num-

ber of mice treated with IL-2/anti-CD40 Ab completely

eradicated their tumors even in the absence of CD4? or

CD8? cells during therapy (68% of CD4? depleted mice

and 53% of CD8? depleted mice; see Figs. 2 and 3 in [11]).

Therefore, to further examine the role of CD4? or CD8?

Fig. 4 CD4? and CD8? T cells are critically required for regression

of distal tumors. C57BL/6J mice were inoculated with 5 9 105 AE17

tumor cells s.c. into the left and right flanks and treatment commenced

into either small (range 1–20 mm2; day 15) or large tumors (range

30–56 mm2; day 20). Two days before the start of i.t. PBS (n = 9

mice), i.t. anti-CD40 Ab (into small tumors, n = 9 mice; a, b) or i.t.

IL-2/anti-CD40 Ab (into large tumors, n = 9 mice; c, d) animals

were depleted of CD4? cells and/or CD8? cells. Depletions were

continued for 14–16 days, and cells returned approximately 5 days

after the final depleting antibody injection. Pooled data from two

experiments (total mice = 90) are shown as mean ± SEM.

*P \ 0.05, **P \ 0.01, ***P \ 0.001 comparing treatment groups

to PBS-treated controls

Cancer Immunol Immunother (2012) 61:549–560 555

123



cells in long-term memory responses, completely cured

mice were rechallenged with AE17 cells contralateral to

the original tumor site. Mice that had been immunologi-

cally intact during therapy were completely protected and

no tumors emerged (Fig. 5a). In contrast, tumors emerged

at varying times from two to 12 months post-rechallenge in

56% of animals that had been depleted of either CD8? or

CD4? cells during therapy (Fig. 5b, c). Interestingly, in a

few animals depleted of CD8? (Fig. 5b) or CD4? (Fig. 5c)

cells during therapy, tumors appeared at the original site

and not the rechallenge (or contralateral) site; this occurred

up to 12 months after being ‘cured’ of the original tumor.

To the best of our knowledge, this is one of the few studies

to examine mice for the duration of their natural lives.

These data show that IL-2/CD40 activation of both CD4?

and CD8? T cells is required for the generation of effective

immunological memory and tumor surveillance.

To further examine the role of CD4? and CD8? cells in

the generation of memory, animals previously cured with

IL-2/anti-CD40 Ab, and not T cell depleted during treat-

ment, were depleted of either CD4? or CD8? T cells

2 days prior to tumor cell rechallenge with 5 9 105 AE17

tumor cells on the contralateral site. Depletion continued

until emerging tumors reached 40 mm2. All animals (5/5

CD8? depleted and 6/6 CD4? depleted) developed AE17

tumors at the same rate as the control mice (Fig. 5d, e). In

contrast, immunologically intact mice at the time of

rechallenge were completely protected (Fig. 5a). Depletion

of CD4? or CD8? cells did not lead to tumor recurrence at

the local treated-site. Taken together, these data confirm

that CD4? and CD8? T cells previously activated via IL-2/

CD40 therapy are critically required to protect against

rechallenge.

Discussion

In this study, we aimed to identify the key T cell effector

mechanisms required to eradicate inaccessible, untreatable

tumor deposits using a two-tumor model system, in which

one tumor was treated with locally applied IL-2 and/or

agonist anti-CD40 Ab, while the other distal tumor was left

untouched. We report that different effector mechanisms

can operate to eradicate treated-site versus distal tumors,

i.e., when agonist anti-CD40 Ab is combined with IL-2 the

local effector response bypasses CD4? help, however,

collaborating CD4? and CD8? T cells were critically

required for eradicating untreated distal tumors and for

long-term protection. These data suggest that treatment-

dependent responses generated within tumors and dLN

determine whether tumor-specific, effector/memory T cells

are disseminated from dLNs to patrol the entire body

seeking other tumors.

In our model, IL-2 induced a CD4? and CD8? T cell-

dependent response that led to regression of treated-site

tumors but had no effect on distal tumors. This may be

explained by our observations suggesting the generation of

a T cell response that was limited to the dLN and treated-

site tumor, i.e., T cells appeared to be circulating between

the dLN and tumor. Furthermore, tetramer?CD8? T cells

did not express increased levels of CD44 (compared with

PBS controls), suggesting that IL-2 did not increase the

Table 1 All treatments install immunological memory

Treatment Original tumor Rechallenge Rechallenge site Number protected

IL-2 AE17 AE17 Tumor site 9/10

IL-2 AE17-sOVA AE17 Tumor site 4/6

IL-2 AE17-sOVA AE17-sOVA Tumor site 3/4

IL-2 AE17 AE17 Contralateral 10/12

IL-2 AE17-sOVA AE17 Contralateral 4/6

anti-CD40 Ab AE17 AE17 Tumor site 4/4

anti-CD40 Ab AE17 AE17 Contralateral 3/3

IL-2/anti-CD40 Ab AE17 AE17 Tumor site 13/13

IL-2/anti-CD40 Ab AE17-sOVA AE17 Tumor site 6/6

IL-2/anti-CD40 Ab AE17 AE17 Contralateral 9/9

IL-2/anti-CD40 Ab AE17-sOVA AE17 Contralateral 4/4

C57BL/6J mice inoculated with 5 9 105 AE17 tumor cells s.c. on day 0 were left to develop tumors ranging from 16 to 40 mm2 before therapy

commenced. Treatment regimens consisted of three i.t. injections per week for 2 weeks with PBS (the diluent control), IL-2 (20 lg/dose into

small tumors) or anti-CD40 Ab (40 lg/dose into small tumors) as monotherapies, as well the IL-2/anti-CD40 Ab combination (into large

tumors). Mice with complete tumor regression after treatment were left for varying periods of time ranging from two to 12 months and then

rechallenged with 5 9 105 AE17 or AE17-sOVA cells at either the original tumor implantation site or at the contralateral site. Shown are the

number of mice protected from the total that were rechallenged in each of the different treatment groups
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ability of cells to migrate to distant sites. Interestingly,

despite the inability of IL-2 to induce a systemic effector

response during and immediately after the treatment

period, IL-2 treatment still induced an effective long-term

systemic memory response. These data differ to a report

showing that high doses of locally administered IL-2

induce effector memory T cells, which were site-specific,

rather than central memory T cells [37]. Furthermore,

others have shown that local IL-2 can induce a systemic

response leading to the destruction of distant metastases

[32, 33, 38]. The differences may be dose- or model-rela-

ted. This mesothelioma model grows slowly relative to

Fig. 5 CD4? and CD8? T cells are critically required for the

development of effective memory. C57BL/6J mice bearing large

AE17 tumors were depleted of either CD4? cells or CD8? cells

2 days before the start of IL-2/anti-CD40 Ab treatment (small and

large tumors). Depletions were continued for 14–16 days, and cells

returned approximately 5 days after final depleting antibody injection.

Mice exhibiting complete tumor regression for at least 3 months were

rechallenged with 5 9 105 AE17 tumor cells (16 mice total). Mice

with no depletion during the primary or effector memory response

were rechallenged as a positive control (n = 8 mice/group; a). Naı̈ve

C57BL/6J mice were inoculated with AE17 tumor cells at the same

time as the rechallenge mice to confirm the tumor cell preparation,

these grew at the same rate as PBS in a (data not shown). Individual

mice are represented for mice treated with IL-2/anti-CD40 Ab and

CD8? depleted (n = 5 mice; b), or CD4? depleted (n = 4 mice; c).

In another experiment, C57BL/6J mice previously cured with IL-2/

anti-CD40 Ab (no depletion during treatment) were depleted of either

CD8? (d, n = 5 mice/group) or CD4? cells (e, n = 6 mice/group)

2 days before rechallenge with 5 9 105 AE17 tumor cells contralat-

eral to the original tumor site. Depletions were continued for

16–18 days. Data from one experiment are shown as mean ± SEM.

Naı̈ve C57BL/6J mice were inoculated with AE17 tumor cells at the

same time as the rechallenge mice to confirm the tumor cell

preparation, and these grew at the same rate as PBS (data not shown)
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many other subcutaneous models, and the IL-2 dose used is

low.

The local antitumor response induced by agonist anti-

CD40 Ab involved B cells and CD8? T cells, but not CD4?

T cells [13]. However, increased CD4? and CD8? T cell

numbers were seen in the dLNs and non-dLNs, suggesting

that the T cell circuit had been broadened enabling access

to, and resolution of, distal untreated tumors. This was

further confirmed by an increased expression of CD44 on

tetramer?CD8? T cells within the non-dLN during anti-

CD40Ab therapy. Other studies have shown that anti-CD40

Ab may not necessarily increase the number of CD8? T

cells but rather release tumor-specific CTLs from the dLN

into the circulation and tumors [25, 26]. Despite the CD40-

driven CD4? T cell response in non-dLNs being slower

than CD8? T cells, including tetramer?CD8? T cells,

CD4? T cells were still critically required for eradicating

distal tumors. It is possible that once these CD4? T cells

have infiltrated a distal tumor, they play a key role in

recruiting CD8? T cells [31].

Combining IL-2 with anti-CD40 Ab induced acute

intratumoral inflammation [11] involving a large number of

neutrophils and CD8? T cells. In this study, we extended

these studies and showed that IL-2/anti-CD40 Ab treatment

led to high expression of CD44 on tumor-specific CD8? T

cells, a marker that is critical for trafficking of lymphocytes

during inflammation [39]. Inducing local inflammation

may be a critical event that activates key cell types

including APC such as DCs and effector T cells that traffic

between dLN and tumor, and beyond as the response for

CD4?, CD8?, tetramer?CD8? T cells and in vivo CTL

activity in non-dLNs was rapid, and regardless of their size

distal tumors regressed. Furthermore, inflammatory signals

provided by cytokines such as type I interferons and/or IL-

12 are essential for normal effector and memory CTL

generation [40].

We also assessed the ability of the different immuno-

therapies to install T cell memory. The two monotherapies

and the anti-CD40 Ab/IL-2 combination all generated a

memory response and induced enlargement of local lymph

nodes [11–13]. Recent work has shown that enlarged

lymph nodes during the priming phase enhance secondary

responses by functioning as a depot for memory cells [41].

CD40 signaling may release these cells into the circulation

[25, 26].

The role of CD4? T cell help in effector/memory CD8?

T cell generation in tumor vaccination strategies is unclear

as most effector/memory studies involve viral immuniza-

tion models. The development of memory CD8? responses

is reported to diminish without CD4? T cell help [22, 23],

while others have shown that regardless of CD40 activa-

tion, CD4? T cell help for CD8? T cells remains crucial

[42, 43]. Our studies show that the generation of an

effective memory response required the presence both

CD4? and CD8? T cells during therapy and during the

effector/memory phase. Similarly, our depletion studies

showed that CD4? T cells and CD8? T cells had to be

present during IL-2/CD40-driven activation (therapy) for

the generation and execution of a protective memory

response. Therefore, in our model, agonist anti-CD40 Ab

treatment did not bypass the need for CD4? T cell help

during the effector/memory phase, as suggested by others

[21]. Furthermore, mice that were cured with IL-2/anti-

CD40 Ab maintained high expression of CD44 on tumor-

specific CD8? T cells, suggesting that these cells were

transitioning into effector memory cells. However, further

studies are required to address this issue.

In summary, our novel findings are that local three

treatment regimens using IL-2 and/or agonist anti-CD40

Ab each generate different effector mechanisms for the

eradication of treated-site versus untreated distal tumors.

The use of agonist anti-CD40 Ab with or without IL-2

induced a local response that was CD4? independent. In

contrast, even with exogenous CD40 signaling, CD4?/

CD8? T cell collaboration was critically required for the

eradication of untreated distal tumors and for the installa-

tion and execution of effector/memory responses. In these

studies, local i.t. treatment was used to modulate the

mesothelioma tumor microenvironment; other reagents

may elicit a similar response in this and other models

[44, 45]. Generating local inflammation via IL-2/anti-CD40

Ab therapy resulted in collaborating CD4? and CD8? T cells

that not only patrolled the whole body but penetrated and

eradicated distal untreated tumors and protected from

rechallenge. Tumor-targeting strategies such as CT-guided

injections, nanotechnology, monoclonal antibodies, and

gene therapy are increasingly being used in the clinical set-

ting. Combined with our results, these rapid advances in

technology support the development of local therapies for

the improved treatment of solid tumors, including malig-

nant mesothelioma.
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