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Abstract

Although many human cancers are located in mucosal sites, most cancer vaccines are tested

against subcutaneous tumors in preclinical models. We therefore wondered whether mucosa-

specific homing instructions to the immune system might influence mucosal tumor outgrowth. We

showed that the growth of orthotopic head and neck or lung cancers was inhibited when a cancer

vaccine was delivered by the intranasal mucosal route but not the intramuscular route. This

antitumor effect was dependent on CD8+ T cells. Indeed, only intranasal vaccination elicited

mucosal-specific CD8+ T cells expressing the mucosal integrin CD49a. Blockade of CD49a

decreased intratumoral CD8+ T cell infiltration and the efficacy of cancer vaccine on mucosal

tumor. We then showed that after intranasal vaccination, dendritic cells from lung parenchyma,

but not those from spleen, induced the expression of CD49a on cocultured specific CD8+ T cells.

Tumor-infiltrating lymphocytes from human mucosal lung cancer also expressed CD49a, which

supports the relevance and possible extrapolation of these results in humans. We thus identified a

link between the route of vaccination and the induction of a mucosal homing program on induced

CD8+ T cells that controlled their trafficking. Immunization route directly affected the efficacy of

the cancer vaccine to control mucosal tumors.

INTRODUCTION

The role of CD8+ T cells to control tumor growth (1) and the correlation found in many

human tumors between infiltration of CD8+ T cells and prolonged survival (2, 3) led to the

development of therapeutic cancer vaccine based on induction of effective antitumor CD8+

T cells. After recent successes of immunotherapy against melanoma and prostate cancers (4,

5), many cancer vaccines are now also being designed for the treatment of mucosal tumors

(such as lung, head and neck, and genital cancers) (6–8). However, cancer vaccines

dedicated for mucosal cancers have mostly been tested in preclinical subcutaneous tumors

followed by extrapolation to mucosal human tumors, which may explain some contrasts

between the potency of these vaccines in mice and their failure in cancer patients.

Preliminary studies showed that discrepancies existed between the frequency, phenotype,

and function of antitumor T cells in the circulation and in the tumor microenvironment (9–

11). To our knowledge, the clinical benefit of preferentially inducing antitumor CD8+ T

cells at the anatomic site of mucosal tumors and not only in peripheral blood has never been

addressed. Chemokine receptors and integrin molecules expressed by T cells influence their

trafficking to mucosal sites (12). We therefore hypothesized that mucosa-specific homing

instructions to CD8+ T cells might influence mucosal tumor outgrowth, similar to the way

they influence immune control of mucosal pathogens in infectious disease models (13, 14).

Thus, we set up original orthotopic models of head and neck and lung cancers and

vaccinated using a nonreplicative delivery system— the B subunit of Shiga toxin as mucosal
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vector, which has previously been shown to target antigen to dendritic cells (DCs) (15). We

demonstrated that only intranasal vaccination elicited mucosal E7-specific CD8+ T cells

expressing mucosal integrins (CD49a and CD103). This induction of CD49a was crucial

because blockade of CD49a decreased intratumoral CD8+ T cell infiltration and the efficacy

of cancer vaccine on mucosal tumors.

RESULTS

STxB-based vaccines elicited comparable CD8+ T cell response in the spleen regardless of
the route of immunization

Because our goal was to compare the efficacy of mucosal and systemic vaccination in tumor

control, we first selected a vaccine with the ability (i) to be administered by both mucosal

(intranasal) and systemic (intramuscular) routes and (ii) to induce antigen-specific CD8+ T

cells, because it has been shown that these cells play a major role in the control of tumors

(2). We focused on the nonreplicative vector STxB because we previously showed that

when coupled to various antigens and administered by a systemic route, antigen-specific

humoral and cellular immune responses in the peripheral systemic compartment (blood and

spleen) were superior to that elicited by antigen alone (16, 17). Here, we demonstrated that

antigen coupled to STxB and administered by the intranasal route was also preferentially

targeted to DCs (myeloid CD11b DCs, lymph node–resident CD8α+ DCs, and CD103+

DCs) in mucosal lung-associated mediastinal lymph nodes compared to nonvectorized

protein (fig. S1). However, this vector did not deliver antigen to the population of Ly6C+

macrophages expressing CD11c in the lung (fig. S1). We then compared the efficacy of

STxB-E7–based vaccines combined with αGalCer—a mucosal adjuvant previously shown

to synergize with STxB (18)—to elicit systemic antigen-specific CD8+ T cell responses after

intranasal or intramuscular immunization. Administration of STxB-E7 by intranasal or

intramuscular routes elicited a similar percentage of Db-E739–47 tetramer–positive and

interferon-γ (IFN-γ)–producing antigen-specific CD8+ T lymphocytes in the spleen (Fig. 1,

A and B). Vaccination of mice with STxB-E7 induced significantly higher levels of

E749–57–specific CD8+ T cells in spleen, as assessed ex vivo by both tetramer assay and

IFN-γ enzyme-linked immunospot (ELISpot), than vaccination of mice with the E7

polypeptide, whatever the route of immunization (Fig. 1, A and B). Characterization of

E749–57–specific CD8+ T cells elicited by the intra-nasal or intramuscular route by STxB-E7

showed that they were poly-functional because they produced multiple cytokines (IFN-γ and

interleukin-2) and were cytotoxic in vivo (Fig. 1B and fig. S2). On the basis of these results,

we selected STxB-E7 as a potential mucosal cancer vaccine.

Intranasal immunization with STxB-E7 inhibited the growth of orthotopic head and neck
and lung tumors in both prophylactic and therapeutic settings

We then set up an orthotopic model of head and neck cancer by grafting the human

papillomavirus 16 (HPV16) E7–expressing epithelial TC1 cell line in the submucosal lining

of the tongue of B6 mice. Tumor growth was monitored by magnetic resonance imaging

(MRI) (Fig. 2A). This provided us with a clinically relevant model because, in humans, 30%

of head and neck cancer express HPV16 (8).
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When mice were vaccinated with STxB-E7 by the intranasal route and then challenged with

TC1 tumors, more than 90% of mice had survived at day 40, whereas only 54% of mice

were still alive when immunized with STxB-E7 by the intramuscular route (P < 0.05) (Fig.

2B). The tumor volume of mice immunized with STxB-E7 by the intranasal route was also

significantly reduced compared to mice immunized by the intramuscular route (P < 0.05)

(Fig. 2A). Regardless of immunization route, vaccination with E7 polypeptide was

ineffective in eliciting protective immunity in this prophylactic experiment (Fig. 2, A and

B). In a therapeutic setting, where mice were vaccinated 5 days after tumor implantation, all

mice intranasally vaccinated with STxB-E7 were still alive 35 days after tumor graft,

whereas 75% of mice vaccinated with STxB-E7 by the intramuscular route had died (Fig.

2C). When vaccinated with nonvectorized E7 polypeptide or not treated, all mice had

succumbed less than 20 days after tumor graft (Fig. 2C). Thus, intranasal immunization with

STxB-E7 provided better prophylactic and therapeutic efficacy than systemic or peptide

vaccination against orthotopic head and neck cancers.

To support these results in a second orthotopic mucosal model, we vaccinated mice

engrafted with luciferase-expressing TC1 cells in the lung (Fig. 2D). Intranasal

administration of STxB-E7 significantly controlled tumor growth and improved overall

survival (Fig. 2D), whereas all mice left untreated or receiving STxB-E7 by the

intramuscular route or the E7 polypeptide by the intranasal route died less than 20 days after

the graft of TC1 into the lung (Fig. 2E). The vaccine was composed of STxB-E7 mixed with

the adjuvant αGalCer. To demonstrate that these results could be reproduced with another

vaccine composition, we showed that STxB-E7 combined with CpG instead of αGalCer

induced the same tumor protection, as that observed after intranasal administration of the

previous vaccine (fig. S3).

Intranasal immunization preferentially induced CD8+ T cells in mucosa-draining lymph
node and in the microenvironment of mucosal head and neck cancer

To identify possible mechanisms involved in the superior growth control of head and neck

or lung tumors after local intranasal immunization, we analyzed the E739–47–specific CD8+

T cells in mucosa-draining lymph nodes and tumor-infiltrating cells. In contrast to the

results observed in the systemic compartment (spleen), E749–57–specific CD8+ T

lymphocytes were only detected in the mediastinal and cervical lymph nodes draining

mucosal lung and head and neck tissue after two intranasal administrations of STxB-E7

(Fig. 3, A and B). These antigen-specific T cells were functional because they produced

IFN-γ ex vivo (Fig. 3B). Neither E7 polypeptide vaccination, regardless of administration

route, nor intramuscular administration of STxB-E7 elicited measurable E7-specific T cell

responses at the mucosa-draining lymph nodes (Fig. 3, A and B).

With respect to the orthotopic head and neck tumor micro-environment, we observed a very

weak immune cell infiltration in the absence of immunization (Fig. 4A). A greater

infiltration of CD8+ T cells was detected 7 days after tumor graft in mice that had been

previously intranasally immunized with STxB-E7 than in mice vaccinated by the

intramuscular route (Fig. 4A). Indeed, a mean of 80 (±20.8) CD8+ T cells/mm2 or 10 (±4)

CD8+ T cells/mm2 cells was observed after immunization by the intranasal or intramuscular
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routes, respectively (P < 0.05) (Fig. 4A, right). We also found that more than 16% of

intratumoral infiltrating CD8+ T cells were specific for E749–57, as detected by tetramer

staining, when mice were immunized by the intranasal route compared to 0.4% after

intramuscular immunization (Fig. 4B). We detected low levels of infiltration by natural

killer (NK) cells or CD4+ T cells after intranasal immunization (fig. S4). We then depleted

CD8+ T cells to directly demonstrate their role in tumor protection in our model. As shown

in Fig. 4C, CD8+ T cell–depleted mice vaccinated with STxB-E7 by the intranasal route

died before 20 days. As a control, we demonstrated again within the same experiment that

nondepleted or isotype control–treated mice survived more than 25 days after tumor graft

(Fig. 4C). Together, these experiments demonstrate that CD8+ T cells are involved in the

ability of STxB-E7 to control tumor growth after mucosal intranasal immunization.

Intranasal immunization up-regulated the expression of the mucosal integrins CD49a and
CD103

To explain this preferential recruitment of CD8+ T cells at the mucosal site after intranasal

immunization, we performed a comprehensive phenotype of these cells. Analysis of integrin

and chemokine receptor expression revealed that the intranasal route of immunization

induced a higher expression of the mucosal integrins CD103 and CD49a [the α chain of the

type IV collagen receptor VLA-1 (α1β1)] on antigen-specific CD8+ T cells in

bronchoalveolar lavage (BAL) than after intramuscular immunization in the spleen (Fig. 5,

A to E). Because the α1 integrin only associates with the β1 chain, its expression

corresponds to that of VLA-1. In addition, 48.7% of intratumor E7-specific T cells

expressed CD49a, within the microenvironment of head and neck cancer (Fig. 5F). We did

not find differences in the expression of other integrins (α4β7 and CD49d) or chemokine

receptors (CCR5 and CXCR6) in the BAL or in the spleen after intranasal or intramuscular

immunization, respectively (Fig. 5E).

Neutralization of CD49a hampered the recruitment of CD8+ T cells into mucosal tumor
beds and reduced the antitumor efficacy of mucosal vaccination

To address the role of CD49a and CD103 in the homing of CD8+ T cells, we used

neutralizing antibodies against these molecules. The CD8+ T cells infiltrating head and neck

cancer after intranasal STxB-E7 administration significantly decreased when the vaccine

was co-administered with anti-CD49a monoclonal antibody (mAb) (Fig. 6A). Moreover, the

co-administration of anti-CD49a mAb and vaccine partially inhibited the therapeutic

efficacy of the intranasal STxB-E7 vaccine (Fig. 6, B and C). In contrast, anti-CD103 mAb

had no effect on the level of tumor infiltration by CD8+ T cells or on the therapeutic efficacy

of the intranasal STxB-E7 vaccine (Fig. 6, A to C).

Nonmucosal subcutaneous tumors were efficiently controlled by both routes of
immunization

Then, we analyzed whether the better efficacy of the intranasal route was restricted

tomucosaltumors. Wethus compared the ability of the intranasal and intramuscular routes of

immunization to control the growth of subcutaneous tumors. The superior antitumor activity

of the intranasal route was linked to the mucosal location of the tumor because subcutaneous

TC1 tumors were efficiently controlled by both intranasal and intramuscular immunizations
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with a follow-up exceeding 70 days (Fig. 7, A and B). The E7-specific CD8+ T cells

infiltrating the subcutaneous tumors did not express the CD49a integrin (Fig. 7C),

contrasting with their phenotype in mucosal head and neck tumors (Fig. 5F).

Lung parenchyma DCs induced in vitro CD49a expression on antigen-specific CD8+ T cells

To explain the preferential induction of CD49a on mucosal CD8+ T cells after intranasal

immunization, we purified the lung parenchyma CD11c+ DCs and co-cultured them with

OVA257–264–specific CD8+ T cells (OT-1). We showed that lung parenchyma DCs purified

2 hours after intranasal vaccination with STxB-E7 induced the expression of CD49a on

OT-1 cells (fig. S5A). In contrast, lung DCs from nonvaccinated mice (fig. S5B) or spleen

DCs from vaccinated mice (fig. S5C) did not lead to the expression of CD49a on OT-1 cells.

Nonactivated OT-1 cells did not express CD49a (fig. S5D).

The combination of anti-CD3 and anti-CD28 without DCs did not induce CD49a on T cells,

suggesting that CD49a could not only be considered as an activation marker (fig. S5E).

CD8+ T cells from human mucosal tumors express CD49a

To assess the relevance of our results in humans, we analyzed the expression of CD49a in

tumor-infiltrating lymphocytes (TILs) from human mucosal tumors (lung and head and neck

cancer). We found that about 48.9% of intratumor CD8+ T cells derived from mucosal

tumors express CD49a (Fig. 8, A and B), whereas only 14.7% of intratumor CD8+ T cells

derived from nonmucosal tumors (renal cell carcinoma) express CD49a.

DISCUSSION

This study emphasizes the need to elicit a potent antitumor response at the anatomic site of

the mucosal tumor—at least for head and neck and lung cancers—and not just in the

systemic compartment to induce tumor regression. Indeed, we showed that the

administration of a cancer vaccine via the intranasal route effectively induced an appreciable

antitumor CD8+ T cell response at the mucosal site of tumors, allowing the clinical control

of head and neck and lung cancers (Fig. 2). In contrast, both routes of immunization

(intranasal and intramuscular) elicited peripheral CD8+ T cell response and inhibited the

growth of subcutaneous tumors. The role of CD8+ T cells in controlling the growth of

tumors has been demonstrated in other tumor models including spontaneous preclinical

mucosal lung cancer (19) and in human cancers (2).

Our results supporting the need of mucosal immunization to elicit mucosal CD8+ T cells are

in line with various reports in the field of infectious diseases, showing that mucosal

immunization generates a more potent regional humoral and mucosal CD8+ T lymphocyte

response compared with systemic immunization (20–23). These mucosal CD8+ T cells were

required to protect against a mucosal infectious challenge, whereas systemic (spleen) CD8+

T cell response alone failed to control the same infectious challenge (24). Other studies

claimed that systemic immunization can overcome immune compartmentalization (25–28).

However, in the latter case, the respective efficiency of mucosal and systemic immunization

regimen was rarely compared. The requirement of mucosal immunization to elicit mucosal
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immunity may be more restrictive with protein-based vaccines than with live viral vectors

(21).

The avidity of cytotoxic T lymphocyte (CTL) is a critical parameter in their efficacy to

protect against viral infection (29). The avidity of CTL at various sites has been shown to

depend on the mucosal or systemic site of immunization (30). The intrarectal mucosal route

of immunization induced higher CTL avidity in the gut mucosa than the systemic

subcutaneous route. This point could not be addressed in our model because the systemic

route of immunization did not induce any detectable anti-E7 CTL at the mucosal site (lung

and head and neck) (Fig. 3).

At the molecular levels, we found that intranasal immunization preferentially up-regulated

CD49a and CD103 on CD8+ T cells at mucosal site (broncholaveolar lavage). Various

arguments strongly suggest that the VLA-1 integrin was involved in the homing-retention of

CD8+ T cells to the head and neck tumor because (i) intratumoral E7-specific T cells

expressed high levels of CD49a (Fig. 5F) and (ii) the CD8+ T cells infiltrating head and neck

cancer after intranasal STxB-E7 administration significantly decreased when the vaccine

was co-administered with anti-CD49a mAb (Fig. 6A). Moreover, the co-administration of

anti-CD49a mAb and vaccine partially inhibited the therapeutic efficacy of the intranasal

STxB-E7 vaccine (Fig. 6C). This role of CD49a is supported by previous data showing that

VLA-1 enables both retention and survival of influenza-specific CD8+ T cells in the lung via

attachment to the extracellular matrix (31, 32). We found that CD8+ T cells derived from

lung tumor biopsies also express CD49a, supporting the clinical relevance of our results

(Fig. 8).

We demonstrated a preferential recruitment of CD8+ T cells in mucosal head and neck

tumors after intranasal immunization, which may be explained by the role of DCs at the site

of initial priming and in regional lymph nodes to imprint homing receptor expression onto T

cells favoring their homing to the site of their initial activation (33, 34). In infectious

models, intranasally primed CD8+ T cells led to a preferential recruitment of memory CD8+

T cells to the lung airway after antigen challenge compared to other routes of immunization

(35, 36). We showed that lung parenchyma DCs induced in vitro the expression of CD49a

on antigen-specifc cocultured T cells, which may program them for their homing and

retention into the lung. Up until now, it was unclear whether lung DCs dictated a particular

instruction pattern for migration into the lung or whether T cell activation or inflammation

was sufficient to drive infiltration (34, 37, 38). Our results as well as human studies in which

CD8+ T cells specific for respiratory, but not systemic, viruses were selectively enriched in

human lungs argue for a lung and upper respiratory tract T cell imprinting (39).

The influence of tumor location and immune compartmentalization on tumor immunity has

been rarely addressed. The site of tumor implantation and the route of immunization have

been reported to determine the pattern of phenotypic imprinting on tumor-specific CD8+ T

cells (40, 41). In vivo transfer of antitumor CD8+ T cells induced by subcutaneous DC

vaccination was efficient to induce the regression of subcutaneous tumors, but not gastric

tumors from the same origin (42), which also supports the influence of the site of initial

priming for the programming of CD8+ T cell homing.
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For genital tumors, the requirement of local immunization to control vaginal tumors or HPV

infection remains a matter of debate (43, 44). In a general way, the intravaginal route is less

efficient to elicit CD8+ T cells, possibly due to the absence of organized lymphoid structures

at this site. Wedemonstratedthatintranasalimmunizationisefficienttoprotectagainst both

mucosal (head and neck and lung) and systemic (subcutaneous) cancer. Intrarectal mucosal

immunization was also efficient to protect against the growth of colorectal cancer and

subcutaneous tumor (45), conferring another advantage for the mucosal route of vaccination.

With respect to the efficiency of our cancer vaccine, it has to be mentioned that targeting of

antigen to mucosal DCs by STxB-based vaccines was required to elicit local mucosal CD8+

T cells, because nonvectorized antigens were not efficient. Other vectors targeting DCs

(adenylate cyclase toxin–hemolysin of Bordetella pertussis, anti-DEC205, DC SIGN

receptor, and anti-Clec9a) have been described (46–49), but with the exception of

derivatives of cholera toxin associated with potential toxicity (50), they have not been

validated for their development as mucosal vectors with the ability to induce mucosal CD8+

T cells, as demonstrated in this study for STxB.

Some limitations of this study have to be mentioned: (i) The immune compartmentalization

that we have demonstrated, applied to CD8+ T cells, did not seem to occur for prophylactic

vaccines due to possible mucosal transudation of neutralizing antibody induced by systemic

vaccination (21). (ii) Although the interaction of αE(CD103)β7 integrin expressed by CD8+

T cells with E-cadherin on epithelial cells has been shown to potentiate the lytic function

and to favor the retention of CD8+ T cells in the lung (12, 51), in our model, anti-CD103

mAb had no effect on the level of tumor infiltration by CD8+ T cells or the therapeutic

efficacy of the intranasal STxB-E7 vaccine (Fig. 6, A and C). This was possibly due to the

absence of the expression of E-cadherin on the tumor cells selected in our various models

(fig. S6). (iii) It has been claimed that intranasal immunization elicited immunity at distant

mucosal sites such as genital mucosal sites (13). In our model, we found that mucosal

immunization induced a response only compartmentalized to the regional mucosal site for

the CD8+ T cell response because we did not detect antigen-specific CD8+ T cells in genital

draining lymph node after intranasal immunization. However, we could detect an

immunoglobulin A (IgA) response in the BAL and vaginal lavage after intranasal

immunization (fig. S7). Discrepancies between a strong genital tract antibody response and

an absence of genital T cell response have already been reported after intranasal

immunization (50).

This study reports a link between the route of vaccination and a mucosal molecular homing

program on induced CD8+ T cells controlling their trafficking with a direct application on

the control of mucosal tumors. It may explain the differential efficacy of mucosal or

systemic vaccines depending on the localization of pathogens or tumors to be eliminated.

Immunotherapy protocols were initially restricted to melanoma patients but recently moved

toward the therapy of mucosal tumors, such as HPV-associated cancers (6) or lung cancers

(52). The present study may lead to modifications of medical practice in the design of

therapeutic vaccines against mucosal tumors to tailor them with the ability to elicit an

efficient immune response at the anatomic site of the tumor to improve their clinical

efficacy.
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MATERIALS AND METHODS

Mice

Six- to 8-week-old female C57BL/6 (H-2b) (B6) or OT-1 mice were purchased from Charles

River Laboratories. All mice were kept under specific pathogen–free conditions at the

INSERM U970 animal facility. Experiments were performed according to institutional

guidelines and acceptance by the Veterinary School of Maisons-Alfort ethics committee.

Patients and tumor samples

Biopsy of human cancers was provided by the Department of Pathology of the Hôpital

Européen Georges Pompidou, Assistance Publique– Hôpitaux de Paris (Paris, France).

Patients signed an informed consent after approval of the study by a local ethics committee

(ID RCB 2007-A01128-45).

Proteins, peptides, and adjuvants

Purified chicken ovalbumin (OVA) (grade V) was purchased from Sigma-Aldrich. Synthetic

OVA-derived peptide OVA257–264 (SIINFEKL) and HPV16 E7–derived peptide E749–57

(RAHYNIVTF) or E743–57 (GQAEPDRAHYNIVTF) were obtained from PolyPeptide

Laboratories, reconstituted in phosphate-buffered saline (PBS), and stored at −20°C.

STxB-OVA and STxB-E743–57 were obtained by chemical coupling, as previously described

(18). After purification, endotoxin concentrations determined by the Limulus assay test

(Lonza) were <0.5 endotoxin unit/mg.

The invariant NKT cell ligand αGalCer (KRN7000) was purchased from Funakoshi.

Cells

TC1 cells expressing the HPV16 E6-E7 proteins and the TC1 cells expressing the firefly

luciferase gene (TC1 luc) were developed in the laboratoryof T.-C.W.(Department of

Pathology, School of Medicine,Johns Hopkins University, Baltimore, MD) (53). The mouse

thymoma cell line EL4 (H-2b) was provided by K. Rock (University of Massachusetts

Medical School, Worcester, MA). Cells were cultured as previously described (15).

Immunization of mice

C57BL/6 mice were immunized by intranasal or intramuscular routes at days 0 and 14 with

the various vaccines. αGalCer (2 μg) was associated as an adjuvant during the first

immunization. Total volume injected was 30 μl by the intranasal route and 100 μl by the

intramuscular route. All mice were anesthetized before immunization.

In vivo tumor protection

For the subcutaneous tumor model, 105 TC1 tumor cells were injected subcutaneously in the

right flank of B6 mice. Mice were monitored every 48 to 72 hours for tumor growth.
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For the orthotopic models, 5 × 104 TC1 tumor cells were injected at the submucosal area of

the tongue of B6 mice, and 105 TC1 cells were grafted into the lungs by intercostal injection

at the median axillary line.

In the prophylactic setting, tumors were grafted 7 days after the second immunization,

whereas for the therapeutic setting, mice were vaccinated at days 5 and 10 after tumor graft.

In vivo CD8+ T cell depletion

To deplete CD8+ T cells, we injected by the intraperitoneal route 100 μg per mice of anti-

CD8 mAb (rat IgG2b mAb, clone 2.43; BioXCell) or isotype control mAb on day 6 after the

second immunization of mice and then once a week.

Total and specific anti-OVA IgA measurement

Total IgA was measured with a commercial kit from Bethyl, and specific anti-OVA IgA

measurement was performed as previously described (54).

Blocking experiments with anti-CD49a or anti-CD103

The nondepleting anti-CD49a mAb (Armenian hamster IgG2, λ1; Becton Dickinson) or

isotype control mAb was injected by the intraperitoneal route (250 μg per mice) on days 8,

11, and 14 after the graft of the TC1 tumor on the tongue. For in vivo blocking of CD103,

150 mg of anti-mouse CD103 antibody (clone M290; BioXCell) was injected by the

intraperitoneal route.

Ex vivo ELISpot assays

CD8+ T lymphocytes were enriched from spleen or mediastinal lymph nodes with the

CD8α+ T cell isolation kit (Miltenyi Biotec) according to the manufacturer's instructions.

Purified CD8+ cells were incubated in ELISpot plates in the presence of medium or EL4

cells charged with the KbOVA257–264–restricted peptide or DbE749–57–restricted peptide.

Plates were incubated for 18 to 21 hours at 37°C with 5% CO2. The IFN-γ spots were

revealed following the manufacturer's instructions (Gen-Probe Diaclone). Spot-forming cells

were counted with the C.T.L. Immunospot system (Cellular Technology Ltd.).

Flow cytometry analysis

List of tetramer and antibodies used is detailed in Supplementary Materials and Methods.

TIL isolation from human cancer specimens

Tumor-infiltrating CD8+ T cells were isolated by slicing the tumor samples and treating the

fragments by enzymatic digestion with deoxyribonuclease I/collagenase D for 1 hour at

37°C in Mg+ and Ca2+ containing PBS and then passed through a 40-μm cell strainer (BD

Biosciences). Cells were washed and red blood cells were lysed. The cells were then

preincubated with anti-CD16/CD32 antibody (eBioscience) and stained with anti-human

CD49a phycoerythrin mAb (BioLegend clone TS2/7), anti-human CD103 allophycocyanin

mAb (eBioscience), anti-human CD8 fluorescein isothiocyanate mAb (eBioscience), and

LiveDead (Invitrogen) to exclude dead cells.
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Imaging techniques

MRI images and in vivo optical imaging of tumor cell luciferase activity are detailed in

Supplementary Materials and Methods.

Immunohistochemistry

For immunoenzymatic staining, tongue tumor specimens from immunized or control mice

were collected at day 8 after tumor challenge, then frozen, and kept at −80°C. CD8, CD4,

and NK cell stainings were performed on 6- to 7-mm cryosections with rat anti-mouse CD8

mAb (eBioscience), rat anti-mouse CD4 mAb (eBioscience), or goat polyclonal anti-mouse

NKp46 (R&D Systems). As secondary antibodies, alkaline phosphatase–conjugated F(ab′)2

fragment donkey anti-rat IgG (Jackson ImmunoResearch) for CD8+ and CD4+ staining and

alkaline phosphatase–conjugated F(ab′)2 fragment donkey anti-goat IgG (Jackson

ImmunoResearch) for NKp46 were used. Slides were revealed with Liquid Permanent Red

Substrate (Dako). Isotype-matched control antibodies were systematically used to exclude

non-specific staining.

Statistical analyses

Statistical analyses were performed with GraphPad Prism software (GraphPad Software

Inc.). Data were expressed as means ± SD and are representative of at least three

independent experiments. Significance was assessed with the Mann-Whitney test to compare

two different groups and Kaplan-Meier curves to compare the survival of the different mice

groups.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Intranasal or intramuscular immunization with STxB-E7 induces E7 antigen-specific CD8+

T cells in spleen. Representative dot plots of spleen E7-specific CD8+ T cells stained by

tetramers after two intranasal (IN) or intramuscular (IM) immunizations (days 0 and 14)

with STxB-E7 (0.5 nmol = 20 μg). (A) Both vaccines were mixed with αGalCer. (B)

E749–57–specific CD8+ T cells from spleen were detected by tetramer assay or IFN-γ

ELISpot directly ex vivo. For the tetramer analysis, values shown correspond to means ± SD

obtained with specific tetramers. Irrelevant tetramers or tetramer on unimmunized mice gave

results <0.05%. For the ELISpot analysis, background obtained with cells not pulsed with

the E749–57 peptide was also subtracted (always <10 spots per 105 cells). Spots on

unimmunized mice were always <5 spots per 105 cells. Four mice per group were

immunized, and these experiments were reproduced three times. *P < 0.05, **P < 0.01. ns,

not significant.
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Fig. 2.
Intranasal immunization with STxB-E7 inhibits orthotopic head and neck and lung tumors in

both prophylactic and therapeutic settings. (A and B) In a prophylactic setting, mice were

immunized twice via the intranasal or intramuscular route with STxB-E7 or E7 peptide–

based vaccines mixed with the aGalCer adjuvant. Seven days after the second vaccination,

mice were grafted with 5 × 104 TC1 cells in the submucosa of the tongue. Representative

MRI (coronal T2-weighted image of mouse tongue) (A, left) and tumor volume measured by

MRI (A, right) at day 7 after tumor graft in the tongue are shown. (C to E) In the therapeutic

setting, mice were immunized 5 and 10 days after grafting TC1 cells in the submucosa of the

tongue (C) or 5 and 10 days after grafting TC1 luciferase (105 cells) into the lung (D and E),

which was monitored by luminescence. Representative bioluminescence images of tumor-

bearing mice in the lung are depicted in (D) (left panel). Luminescence (luciferase activity)

in the chest was quantified 4 days after the second immunization with STxB-E7 via the

intranasal route (n = 7) or the intramuscular route (n = 4) or in the nonvaccinated control

mice (n = 4) (D, right panel). Kaplan-Meier survival curves of prophylactic (B) or

therapeutic (C and E) cancer vaccine experiments for head and neck (B and C) and lung
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tumor (E) are shown. Each experiment was reproduced four times. *P < 0.05, **P < 0.01,

***P < 0.001.
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Fig. 3.
Intranasal immunization with STxB-E7 elicits functional E749–57–specific T cells in cervical

and mediastinal lymph nodes. Mice were immunized by the intranasal or the intramuscular

route with STxB-E7 or the nonvectorized E7 polypeptide. (A and B) E749–57–specific CD8+

T cells from cervical lymph node (CLN) (A) or mediastinal lymph node (MLN) (B) were

detected by tetramer assay or IFN-γ ELISpot directly ex vivo. WT, wild type. For the

tetramer analysis, means ± SD obtained with specific tetramer after subtracting values from

irrelevant tetramer (always <0.1%) are shown. For the ELISpot analysis, background

obtained with cells not pulsed with the E749–57 peptide was also subtracted (always <10

spots per 105 cells). These experiments were reproduced three times with four mice per

group. *P < 0.05, **P < 0.01.
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Fig. 4.
CD8+ T cells are required to control the growth of orthotopic head and neck cancer after

intra-nasal immunization with STxB-E7. Eight days after the orthotopic graft of TC1 cells in

the submucosa of the tongue, tumors were removed and CD8+ T cells were detected by

immunoenzymatic staining. (A) (Left) Arrows show CD8+ T cells infiltrating the tumors in

mice previously intranasally or intramuscularly immunized with the STxB-E7 vaccine or

nonvaccinated B6 mice (original magnification, ×40). (Right) Histograms show the means ±

SEM values from pooled data of three to four mice per group. Intratumoral CD8+ T cells

were purified from a pool of three to four tumors of mice vaccinated with various E7

vaccines and stained with H-2Db/E7 tetramer. These experiments were reproduced twice
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with similar results. (B) (Left) Values shown correspond to means ± SD obtained with

specific E7 tetramer after subtracting values from irrelevant tetramer (right). B6 mice were

intranasally immunized with STxB-E7 at days 0 and 14. At day 20 and then once a week,

mice received anti-CD8 mAb (100 mg, intraperitoneally) or isotype-matched control mAb.

(C) Seven days after the second vaccination (day 21), mice were grafted with TC1 cells in

the submucosa of the tongue and monitored for survival. All these experiments were

reproduced three times. *P < 0.05, ***P < 0.001.
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Fig. 5.
Expression of CD49a (α1β1) and CD103 (αEβ7) by antigen-specific CD8+ T cells in the

BAL, spleen, and tumor microenvironment after immunization of mice with STxB-based

vaccine via the intranasal or intramuscular routes. (A to D) OVA-specific CD8+ T cells were

detected in BAL in a pool of six to seven mice (A and B) or in the spleen (C and D) 7 days

after the second immunization with STxB-OVA. Expression of CD49a [corresponding to the

α1 chain of VLA-1 (α1β1), which associates only with β1] (A and C) and CD103 (B and D)

was analyzed after gating on tetramer-positive CD8+ T cells. Isotype controls were included

in each experiment. Phenotypic analysis of tetramer-positive OVA-specific CD8+ T cells in

the BAL after intramuscular immunization is not shown because this route of immunization

did not induce OVA-specific CD8+ T cells in this compartment. (E) Values shown

correspond to means ± SD for the expression of CD49a, CD49d, α4β7, CD103, and CCR5

analyzed after gating on tetramer-positive Kb-OVA257–264–positive cells in BAL or spleen

using the same protocol described for (A) to (D). Isotype controls were included in each

experiment. This experiment was reproduced twice with a pool of five to six mice per

experiment. Mice were grafted with TC1 cells in the tongue and then immunized twice (days

5 and 10) by the intranasal route with STxB-E7 mixed with αGalCer. At day 15, tumors (n =

5) were pooled and intratumoral CD8+ T cells were purified from the tumors and stained
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with H-2Db/E7 tetramer, CD8, and CD49a. (F) Dot plots were generated on gated CD8+ T

cells.
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Fig. 6.
Blockade of CD49a inhibits CD8+ T cell infiltration and the activity of cancer vaccine on

head and neck tumors. Mice were grafted with TC1 cells in the tongue and then immunized

two times with STxB-E7 mixed with αGalCer (days 5 and 10). (A to C) They were also

treated with either anti-CD49a (250 μg, intraperitoneally) or anti-CD103 (150 μg,

intraperitoneally) or isotype-matched control mAb at days 8, 11, and 14. CD8+ T cell

infiltration was detected by immunoenzymatic staining (A), and tumor volume was

monitored by MRI at day 20 (B). Kaplan-Meier survival curve of mice bearing a head and

neck tumor and treated or not with an intranasal cancer vaccine combined or not with anti-

CD49a mAb, anti-CD103 (C), or isotype-matched control. Each experiment included five to

six mice per group and was reproduced three times. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 7.
The intranasal and intramuscular routes are both efficient to control the growth of

subcutaneous grafted TC1 cells. B6 mice were immunized via the intranasal or

intramuscular routes with STxB-E7 or E7 vaccines mixed with αGalCer. Seven days after

the second vaccination, mice were grafted in the right flank with 105 TC1 cells. (A and B)

Tumor growth (A) and survival (B) were monitored every 3 days. Five mice per group were

included in each experiment, which was reproduced twice. *P < 0.05, ***P < 0.001. (C)

Mice were grafted with TC1 cells in the right flank and then immunized two times (days 5

and 10) by the intranasal route with STxBE7 mixed with αGalCer. At day 15, tumors (n = 5)

were pooled, and intratumoral CD8+ T cells were purified from the tumors and stained with

H-2Db/E7 tetramer, CD8, and CD49a. Dot plots were generated on gated Db-E7 tetramer

CD8+ T cells. Tetramer and isotype control were included in each experiments.
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Fig. 8.
CD49a expression in TILs from mucosal tumors. TILs were obtained from four

enzymatically treated mucosal tumors (three human lung and one head and neck cancers)

and eight nonmucosal tumors (eight renal cell carcinoma biopsies). They were stained by

anti-CD8 and anti-CD49a mAb. Isotype controls were included in each experiment. (A)

Representative dot plots of CD49a expression on head and neck TILs after gating on CD45+

T cells. Values in the rectangle shown in each quadrant correspond to percent of cells, and

the value in bracket corresponds to the percent of CD49a in the CD8+ T cells. (B) Values

shown on the histogram correspond to means ± SD for the expression of CD49a in CD8+ T

cells from mucosal and nonmucosal tumors. *P < 0.05.
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