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Protection against  most intracellular pathogens requires T cells that recognize pathogen-derived peptides in association with 
MHC class I molecules on the surface of infected cells. However, because  exogenous proteins do not ordinarily enter the cytosol 
and access the MHC class I-processing pathway, protein-based vaccines that induce class I-restricted CTL  responses have proved 
difficult to design. We have addressed  this problem by conjugating proteins, such as OVA, to a  short cationic peptide derived 
from HIV-1 fat (residues 49-57).  When APC were exposed in vitro to such protein conjugates, they processed and presented 
the peptides in association with MHC class I molecules and stimulated CD8+ Ag-specific T cells. Moreover, Ag-specific CTLs 
were generated in vivo  by immunizing mice with histocompatible dendritic cells that had been exposed to protein-faf conju- 
gates. The journal of Immunology, 1997, 159:  1666-1  668. 

M ajor histocompatibility complex class I and I1 mole- 
cules have evolved to present nonoverlapping sets of 
peptides to the immune system. CD8+ CTLs recog- 

nize MHC  class I molecules containing fragments of cytosolic and 
nuclear proteins that are transported into the ER3 by TAP com- 
plexes before they are transferred to the MHC protein ( I ,  2). In 
contrast, the majority of proteins that enter the biosynthetic path- 
way  of MHC class I1 molecules are exogenous or cell surface 
proteins that are endocytosed and fuse with lysosomes before 
forming complexes with MHC class I1 proteins (3-5). This basic 
dichotomy explains why Ag-specific CD8' T cells are generated 
most effectively against intracellular Ags or when immunogens are 
delivered into the cytosol, e.&., using viral vectors such as a vac- 
cinia virus. The requirement for intracellular processing can be 
circumvented by adding exogenous peptides that bind directly to 
MHC class I molecules on the surface of target cells (6, 7). How- 
ever, direct immunization with peptides rarely induces CTL. The 
most effective method of generating CD8+ T cells to peptides is 
through the adoptive transfer of histocompatible dendritic cells 
pulsed in vitro with immunodominant determinants (8). In either 
case, vaccines based on individual determinants have the inherent 
weakness of requiring a mixture of peptides to generate CTL re- 
sponses in a heterogenous human population. Consequently, a  sim- 
ple and reliable method of generating CTLs to the intact proteins 
would be very useful. 

The unique ability of HIV-1 tat to transport macromolecules 
into cells was used to solve the problem of using proteins as im- 
munogens for  MHC  class I-restricted CTL responses (9, 10). Pre- 
vious studies have demonstrated that tat is transported rapidly 
from the extracellular milieu into the cytosol of most cells (9, 10). 
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When the full-length tat protein was conjugated to P-galactosi- 
dase, RNase, Pseudomonas endotoxin, or horseradish peroxidase, 
the conjugated proteins crossed the cellular membrane of fibro- 
blasts and maintained intact enzymatic activity (IO).  The region 
of tat necessary for translocation has been localized to a  short, 
basic amino acid sequence corresponding to residues 49-57 
(RKKRRQRRR) (1 1 )  (manuscript in preparation). The conjuga- 
tion of this peptide to OVA resulted in efficient stimulation of 
MHC class I-restricted T cell responses in vitro, and, more impor- 
tantly, the generation of CTLs in vivo. 

Materials and Methods 
Mice 

C57BL/6  mice, 6 to 8 wk old,  were  purchased  from  The  Jackson  Labora- 
tory (Bar  Harbor, ME) and  maintained in Department of Laboratory  Ani- 
mal Medicine at Stanford  University  (Stanford,  CA). 

Peptide synthesis and protein modification 

Peptides were synthesized using solid-phase techniques described previously 
(12). A cysteine and a three-alanine spacer were added to the carboxyl term- 
nus of the peptide for conjugation to OVA with the heterobifunctional cross- 
linker m-maleimidobenzoyl-N-hydroxysulfosuccinimide ester (Pierce. Rock- 
ford, IL). To assay cellular uptake, OVA was modified with either F'ITC or the 
fluorescent fat peptide with the heterobifunctional cross-linker m-maleimido- 
benzoyl-N-hydroxysulfosuccinimide ester (Pierce). An average of 2.6 peptides 
was conjugated to each molecule of OVA, as determined by amino acid anal- 
ysis and the ratio of absorption between 490 and 2 14 nm. Preparations of OVA 
containing as little as  one and as many as five peptides have been  used  with no 
difference in their ability to stimulate the T cell hybridoma. 

Proliferation assays 

Stimulation of the  CD8+ (B3Z, H-2h) T cell hybridomas was measured  by 
incubating  the  hybridomas (3 X 10') with histocompatible  APCs (3  X 10') 
and varying  concentrations of either  OVA or OVA modified with the 
rat peptide.  IL-2  concentration in supernatants  (50 pl) taken after 24 h  was 
measured, as previously  described,  using the IL-2-dependent cell 
line,  HT-2 (13). 

Dendritic  cell purification 

Splenic  dendritic  cells  were purified as previously  described (14). Briefly. 
C57BL/6 mice  were  killed,  their  spleens were removed, and a single-cell 
suspension  was  made by gentle  scraping with a 19-gauge needle.  RBC 
were  lysed  and  the  remaining  cells  were  cultured in RPMI  containing 10% 
FCS  overnight  at 37°C. The  nonadherent  cells  were passaged over a 13.7% 
metrizamide  gradient, and the interphase was collected.  These  cells  were 
washed  several  times  to  remove  the  metrizamide,  and  FACS  analysis  was 
used to  determine  the purity of the cells.  The  dendritic  cells  were at least 
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I APCs incubated  with  tat-OVA  stimulate  a CD8+, MHC 
class I-restricted hybridoma. a, Varying  concentrations  of OVA (H), 
polylysine-conjugated OVA ( +  ), or tat-conjugated OVA (A) were in- 
cubated  overnight with the  H-2 K" T  cell line, EL-4 ( 3  X 1 O4 cells/ml). 
taf-conjugated OVA also was incubated with the TAP 2-deficient  cell 
line RMA-S (3 X lo4 cells/ml) (0). Cells were washed, and an equiv- 
alent  number  of  the CD8+ OVA-specific  hybridoma, 832 (26), was 
added for 24 h, and  the  amount of IL-2 secreted was determined  by 
bioassay. b, The immunodominant IjD-restricted OVA peptide 
SIINFEKL (residues 257-264) ( I O  pM) or  intact OVA (10 pM) was 
incubated  with  the RMA-S cells. Cells were washed, the B3Z hybrid- 
oma cells were added, and the amount of IL-2 secreted was measured 
24 h later. 

50% pure, as determined by being B220U, CD3Y, MACl-, and 
MHC class IIh'". 

CTL induction  in  mice 

Purified dendritic cells were incubated with either OVA, tat-OVA,  or the 
CD8+ immunodominant epitope corresponding to residues 257-264. 
OVA, the tat-OVA conjugate, and the peptide were added at  a coucentra- 
tion of 100  pg/ml.  The Ag-loaded dendritic cells (5 X 10") were injected 
i.p. into five C57BL/6 mice at day 0. At day 7, the mice were given a boost 
using the same protocol as described above, and on day 17, spleens were 
harvested. Each spleen was processed individually, made into  a  single cell 
suspension, and incubated with IL-2  (10 U/ml) and an OVA-expressing, 
Kb-restricted tumor cell line (EG.7). The EG.7 line was irradiated with 
6000 rad and added to the effector cells at  an E:T ratio of 10:1. Five days 
later, the cultures were placed on a lympholyte gradient to remove the dead 
cells and then tested in  a standard chromium release assay. The EL-4 line 
was used to measure the nonspecific killing, while the EG.7 line was used 
to measure the specific killing. The spontaneous chromium release was 
always less than 15% of the maximum release. 

Results and Discussion 
Introduction of OVA into the cytosol of cells by conjugation to the 
tat peptide should result in the entry of the protein into the MHC 
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FIGURE 2. Purified  dendritic  cells are more  efficient  than  unfrac- 
tionated spleen cells at presenting fat-conjugated OVA  to the CD8+, 
H-2 IjD-restricted T  cell  hybridoma, 832. The relative  ability  of splenic 
dendritic  cells  (filled symbols) and  unfractionated spleen cells  (open 
symbols) pulsed with either OVA (H) or  the OVA tat conjugate (A) to 
stimulate the hybridoma was assayed. Activation was determined  by 
measuring  the  amount  of IL-2 secreted. 

class I biosynthetic pathway. This premise was based on previous 
experiments demonstrating that hypotonically shocking OVA into 
the cytoplasm of a cell was sufficient for the Ag to be processed 
and presented on MHC class I molecules on the cell surface (15). 
The additional steps in the formation of the MHC class I peptide 
complex, such as the proteolytic degradation of the protein and 
transport of the peptide fragments  into the ER, should result once 
the protein crosses the cell membrane. 

The hypothesis was tested by analyzing the ability of EL-4 cells 
to present OVA, or OVA modified by conjugation with either res- 
idues 49-57 of tat or a peptide of nine lysines, to the CD8+ T cell 
hybridoma, B3Z, specific for residues 257-264  of OVA (Fig. 1). A 
peptide of equal length composed solely of lysine was chosen as  a 
control to demonstrate that neither the addition of a heterobifunc- 
tional cross-linker nor a highly positively charged peptide was suf- 
ficient for transport. Incubation of EL-4 cells with unmodified 
OVA or OVA conjugated with the nonamer of lysines for 24 h did 
not stimulate the T cell hybridoma. However, EL-4 cells incubated 
with the tat-conjugated protein stimulated the hybridoma in a 
dose-dependent manner. The uptake was shown to be specific to 
the tat peptide and not due to either the cross-linking procedure or 
the effect of the addition of a polycation by the  failure of the target 
cell to present OVA conjugated to the lysine polymer (Fig. 1A). In 
time course experiments, incubation of EL-4 cells for as little as 
6 h with the tar-OVA conjugate resulted in a maximal response of 
the hybridoma (data not shown). 

To confirm that loading of the MHC  class  I proteins with OVA 
peptides required cytosolic proteolysis and transport of peptide 
into the ER, tat-conjugated OVA was incubated with RMA-S 
cells.  The cells were histocompatible with the CD8+ hybridoma, 
but could not present intact protein Ags because of their inability 
to transport peptides into the ER (16). Unlike EL-4 cells, no stim- 
ulation was observed when RMA-S cells were used as APCs when 
incubated with tat-OVA (Fig. 1A). The RMA-S cells could present 
the Kb-restricted CTL determinant (SIINFEKL) to the  T  cell hy- 
bridoma if added exogenously as a peptide (Fig. 1B). This result 
demonstrated not only that the RMA-S cells were functional, but 
also proved that the presentation of Ag by the EL-4  cells was not 
simply due to peptide contaminants in the tat-OVA conjugate 
preparation. 

The success of generating CTL targets using tat-conjugated pro- 
teins led us to test whether these conjugates could be used to prime 
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FIGURE 3. tat-OVA-pulsed dendritic cells efficiently  prime a CTL re- 
sponse. The ability of Ag-pulsed dendritic  cells  to induce CTLs was 
assayed by immunizing C57BL/6 mice i.p. with splenic  dendritic  cells 
incubated with  OVA (O), the tat-OVA conjugate (A),  or the immuno- 
dominant @-restricted OVA peptide SllNFEKL (residues 257-264) (W). 
The  mice  were  boosted  after 10 days,  and  spleen  cells  were  tested by 
standard  chromium  release  assay for their  ability  to lyse EL-4 pulsed 
with  Ag. E:T ratios are indicated. 

CD8+ T  cells in mice. Mice were immunized with a range of 
concentrations of tat-OVA up to 1 mg  of protein in both CFA and 
PBS, with and without secondary immunizations, and in no in- 
stance was significant cytotoxic activity observed in splenocytes. 
The difficulty  of initiating strong CTL responses, however, is often 
seen even when immunizing with peptides (17). Strong peptide- 
specific cytotoxic responses are generated most often when pep- 
tide-pulsed dendritic cells are used as immunogens by adoptive 
transfer, rather than when peptides are injected directly into mice 
(14, 18-22). To determine whether normal dendritic APCs could 
process and present native OVA or tat-conjugated OVA, murine 
splenic.dendritic cells were incubated with OVA or the tat-OVA 
conjugate. As shown by data presented in Figure 2, dendritic cells 
pulsed with tat-conjugated OVA, but not OVA, effectively stim- 
ulated the CD8+ OVA-specific T cell hybridoma. 

To assess the immunogenicity of the tat-OVA conjugate-pulsed 
dendritic cells in vivo, C57BL/6 mice were immunized i.p. with 
splenic dendritic cells incubated with OVA, the tat-OVA conju- 
gate, or the immunodominant Kb-restricted OVA peptide (residues 
257-264) (23). The mice were boosted once 10 days after the 
primary immunization, and spleen cells were assayed for their abil- 
ity to lyse EL-4 cells transfected with OVA. Significant Ag-spe- 
cific cytotoxicity was observed in spleen cells from animals im- 
munized with dendritic cells treated with either tat-OVA or the 
immunodominant peptide, but not dendritic cells treated with the 
full-length OVA protein (Fig. 3). 

The unique ability of HIV-1 tat to translocate proteins into the 
cytosol of dendritic cells has been used to develop  a simple and 
effective method for sensitizing CD8+ T cells to soluble protein 
Ags. Recently, we have used this approach to sensitize rodents to 
prostate acid phosphatase, an  Ag that is expressed by normal and 
malignant prostate cells, and the CTLs generated using this pro- 
cedure specifically lysed transformed prostatic cell lines (data not 
shown). Thus, the described procedure should be useful for induc- 
ing CTL immunity against a variety of proteins without requiring 
potentially toxic adjuvants, viral vectors, or DNA. Immunization 
with Ag-pulsed dendritic cells already has shown promise in ex- 

perimental protocols for the treatment of established tumors (14, 
20, 21, 24, 25). The use of tat-conjugated proteins in these proto- 
cols should increase the potency and, potentially, the clinical util- 
ity of such immune responses. 
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