
Penetratin tandemly linked to a CTL peptide induces anti-tumour
T-cell responses via a cross-presentation pathway

Introduction

Vaccination of mice or humans with synthetic peptides

based on sequences derived from over-expressed proteins

in tumour cells, such as MUC1, MAGE or Mart-1 in the

presence of adjuvant, can elicit tumour-specific CD8+

responses in vivo.1 Although immunization with peptides

has yielded encouraging results there is still a need for

improvements such as more efficient and safer adjuvants.

Proteins or synthetic peptides containing specific cyto-

toxic T lymphocyte (CTL) epitopes need to enter the

cytoplasmic compartment for processing and loading

onto major histocompatibility complex (MHC) class I

molecules. In general, antigen-presenting cells (APC) are

not efficient in uptake and processing of exogenous anti-

gens through the MHC class I pathway.2 In addition to

the use of conventional adjuvants such as Quil A, lipo-

somes or virus-like particles to improve the intracellular

access of proteins and peptides into the cell, some deliv-

ery systems utilize targeting to receptors on APC such as

mannose or DEC-205 receptors.3–15

In recent years there has been much interest in mem-

brane translocating peptides such as Tat and penetratin

that are able to facilitate cytoplasmic delivery proteins or

CTL epitopes and induce efficient CTL responses in vivo.

Many membrane translocating peptides are currently

being investigated including a 16-amino-acid peptide

called penetratin (Int) from the DNA binding domain of

the Drosophila transcription factor (Antennapedia). Anten-

napedia protein and peptide have been used to deliver

CTL epitopes into the cytoplasm of cells and induce

T-cell responses. A recombinant fusion protein consisting
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Summary

Recently there has been increasing evidence to suggest that membrane

translocating peptides enter cells by a receptor-dependent pathway. There

have been some studies on the mechanism of major histocompatibility

complex (MHC) class I presentation of membrane translocating peptides

incorporating cytotoxic T lymphocyte epitopes. However, these have been

on different cell lines and only a limited number of inhibitors of the anti-

gen presentation pathway were used. Herein, we demonstrate a compre-

hensive study utilizing a full spectrum of inhibitors to various pathways of

MHC class I to elucidate the mechanism of the membrane transloca-

ting peptide, penetratin from Antennapedia (Int). It is clear that Int,

RQIKIWFQNRRMKWKK when tandemly linked to a cytotoxic T lympho-

cyte peptide of ovalbumin, SIINFEKL (IntSIIN) is endocytosed via phago-

cytosis or macropinocytosis by dendritic cells in an ATP-dependent

manner and is processed by a proteasome- and tapasin-independent path-

way for presentation and loading to MHC class I molecules. In addition,

the majority of antigen is taken up by negatively charged receptors.

IntSIIN activates T cells in vitro and in vivo and protects mice against chal-

lenge with an ovalbumin-expressing tumour.

Keywords: Antennapedia; Int; mechanism; membrane translocating; penet-

ratin; Trojan

Abbreviations: AP, alkaline phosphatase; APC, antigen-presenting cells; CPRG, chlorophenol red-b-galactoside; CTL, cytotoxic T
lymphocytes; DC, dendritic cells; Int, penetratin 16mer peptide – RQIKIWFQNRRMKWKK; IntSIIN, Int tandemly linked to
SIINFEKL peptide; OVA, ovalbumin; SDS, sodium dodecyl sulphate; SIIN, SIINFEKL peptide; SFU, spot-forming units;
TAP, tapasin; TCR, T-cell receptor.
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of the 60-amino-acid Antennapedia homeodomain and

an influenza-derived HLA-Cw3-restricted CTL epitope

showed cytoplasmic internalization and subsequent stimu-

lation of CTL responses by MHC class I in the presence

of sodium dodecyl sulphate (SDS).16 Another study inves-

tigated the same recombinant protein formulated in lipo-

somes that facilitated internalization into APC, such as

macrophages and dendritic cells (DC), and induced kill-

ing by influenza-specific CTL clones in vitro without the

use of SDS as an adjuvant as was necessary in the previ-

ous study.17–19 Our laboratory has previously demonstra-

ted that the 16-amino-acid peptide, Int, can facilitate the

cytoplasmic uptake of Int linked in tandem to the ovalbu-

min (OVA) CD8 epitope, SIINFEKL (IntSIIN) into

mouse peritoneal macrophages and EL-4 cells.20 Immun-

ization with IntSIIN induced CTL in mice and protected

against growth of an OVA-expressing tumour cell line,

E.G7-OVA without the use of adjuvant.20 A more recent

study showed that the topical application of recombinant

IntSIIN applied to mice induced potent CTL responses,

however, the induction of tumour protection required

IntSIIN mixed with adjuvant CpG oligodinucleotides.21

These studies emphasize the efficient delivery of CTL epi-

topes linked to the Antennapedia peptide into the cyto-

plasm and presentation by MHC class I molecules and its

potential in peptide-based cancer immunotherapy.22

The underlying intracellular processing pathway of Int

and Int linked in tandem to CTL epitopes is yet to be

fully understood. There have been no studies that have

completely elucidated the processing pathway of penetra-

tin alone or conjugated to cargo (peptide or protein). In

addition, previous studies assessing the uptake and MHC

class I processing pathway of penetratin cargo used pri-

mary cell lines and not professional APC, which would

be the cells capable of stimulating CD8 T-cell responses

in vivo. The mechanism of uptake will largely depend on

the particular membrane translocating peptide and the cell

type being used. Early mechanistic studies showed that Int

alone is translocated across biological membranes in a

receptor-independent manner.23 Later evaluation of these

uptake studies showed that cell fixation leads to artifactual

uptake of Int and trypsin digest of the cell membrane-

adsorbed peptide was required to avoid this artifact.24

More recent studies have shown that either depletion of

cellular energy with sodium azide and 2-deoxyglucose or

incubation of cells at 4� resulted in a decreased inter-

nalization of Int, suggesting an endocytic mechan-

ism.17,18,25,26 A few studies have described the antigen

presentation pathways of either Int or Tat peptide tan-

demly linked to CTL epitopes; however, these studies

have used different cell lines and the mechanism of

uptake was assumed to be direct translocation into the

cytoplasm of cells.

In the current study, we have used for the first time a

range of biochemical inhibitors to investigate the uptake,

processing and presentation of Int tandemly linked to the

OVA CD8 CTL epitope, SIINFEKL (IntSIIN) in bone

marrow-derived DC. IntSIIN enters the DC and is proc-

essed and presented by MHC class I molecules by a cross-

presentation pathway. IntSIIN uptake is found to be

ATP-dependent, indicating the involvement of endocyto-

sis consistent with recent studies of other membrane

translocating peptides.24 A panel of specific chemical

inhibitors of MHC class I processing compartments

showed IntSIIN is processed via a proteasome and tapasin

(TAP) independent pathway and further trimming is not

required by aminopeptidases in the endoplasmic reticu-

lum (ER) or by furin endopeptidases in the trans-Golgi,

as reported for HIV-Tat-SIINFEKL.27 In addition, the

majority of IntSIIN uptake involves negatively charged

receptors, shown with blocking by dextran sulphate.

However, the role of other receptors in the cell membrane

cannot be ignored and may also be important in the cel-

lular uptake of IntSIIN.

Materials and methods

Peptides

Peptides were synthesized by Mimotopes, Clayton, Vic-

toria, Australia; the purity of the peptides (> 95%) was

determined by mass spectrometry. SIINFEKL (SIIN) is

the ovalbumin H-2Kb CTL epitope eight-mer peptide.28

IntSIIN is the peptide incorporating the 16-amino-acid

Antennapedia peptide and SIIN (RQIKIWFQNRRM

KWKKSIINFEKL). OVA323)339 is the ovalbumin IAb

CD4 epitope 16-mer peptide (ISQAVHAAHAEINEAGR)

(CD4).

DC cultures

Bone marrow cells from C57BL/6 or TAP–/– female mice

were cultured at 106 cells/ml. Petri dishes containing

10 ml of complete RPMI-1640 medium (CSL, Parkville,

Australia) with 10 ng/ml each of recombinant mouse gra-

nulocyte–macrophage colony-stimulating factor and inter-

leukin-4.29,30 Complete RPMI-1640 media is RPMI-1640

supplemented with 10% (v/v) heat inactivated fetal calf

serum, 4 mM L-glutamine, 100 units/ml penicillin, 100 lg/ml

streptomycin sulphate and 100 lM b-mercaptoethanol).

At day 6, cells expressed medium levels of CD40, CD80,

CD86 and are characteristic of semi-mature DC and are

80% CD11c+, MHC class II (not shown). Cells were

flushed from each dish, washed and counted.

Stimulation of lacZ-inducible ovalbumin-specific
T-cell hybrid

The B3Z mouse T-cell hybridoma line contains a gene

construct of Escherichia coli lacZ reporter gene linked to
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the nuclear factor of activated T cells. Recognition of the

SIINFEKL peptide in the context of class I by the T-cell

receptor (TCR) results in activation of the enzyme and

conversion of the chromogenic substrate that can be

measured by absorbance spectrophotometry.31 DC, EL-4

and RMA-S cells, (106 cells) were pulsed with different

doses of IntSIIN and SIIN (1 or 10 lg/ml) for 24 hr;

2 · 105 DC were added to 105 B3Z cells (a 2 : 1 ratio) in

96-well microtitre plates. After overnight incubation at

37�, cells were washed with sterile phosphate-buffered sal-

ine (PBS) and incubated with chlorophenol red-b-gal-
actoside (CPRG, Calbiochem, San Diego, CA). After a

4-hr incubation at 37�, the absorbance of the wells was

read at 560 nm using a microplate reader.

Antigen-specific OT-I T-cell responses in vitro

TAP–/– and C57BL/6 DC were pulsed with IntSIIN

(1 lg/ml) and SIIN (1 lg/ml) for 3 hr and added to puri-

fied OT-I T cells. Purified T cells were obtained from the

spleens of OT-I mice using a T-cell antibody cocktail

(kindly provided by Dr Mark Wright, Austin Research

Institute). T cells were separated using anti-rat immuno-

globulin magnetic beads (Qiagen, CA, USA) and the

purity of the population was > 85% as identified by CD3

staining by flow cytometry – remaining cells were com-

posed of predominantly B cells (�7%), natural killer cells

(�2�2%), monocytes/macrophages (�1�2%), granulocytes

(�1%) and DC (�0�8%). T cells were cocultured in

96-well plates in the presence or absence of pulsed DC.

DC were pulsed with media (control), IntSIIN (1 or

10 lg/ml) or SIIN (1 or 10 lg/ml) for 24 hr. The cocul-

tures comprised 2 · 105 T cells and 2 · 104 DC in a total

volume of 200 ll. Proliferative responses were assessed

from day 1 to day 6 of culture at 37�. Cultures were

pulsed with 1 lCi [3H]thymidine for 18 hr, and incorpor-

ation of the radionucleotide was measured using a b-scin-
tillation counter (TopCount Gamma Counter; Packard,

MA, USA). A comparative study of the efficiency of pres-

entation of IntSIIN with a similar sized peptide without

the Int sequence using the B3Z T-cell hybridoma has

been reported by us earlier.20

Antigen-specific IFN-c responses in vivo

Spleen cells from C57BL/6 mice immunized intradermally

(base of tail) on days 0 and 14 with IntSIIN were isolated

16 days after the last injection and assessed by ELISpot

for interferon-c (IFN-c) secretion. Mixed acetate plates

(MAIP, Millipore, North Ryde, Australia) were coated

overnight with anti-mouse IFN-c (AN18, 5 lg/ml; Mab-

tech, Hamburg, Germany). Then, 5 · 105 spleen cells/well

were added and incubated in 10% (v/v) complete RPMI-

1640 medium in the presence of either SIINFEKL at

5 lg/ml, CD4 epitope of ovalbumin (OVA323)339) at

20 lg/ml or OVA at 20 lg/ml for 18 hr. Concanavalin A

(1 lg/ml) or cells alone were used as positive and negat-

ive controls, respectively. Cells were washed (0�05%
Tween-20/PBS) and anti-mouse IFN-c antibody–biotin

(R4-6A2; Mabtech) was added for 2 hr followed by ex-

travidin–alkaline phosphatase at 0�1 lg/ml (Sigma, St

Louis, USA) for 2 hr at room temperature. Spots of activ-

ity were detected using a colorimetric AP kit (Biorad,

Hercules, CA, USA). Cytokine spots were counted with

an AID ELISpot Reader system (Autoimmun Diagnostika

GmbH, Strassberg, Germany). Data are presented as mean

spot-forming units (SFU) per 0�5 · 106 cells ± standard

deviation of the mean (SD).

Tumour protection

Groups of C57BL/6 mice (n ¼ 7) were immunized intra-

dermally with PBS or IntSIIN (25 lg per mouse) on days

0 and 14. Ten days later, mice were challenged with a

subcutaneous dose of 107 E.G7-OVA cells (obtained from

Dr Frank Carbone, University of Melbourne). E.G7-OVA

cells are the EG7 tumour cell line (C57BL/6-derived,

H-2b) transfected with OVA cDNA and were cultured in

10% (v/v) complete RPMI-1640 media. The expression of

OVA in E.G7-OVA tumour cells was confirmed by

flow cytometry (data not shown). The subcutaneous

growth of the tumour was monitored by measuring the

two perpendicular diameters using callipers and the

results were expressed as the product of the two perpen-

dicular diameters.

MHC class I mechanism studies

DC, EL-4 (TAP-competent) and RMA-S (TAP-deficient)

cells were cultured in 10% (v/v) complete RPMI-1640

media. Cells were added to 24-well plates (Falcon, BD

Biosciences, North Ryde, Australia) at 6 · 105/300 ll and
preincubated for 45 min with various inhibitors: NaN3

(0�01–10 mM) (Sigma, St Louis, MO) and 2-deoxyglucose

(0�01–10 mM) (Sigma), amiloride (0�006–6 mM) (Sigma),

cytochalasin D (0�01–10 lg/ml) (Sigma), dextran sulphate

(Progen Industries Ltd, Darra, Australia) (0�01–10 lg/ml),

Nystatin (10 or 50 lg/ml), filipin III (1 or 10 lg/ml),

chloroquine (0�2–200 lM) (Sigma), ammonium chloride

(0�2–200 lM) (Ajax Chemicals, Sydney, Australia), monen-

sin (1–1000 lM) (Sigma), lactacystin (0�01–10 lM) (Calbio-
chem) and brefeldin A (0�01–10 lg/ml) (Sigma), furin

inhibitor decRVKR-CMK (0�01–10 lM) (Calbiochem),

bestatin (0�01–10 lM) (Sigma). After the preincubation

period, IntSIIN was added to the cell culture at 1 lg/ml

at 37� and added to B3Z T cells as described above.

Inhibitors were not removed from the T-cell cultures. In

all experimental cultures, DC pulsed with SIINFEKL

(SIIN(+)) or without (SIIN(–)), the maximum concentra-

tion of inhibitor was also added to B3Z T cells in parallel
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experiments. SIINFEKL in these experiments is used as a

positive control and is not for comparison purposes

because SIINFEKL will be surface-loaded whilst IntSIIN

will be internalized and processed before presentation. All

inhibitors were active as they have been used in similar

studies (where the inhibitors were active) to determine

the mechanism of Int covalently linked to ovalbumin pro-

tein (manuscript in preparation) and mannan-MUC1

protein.9

Statistical analysis

Assays were set up in triplicate. Mean values were com-

pared using the two-tailed unpaired t-test. Two P-value

thresholds were used for protection and immunogenicity

assays: P < 0�001 to indicate a highly significant differ-

ence, and P < 0�05 to indicate a significant difference.

Results

Presentation of IntSIIN by MHC class I and
stimulation of T cells

To assess whether IntSIIN is processed and presented by

DC to the TCR of B3Z T cells, DC were cultured and

pulsed with 1 and 10 lg/ml of IntSIIN. DC were incuba-

ted with B3Z T cells for 24 hr and the recognition of the

SIIN epitope on the MHC class I molecule by its specific

TCR was assessed via a colorimetric assay. DC alone were

used as negative controls. DC pulsed with IntSIIN at both

1 and 10 lg/ml induced presentation to B3Z T cells that

was significantly above background (Fig. 1a). The level of

presentation of IntSIIN was directly compared to SIIN

and results showed that the abilities to stimulate B3Z T

cells were similar (Fig. 1a). DC pulsed with SIIN is

surface-loaded and was used as a positive control. IntSIIN

was also shown to induce significant presentation after

pulsing DC for 1 hr (data not shown). Previously we

demonstrated that IntSIIN is presented more efficiently to

B3Z T cells than a non-internalizing 24-mer peptide.20

These results clearly show that DC pulsed with IntSIIN

can present SIIN on MHC class I molecules to T cells.

To assess the cellular uptake and subsequent presenta-

tion of IntSIIN by DC to OT-I T cells, in vitro prolifer-

ation assays were performed. DC pulsed with SIIN or

IntSIIN at 1 lg/ml for 3 hr were added to OT-I T cells at

a ratio of 1 : 10. Co-cultured cells were incubated for

up to 6 days and each day, proliferation activity was

assessed by [3H]thymidine uptake. DC pulsed with SIIN

induced significant proliferation of OT-I T cells and peaked

at day 2–3 and responses had returned back to background

responses by day 4 (Fig. 1b). DC pulsed with IntSIIN

induced similar proliferation to DC pulsed with SIIN

(Fig. 1b). These results show that IntSIIN induces prolifer-

ation of antigen-specific purified OT-I T cells in vitro.

IntSIIN induces potent CD8 T-cell-specific IFN-c
responses in vivo

The potential of IntSIIN to induce CD8+ T-cell responses

in vivo after two immunizations was measured using IFN-c
by ELISpot analysis. Splenocytes from mice immunized

with IntSIIN alone and IntSIIN-pulsed DC were used in

the assays. C57BL/6 mice immunized with 25 lg IntSIIN

alone generated IFN-c-secreting cells which recognized

SIIN (OVA to a lesser extent), but not OVA323)339 (CD4)

(Fig. 2a). Comparatively, mice immunized with DC pulsed

with 20 lg/ml IntSIIN also induced IFN-c-secreting cells

which recognized SIIN and OVA but not CD4, as expected

(Fig. 2b). The CD4 epitope of OVA, OVA323)339 was used

as an internal negative control for antigen-specific IFN-c
responses. Experiments were also set up with one immun-

ization using the same protocol and similar IFN-c res-

ponses in ELISpot assays were observed (data not shown).

IntSIIN induces tumour protection against E.G7.OVA

The ability of mice immunized with IntSIIN to be protec-

ted from challenge with OVA-expressing E.G7.OVA

tumour cells was investigated. Groups of mice (n ¼ 7)

were injected intradermally with 25 lg IntSIIN per mouse

on days 0 and 14, compared to mice injected with PBS

alone. Fourteen days after immunization mice were

challenged subcutaneously with 1 · 107 E.G7.-OVA

tumour cells. Mice injected with PBS all grew tumours

(7/7, Fig. 2c); however, in mice immunized with IntSIIN

none of the tumours grew (0/7), except for one mouse

that grew a very small tumour (< 50 mm2) by day 5 and

was cleared by day 7 (Fig. 2c). These results show that

(a)

SIIN1

SIIN10

IntSIIN10

DC

0 0·2
OD 560

0·4 0·6

200 000

(b)

150 000

100 000

50 000

0

c.
p.

m
.

0 2 4 6

DC
DC+T
T
SIIN
IntSIIN

Time course (days)

IntSIIN1

Figure 1. IntSIIN stimulates T cells in vitro. (a) C57BL/6 DC were

stimulated with IntSIIN and SIIN at 10 and 1 lg/ml for 1 hr and

added to B3Z T cells for 24 hr. LacZ activity in B3Z T cells was assayed

by total culture lysates with LacZ substrate CPRG. The absorbance

(560 nm) of culture wells was read after 4 hr incubation at 37�.
(b) C57BL/6 DC were pulsed with SIIN and IntSIIN at 1 lg/ml for

1 hr, washed, and added to purified OT-I T cells and cultured for

6 days. Cells were harvested at each time-point and [3H]thymidine

uptake was measured to assess T-cell proliferation. DC alone, OT-I

T cells and DC added to T cells were used in experiments as negative

controls and are shown in both (a) and (b). Data are presented as

counts per minute (c.p.m.) of [3H]thymidine uptake from quadruple

wells (± SD).
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immunization with IntSIIN intradermally can induce

potent tumour protection in mice challenged with

E.G7-OVA without the need for adjuvant and confirmed

our previous findings using intraperitoneally administered

IntSIIN.20

IntSIIN is processed via a TAP-independent MHC
class I pathway

We investigated the TAP dependence of MHC class I

presentation using DC from TAP–/– mice pulsed with

IntSIIN at 1 lg/ml for 1 hr and added to OT-I T cells in

culture. TAP–/– DC pulsed with SIIN at 1 lg/ml were

used as a positive control for the assay, because SIIN is

surface loaded and processing through TAP is not

required. The stimulation of OT-I T cells by TAP–/– DC

pulsed with IntSIIN was comparable to the responses

induced by DC pulsed with SIIN (Fig. 3a). OT-I stimula-

tion was similar to responses induced by C57BL/6 pulsed

DC (Fig. 1B), the responses peaked at day 2 and

decreased thereafter. Flow cytometry analysis on the resid-

ual cells in the purified OT-I T cells showed predomin-

antly B cells (�7%), natural killer cells (�2�2%) and

negligible amounts of monocytes/macrophages (�1�2%),

granulocytes (�1%) and most importantly DC (CD11c+

�0�75%), which were the smallest population in the

residual cells. B cells, natural killer cells, monocytes/macro-

phages and granulocytes present in the residual popula-

tion are not able to cross-present exogenous antigen for

stimulation of naı̈ve T cells, therefore our hypothesis that

the TAP-deficient DC are able to take up IntSIINFEKL

and present via the cross-presentation pathway for stimu-

lation of naı̈ve antigen-specific T cells is supported by this

analysis. These results show that IntSIIN is processed via

a TAP-independent MHC class I processing pathway.

To confirm the results from the in vitro proliferation

studies, RMA-S cells, deficient in TAP, were pulsed with

IntSIIN or SIIN at 1 lg/ml for 1 hr and added to B3Z

T cells. EL-4 cells are TAP competent and were used as a

positive control for the experiment (Fig. 3b). RMA-S

pulsed with IntSIIN showed significant presentation to

B3Z T cells above background responses (Fig. 3c). These

responses were comparable to DC pulsed with SIIN at

1 lg/ml. These results in combination with prolifer-

ation assays confirm that IntSIIN is processed and presen-

ted by MHC class I molecules by a TAP-independent

mechanism.

Uptake of IntSIIN by DC

It has been reported that internalization of free Tat and

Int peptides may be by endocytosis instead of a receptor-

independent mechanism.24 To investigate if IntSIIN is

taken up by an energy-dependent mechanism, DC were

preincubated with sodium azide and 2-deoxyglucose to

deplete ATP, then pulsed with IntSIIN and added to B3Z

T cells.32 After 45 min, DC were pulsed for 1 hr with

IntSIIN and added to B3Z T cells for 24 hr. ATP

depletion by sodium azide and 2-deoxyglucose completely

inhibited IntSIIN presentation at 10 mM and partially

inhibited it at 1 mM (Fig. 4a). These results suggest that

IntSIIN is taken up by energy-dependent endocytosis.

Endocytosis may occur via a number of distinct

mechanisms which encompass clathrin-mediated endo-

cytosis, macropinocytosis, caveolae-mediated endocytosis,

clathrin-caveolae-independent endocytosis pathways. To

IntSIIN
1200(a)
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Figure 2. IFN-c responses and tumour protection in C57BL/6 mice

immunized with IntSIIN. C57BL/6 mice were immunized twice at

day 0 and 14 with (a) IntSIIN and (b) DC pulsed with IntSIIN.

Immunizations were given intradermally and 16 days post-immun-

ization, spleens were removed for ELISpot analysis. IFN-c responses

are given as spot-forming units (SFU) per 0�5 million cells. Repre-

sentative results from one of three experiments are shown. One or

two immunizations did not show any difference in responses; pre-

sented here after one injection. (c) Groups of C57BL/6 mice received

one injection intradermally with (closed circles) PBS alone and

(open circles) IntSIIN at 25 lg per mouse. After 14 days mice

received a subcutaneous challenge of 107 E.G7.OVA tumour cells.

Individual mouse curves are shown (n ¼ 7).
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ascertain if the uptake of IntSIIN by DC is via macro-

pinocytosis or phagocytosis, cytochalasin D and amilo-

ride were used in antigen presentation assays. As a

result of the requirement for actin in phagocytosis and

macropinocytosis the inhibitor of F-actin elongation

inhibits these mechanistic pathways.33,34 Preincubation of

cytochalasin D with DC before the addition of IntSIIN

inhibited IntSIIN presentation by 90–100% in two inde-

pendent experiments by B3Z T cells at 10 lg/ml and

partially inhibited at 1 lg/ml (Fig. 4b). Similarly, amilo-

ride, an inhibitor of the Na+/H+ exchange inhibited

presentation of IntSIIN by up to 90% (Fig. 4c).35 Deple-

tion of ATP by incubation of DC with sodium azide

and 2-deoxyglucose would inhibit all endocytic pathways

including clathrin-dependent endocytosis. The inhibition

by cytochalasin D and amiloride demonstrates the major

uptake mechanism (> 90%) of IntSIIN is by a clathrin-

independent endocytic process involving phagocytosis

and/or macropinocytosis.

Caveolae are enriched in cholesterol and express caveo-

lin. To study the possible role of caveolae in cellular

uptake and subsequent processing of IntSIIN, filipin III
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Figure 3. TAP-independent stimulation of CD8 T-cell responses by IntSIIN. (a) In vitro grown TAP–/– DC were pulsed with SIIN and IntSIIN at

1 lg/ml for 1 hr then added to purified OT-I T cells and cultured for 6 days. Cells were harvested at each time-point and uptake of [3H]thymi-

dine was measured to assess T-cell proliferation. DC pulsed with nothing, OT-I T cells and DC added to T cells were used in experiments as neg-

ative controls. Data are presented as counts per minute (c.p.m.) from quadruple wells (± SD). (b) EL-4 and (c) RMA-S were stimulated with

IntSIIN and SIIN at 1 lg/ml for 1 hr and added to B3Z T cells for 24 hr. LacZ activity in B3Z T cells was assayed by total culture lysates with

LacZ substrate CPRG. EL-4 and RMA-S added to B3Z T cells without peptides were used in experiments as negative controls. The absorbance

(560 nm) of culture wells was read after 4 hr incubation at 37�.
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and nystatin, both inhibitors of caveolae formation were

used.36–38 Filipin III (1 or 10 lg/ml) and nystatin (10 or

50 lg/ml) had no effect on the presentation of IntSIIN to

B3Z T cells (Fig. 4d,e). Therefore, the mechanism of

uptake and presentation of IntSIIN does not appear to be

mediated via caveolae-dependent uptake, consistent with

the proposed mechanism of cellular uptake of conjugated

Tat.39

The results of IntSIIN uptake demonstrate a caveo-

lae-independent, phagocytosis- and/or macropinocyto-

sis-mediated uptake. Dextran sulphate, which blocks

negatively charged receptors on the surface of cells, was

incubated with DC before the addition of IntSIIN and

B3Z T cells.40,41 Dextran sulphate at 50 lg/ml partially

inhibited the presentation of IntSIIN to B3Z T cells

and at 10 lg/ml had no effect (Fig. 4f). These results

suggest that IntSIIN gains access to the endosomes and

subsequently enters the antigen presentation pathway

after binding to negatively charged receptors on the cell

membrane. In all experiments, DC pulsed with

SIINFEKL in the presence of the maximum dose of

biochemical inhibitor (SIIN +) or the absence of inhi-

bitor (SIIN) demonstrated that the inhibitor did not

have any effects on the T cells (Fig. 4).

The role of endosomes and lysosomes in the uptake
and presentation of IntSIIN

The inhibition of IntSIIN presentation by sodium azide,

2-deoxyglucose, cytochalasin D and dextran sulphate

strongly suggests uptake via an endocytic process inclu-

ding phagocytosis and/or macropinocytosis. The possible

role for endosomal processing was investigated using the

inhibitors chloroquine and ammonium chloride, which

prevent acidification of endosomes.42–44 After addition of

chloroquine and ammonium chloride to pulsed DC, pres-

entation to B3Z T cells was inhibited by 75% in two

independent experiments at 200 lM and not inhibited at

20 lM (Fig. 5a). This suggests that the majority of

IntSIIN is taken up and processed via the endosomal

compartments.

Monensin, a sodium/potassium proton ionophore has

multiple roles and interferes with Golgi transport, acidi-

fication of intracellular compartments and can block

protein transfer from endosomes to lysosomes.45,46

Monensin was able to completely inhibit the presenta-

tion of IntSIIN by DC at both 100 and 1000 lM
(Fig. 5b) consistent with the results observed with chlo-

roquine and ammonium chloride and supporting the

hypothesis that IntSIIN is processed by the endosomes

and lysosome for MHC class I presentation. In all

experiments, DC pulsed with SIINFEKL in the presence

of inhibitor (SIIN+) or the absence of inhibitor (SIIN)

demonstrated that the inhibitor did not have any effects

on the T cells (Fig. 5).

Proteolysis and peptide loading of IntSIIN

Peptides can be further degraded into smaller peptide

fragments in the proteasomes for loading onto MHC class

I molecules. To investigate the need for IntSIIN to be

processed in the proteasomes for presentation on MHC,

lactacystin was preincubated with DC before being pulsed

with IntSIIN and presented to B3Z T cells.47 Lactacystin

had no effect on the presentation of IntSIIN to B3Z

T cells, at either 1 or 10 lM (Fig. 6a). Therefore, IntSIIN

can be processed and presented in DC without the

requirement for proteasomes. To further evaluate how

CTL peptides derived from IntSIIN are loaded onto MHC

class I molecules, we incubated DC with brefeldin A.48,49

Brefeldin A inhibits vesicle transport of newly synthesized

MHC class I and II molecules between ER and Golgi

complex.42 Pre-incubation with brefeldin A resulted in

complete inhibition of IntSIIN to B3Z T cells at 10 lM
and no inhibition was observed at 1 lM (Fig. 6b). These

results certainly suggest that although IntSIIN is not fur-

ther degraded in the proteasome and is TAP-independent,

brefeldin-induced inhibition indicates that IntSIIN is

taken up by endocytosis and lysosomes with possible pro-

cessing to generate the CTL epitopes occurring in these

compartments. These fragments might then escape the

endosomes and bypass the proteasome and TAP compart-

ments and be loaded onto MHC class I molecules.

To confirm that IntSIIN was not degraded extracellu-

larly by proteases and surface-loaded on the DC, we

incubated pulsed DC with protease inhibitor cocktail.

Pre-incubation with protease inhibitor cocktail did not

have any effect on IntSIIN presentation to B3Z T cells

and confirmed that IntSIIN was degraded intracellularly

(Fig. 6c).

To further investigate possible compartments involved

in the degradation of IntSIIN into CTL epitopes in intra-

cellular compartments, inhibitors of aminopeptidases in

the ER and furin endopeptidases in the trans-Golgi were
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(200, 20 lm), and (b) monensin (1000, 100 lm) followed by incuba-

tion with IntSIIN at 1 lg/ml and added to B3Z T cells for 24 hr. DC
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inhibitor at the maximum dose and added to B3Z T cells in parallel

experiments to ensure no inhibitory effects on the presentation of

SIINFEKL CTL epitope. LacZ activity in B3Z T cells was assayed by

total culture lysates with LacZ substrate CPRG. The absorbance

(560 nm) of culture wells was read after 4 hr incubation at 37�.
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investigated.27,50,51 It is known that unconjugated Tat

peptide can be trimmed in the trans-Golgi compartment,

with the participation of the endopeptidase furin and

possibly with the additional participation of a carboxyp-

eptidase and aminopeptidases in the ER.27 Aminopepti-

dase and furin inhibitors were preincubated with DC

pulsed with IntSIIN.52–54 The endopeptidase furin inhib-

itor decRVKR-CMK at 1 and 10 lM had no effect on the

presentation of IntSIIN to B3Z T cells (Fig. 6d). In addi-

tion, the use of an inhibitor of aminopeptidase which is

located in the ER, bestatin, induced no inhibition of

IntSIIN presentation to B3Z T cells at 1 and 10 lM
(Fig. 6e). The roles of furin endopeptidase in the trans-

Golgi and aminopeptidases in the ER do not contribute

to further trimming of IntSIIN into smaller peptides, con-

trary to what has been observed with conjugated Tat pep-

tide.27,55 Trimming in the endosomes and lysosomes

appears to be sufficient to generate CTL epitopes capable

of loading MHC class I molecules. In all experiments, DC

pulsed with SIINFEKL in the presence of inhibitor

(SIIN+) or the absence of inhibitor (SIIN) demonstrated

that the inhibitor did not have any effects on the T cells

(Fig. 6).

Discussion

Exogenous antigens are usually processed in late endo-

somes/lysosomes and presented by MHC class II mole-

cules to CD4 cells. DC in particular are capable of

processing exogenous antigens and peptides for presenta-

tion by class I molecules via the cross-presentation path-

way. A wide range of biomolecules such as antigenic

peptides,20,55 peptide nucleic acids,24,56 oligonucleotides,57

full-length proteins,58 nanoparticles and liposomes18 have

been shown to be delivered into cells by membrane trans-

locating peptides. Membrane translocating peptides from

the Drosophila Antennapedia protein, human immunode-

ficiency virus Tat protein and measles virus fusion protein

have also been used for peptide delivery. Microbial toxins

such as shiga toxin, anthrax toxin, diphtheria toxin,

bordetella pertussis toxin and ricin have been used

because of their ability to translocate from the endosome

into the cytoplasm. The 16-mer peptide responsible for

the membrane translocating activity of Antennapedia can

be used to internalize peptides or proteins directly into

the cytoplasm.23 We had previously demonstrated that

IntSIIN was rapidly internalized into the cytoplasm of

macrophages, induced peptide-specific T cells and protec-

ted mice against a tumour challenge.20 This was inde-

pendently confirmed recently when it was demonstrated

that this fusion peptide when injected epicutaneously in

mice generated T-cell responses and protected mice

against a tumour challenge.21

The present study demonstrates that the 16-amino-acid

peptide from Antennapedia (Int) tandemly linked to the

ovalbumin SIINFEKL CTL peptide was efficiently taken

up by in vitro grown DC and the CTL epitope was dis-

played on the cell surface bound to MHC class I as dem-

onstrated by stimulation of the B3Z T cell hybridoma and

OVA antigen-specific OT-I T cells in vitro (Fig. 1). In

addition, mice immunized with IntSIIN induced potent

CD8+-specific IFN-c responses shown by ELISpot assay

(Fig. 2a). These responses were induced in the presence

or absence of DC, emphasizing that penetratin may be
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used directly for peptide-based immunization without the

need for DC or other adjuvants. Mice immunized with

25 lg IntSIIN per mouse did not grow OVA-expressing

tumours compared to control mice (Fig. 2c).

At present, little is known about the mechanisms of

antigen presentation of Int linked to CTL peptide.

We assessed the ability of IntSIIN to be taken up by DC

in vitro and present peptides on the cell surface in com-

plex with MHC class I using several biochemical inhibitors

of various stages of the antigen presentation pathways.

The interaction between Int and the cellular membrane

seems to be an essential step for its uptake into cells. It

has been suggested that Int translocates through the lipid

bilayer of the cell membrane by transiently forming

inverted micelles.23 Heparin sulphate proteoglycans were

recently shown to be responsible for the uptake of the Tat

protein in a large number of mammalian cell lines.59 The

Tat peptide, however, is taken up by a route that does not

involve the heparin sulphate proteoglycans.60 More inter-

estingly, uptake of Tat-streptavidin complexes by CHO

cells was inhibited by heparin and dextran sulphate; how-

ever, Int-streptavidin complexes were inhibited by only

heparin and not dextran sulphate.61 Comparatively, when

Tat and Antennapedia liposomes were assessed for uptake

into B16 cells, heparin and dextran sulphate inhibited

uptake of both complexes.61

In our studies, it is clear that internalized IntSIIN

is processed and presented by MHC class I molecules

by cross-presentation. The majority (> 90%) uptake of

IntSIIN is via an endocytic process involving phagocytosis

or macropinocytosis, as demonstrated by the inhibition of

antigen presentation when DC were treated with cytocha-

lasin D, NaN3/2DG and amiloride (Fig. 4). Since the

major uptake of IntSIIN is via a clathrin-independent

pathway the interaction of the cationic Int peptide with

the negatively charged receptors promotes the concentra-

tion of peptide on the cell surface for phagocytic or

pinocytic uptake rather than for uptake by specific

receptor-mediated endocytosis. The lack of a specific

receptor-mediated endocytic uptake was demonstrated

previously by identical uptake of peptides synthesized

entirely with D-amino acids rather than natural L-amino

acids.23 The inhibitory effect on presentation by chloro-

quine/NH4Cl and monensin indicated cleavage in the

endosomal compartment (Fig. 5). The subsequent steps

to access the ER for loading into class I molecules are

proteasome- and TAP-independent with no further trim-

ming required by aminopeptidases in the ER or by furin

endopeptidases in the trans-Golgi (Fig. 6).

We have characterized the antigen uptake, processing

and presentation pathway, utilized by DC pulsed with an

Antennapedia peptide, Int, tandemly linked to a CTL epi-

tope for the first time. It is possible that the mode of

internalization and presentation pathways could be differ-

ent depending on the sequence of the peptide and also

cell types. Whatever the mode of mechanism, it is clear

that the Antennapedia peptide-based delivery of antigen

containing CTL epitopes is very effective in eliciting cellu-

lar responses in vivo.
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