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CD8⫹ cytotoxic T lymphocytes are thought to be important
effectors responsible for the clearance of viral infections and
are consequently a valuable population to induce by vaccination. In contrast to live virus, conventional vaccines consisting
of either inactivated virus or soluble proteins are not potent
inducers of cytotoxic responses, presumably because the viral
antigens are inefficient at entering the cytosol of the cell to gain
access to the endogenous class I processing pathway (24).
Strategies that can potentially overcome this problem include
the use of live viral vectors that are able to express target
proteins or individual determinants within the cell (2, 17, 49);
lipid-based vaccine delivery systems, including ISCOMs (15,
25, 40) and liposomes (27, 50), which are thought to transport
antigen across cell membranes into the cytosol; and DNA
vaccines (44) from which antigen is synthesized directly within
the cell.
An alternate approach involves the use of synthetic peptides
representing minimal CD8 T-cell determinants. In general,
induction of cytotoxic T-cell responses with peptides requires
the use of an adjuvant such as the oil-based incomplete
Freund’s adjuvant (1, 13, 19, 36, 51). Nevertheless, induction of
CD8 T cells can be achieved with peptides in the absence of an
adjuvant by the addition of a lipid to the peptide (10, 16, 23) or
by utilizing an admixture of peptide and lipid molecules (7, 16).
Cytolytic responses in nonhuman primates (8), as well as in

human volunteers (21, 46), have been reported following vaccination with lipopeptides.
Considering the wealth of data addressing methods for cytotoxic T-cell induction using determinant-based strategies, it
is surprising how few reports (19, 35, 36, 45) exist describing
effective T-cell-mediated viral clearing responses. Other workers describe either no benefit or only partial enhancement of
viral clearance after immunization (13, 29, 32). This dissociation of cytotoxic T-cell induction and effective viral clearing
responses has been noted previously by Lawson et al. (20), who
showed that the presence of pulmonary cytotoxic T cells induced by vaccinia virus recombinants expressing the dominant
H-2d-restricted CTL determinant from influenza virus nucleoprotein (NP; residues 147 to 155) did not protect BALB/c mice
against challenge with influenza virus. This was in direct contrast to adoptive transfer of NP-specific CD8 T cells, which led
to significant reduction in lung virus titers and prevention of
death from challenge with a lethal dose of virus (3, 42).
In the present study we assembled synthetic peptide-based
immunogens incorporating the NP 147-155 determinant and
examined their ability to induce both CD8 T cells and viral
clearing responses. We show that CTL determinant-based vaccines can have a significant impact on the rate of viral clearance in a challenge model. The best reduction in lung virus
titer was obtained with immunogens containing, in addition to
the CTL determinant, a CD4 T-cell determinant from the
virus, as well as two or four lipid groups. A lack of correlation
between measurable CD8 T-cell activity and protection was
also observed during the effector phase of the response; despite equivalent cytolytic and gamma interferon (IFN-␥)-se-

* Corresponding author. Mailing address: Department of Microbiology and Immunology, University of Melbourne, Melbourne, Victoria
3010, Australia. Phone: 61-3-8344-3865. Fax: 61-3-8344-3866. E-mail:
lorena@unimelb.edu.au.
4212

Downloaded from http://jvi.asm.org/ on March 8, 2021 by guest

Induction of cytotoxic T-cell-mediated virus-clearing responses by influenza virus T cell determinant-containing peptide immunogens was examined. The most potent synthetic immunogens for eliciting pulmonary
viral-clearing responses contained peptides representing determinants for CD4 and CD8 T cells (TH and CTL
peptides, respectively) together with two or four palmitic acid (Pal) groups. Inoculated in adjuvant, these Pal2or Pal4-CTL-TH lipopeptides and the nonlipidated CTL peptide induced equivalent levels of cytolytic activity
in the primary effector phase of the response. The ability to recall lytic responses, however, diminished much
more rapidly in CTL peptide-primed than in lipopeptide-primed mice. By 15 months postpriming, the recalled
lytic activity in lipopeptide-inoculated mice remained potent, but the response induced by the CTL peptide was
weak. Enumeration of specific gamma interferon-secreting CD8 T cells revealed that a greater number of these
T cells had entered or remained in the memory pool in lipopeptide-primed mice, arguing for a quantitative
rather than qualitative enhancement of the response on recall. Addition of either the lipid or the TH peptide
to the CTL peptide was not sufficient to provide these long-lived antiviral responses, but inclusion of both
components augmented the response. CD4 T cells elicited by the lipopeptides did not influence the rate of viral
clearance upon challenge and most likely had a role in induction or maintenance of the memory response. It
therefore appears that the lipopeptide immunogens, although not significantly superior at inducing primary
effector CD8 T cells, elicit a much more effective memory population, the recall of which may account for their
superiority in inducing pulmonary protection after viral challenge.
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creting CD8 T-cell responses in both lipopeptide and nonlipidated peptide-primed mice, lipopeptides induced a greater
degree of viral clearance. More remarkable, however, was the
longevity of this lipopeptide-induced immunity, which contrasted sharply with the short-lived responses induced by nonlipidated peptides. Here we examine some of the properties of
the lipopeptide vaccine that are important for its activity.
MATERIALS AND METHODS
Viruses. The type A influenza viruses used in this study were an H3N1 subtype
virus referred to as Mem 71, which was derived by genetic reassortment of
A/Memphis/1/71 (H3N2) ⫻ A/Bellamy/42 (H1N1) and A/Puerto Rico/8/34
(PR8; H1N1). Virus was grown for 2 days in the allantoic cavity of 10-day
embryonated hen’s eggs. Allantoic fluid containing virus was stored in aliquots at
⫺70°C. Purified virus, prepared by rate zonal centrifugation, was obtained from
CSL Ltd., Parkville, Victoria, Australia. Virus titers were determined by the
hemagglutination assay (12) and expressed as hemagglutinating units per milliliter. Infectious virus titers were obtained by assay of plaque formation in monolayers of Madin-Darby canine kidney (MDCK) cells (41) and are expressed as
PFU/milliliter.
Preparation and purification of synthetic immunogens. A panel of immunogens was synthesized that incorporated peptides representing a minimal determinant for CD8 T cells and/or a determinant for CD4 T cells, both from
influenza virus. The peptide NP (147-155) with the sequence TYQRTRALV (a
CTL determinant present in the NP of PR8 virus) is the dominant CD8 T-cell
determinant recognized by BALB/c mice and is common to all type A influenza
virus strains (6, 38). The peptide HA2 (166-180), with the sequence
ALNNRFQIKGVELKS, is a TH determinant present within the HA2 chain of
Mem 71 influenza virus hemagglutinin and elicits CD4 T cells that are crossreactive with all viruses of the H3 subtype (18).
The synthetic immunogens were assembled by conventional solid-phase methodology using Fmoc (9-fluorenylmethoxy carbonyl) chemistry throughout in a
Milligen 9050 Plus automatic peptide synthesizer. Peptides were synthesized on

Novasyn KA 100 resin (Novabiochem). Side chain protecting groups were as
follows: Arg, PMC; Thr, tBu; Ser, tBu; Gln, Trt; Asn, Trt; Lys, Boc or Dde; Glu,
Otbu; and Tyr, tBu. All amino acids were incorporated as the free acid in the
presence of equimolar amounts of o-benzotriazole-N,N,N⬘,N⬘-tetramethyl-uronium-hexafluorophosphate (HBTU) and 1-hydroxybenzotriazole (HOBt) and
1.5 eq of diisopropylethylamine (DIPEA). Acylation was done for 30 min and
removal of the Fmoc group was carried out by using 2.5% 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in N,N⬘-dimethyl formamide (DMF).
A schematic diagram of each of the structures is shown in Fig. 1.
CTL peptide and TH peptide. These were synthesized as single 9- and 15residue peptides, respectively.
Pal1-CTL. A lysine residue was added to the N terminus of the CTL peptide
and a single palmitic acid (Pal) residue added to the ␣-amino group of this
N-terminal lysine.
Pal2-CTL. Two lysine residues were added to the N terminus of the CTL
peptide, the N-terminal lysine of these was Fmoc-Lys(Fmoc)-OH, permitting the
incorporation of two Pal residues after removal of the Fmoc groups.
Pal4-CTL. Three lysine residues were added to the N terminus of the CTL
peptide; the last two lysine residues added were both Fmoc-Lys(Fmoc)-OH,
which allowed the formation of a fan-like structure with four amino groups
available for the incorporation of Pal residues.
CTL-TH. A residue of Fmoc-Lys(Dde)-OH was added to the N terminus of
the CTL peptide. The ␣-amino group of this lysine was acetylated with Nacetylimidazole and the Dde group at the ε-position was then removed with 2.5%
hydrazine in DMF. Exposure of this ε-amino group then allowed assembly of the
TH determinant sequence from this point.
Pal1-CTL-TH. A residue of Fmoc-Lys(Dde)-OH was added to the N terminus
of the CTL peptide and a single Pal residue added to the ␣-amino group of this
N-terminal lysine. The Dde group was then removed by using 2.5% hydrazine in
DMF. Exposure of the ε-amino group in this way then allowed assembly of the
TH epitope sequence from this point.
Pal2-CTL-TH. A residue of Fmoc-Lys(Dde)-OH was added to the N terminus
of the CTL peptide followed by a single residue of Fmoc-Lys(Fmoc)-OH to
provide two amino groups, ␣ and ε, to which two Pal residues were added. The
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FIG. 1. Schematic representation of the synthetic peptide immunogens used in this study. The CTL peptide represents the CD8 T-cell
determinant NP (147-155) present in the NP of influenza A viruses of different strains and subtypes. The TH peptide represents the CD4
determinant HA2 (166-180) present in the light chain of the HA molecule of A/Memphis/1/71 virus and highly conserved within the H3 influenza
virus subtype. The amino acid sequence of these determinants is shown in single-letter code above the monomer peptides. Pal, palmitic acid; K,
lysine. The ␣- and ε-amino groups of certain lysine residues are indicated for clarity, as well as the C and N termini of the CTL and TH peptides.
Within the text, peptide immunogens are referred to by the abbreviated term shown next to each schematic diagram.
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FIG. 2. Cytotoxic T-cell response induced by the synthetic immunogens based on the CTL peptide alone (A) or the CTL-TH construct
(B). A 51Cr release assay was performed with 104 uninfected or 104
Mem 71 virus-infected 51Cr-labeled P815 target cells and various numbers of effector cells. Secondary effectors were generated from lymph
node cells of groups of five BALB/c mice that had been primed 7 days
previously with 45 nmol of a peptide immunogen emulsified in CFA.
The lymph node cell suspensions were cultured for 5 days with Mem 71
virus-infected autologous spleen cells and then tested in the 51Cr release assay. Each point on every curve represents the mean of triplicate
cultures. For all effector populations, background lysis measured on
uninfected P815 targets was ⬍20% at an effector/target ratio of 100:1.

In vivo depletion of CD4ⴙ T cells. Rat GK1-5 hybridoma cells, specific for
CD4, were cultured in T-cell medium and immunoglobulin G (IgG) isolated
from tissue culture supernatant by affinity chromatography on protein G-Sepharose. BALB/c mice were depleted of CD4 T cells by intraperitoneal injection of
400 g of purified GK1-5 antibody in PBS; control mice received 400 g of
normal rat IgG. Treatments were performed 8 days prior to viral challenge, and
depletion was confirmed by flow cytometric analysis of cells from blood collected
5 to 7 days after antibody treatment.

RESULTS
Synthetic immunogens containing a viral CTL determinant
can elicit virus-specific cytotoxic T cells. The peptide immunogens shown in Fig. 1 were compared for their ability to
induce anti-influenza virus cytotoxic responses. Lymph nodederived effector cells from mice that had been primed 7 days
previously with the immunogens emulsified in CFA were amplified in culture with Mem 71 virus-infected autologous spleen
cells and tested in a 51Cr release assay for their ability to lyse
virus-infected target cells. As shown in Fig. 2, all synthetic
immunogens containing the CTL peptide induced a virus-specific cytotoxic response, suggesting that the CTL determinant,
even within the most complex of these immunogens, could be
appropriately processed and presented in vivo.
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Dde group was then removed from the penultimate lysine residue, and the TH
determinant was assembled from this point.
Pal4-TH-CTL. A residue of Fmoc-Lys(Dde)-OH was added to the N terminus
of the CTL epitope peptide, followed by two residues of Fmoc-Lys(Fmoc)-OH to
provide four amino groups in a branched fan-like structure. To these were added
four Pal residues. The Dde group was then removed from the penultimate lysine
residue, and the TH determinant was assembled from this point.
Immunization protocols. To examine the ability of peptide immunogens to
elicit viral clearing responses, mice were immunized subcutaneously (s.c.) in the
scruff of the neck with 9 nmol of peptide antigens either emulsified at a 1:1
(vol/vol) ratio in complete Freund adjuvant (CFA; Sigma Chemical Co., St.
Louis, Mo.) or in phosphate-buffered saline (PBS). Mice given one dose of the
immunogens were challenged either 7 or 28 days after priming, and mice receiving two doses (days 0 and 21) were challenged 21 days after their final immunization.
Challenge of mice i.n. and preparation of mouse lung extracts. Penthraneanesthetized mice were challenged intranasally (i.n.) with 104.5 PFU of infectious
Mem 71 influenza virus. Each mouse received 50 l of virus in the form of
allantoic fluid diluted in PBS. At 5 days after challenge, the mice were killed by
cervical dislocation, and the lungs were removed and transferred aseptically to
bottles containing 1.5 ml of Hank’s balanced salt solution supplemented with 100
U of penicillin, 100 g of streptomycin, and 30 g of gentamicin per ml. Lung
homogenates were prepared by using a tissue homogenizer, and the cell material
was pelleted by centrifugation at 300 ⫻ g for 5 min. The supernatants were
removed, divided into aliquots, and stored at ⫺70°C until use. Titers of infectious
virus in the lung supernatants were determined by plaque assay on monolayers of
MDCK cells (41).
Cell culture medium. T-cell culture medium consisted of RPMI 1640 (CSL
Ltd.) supplemented with 10% (vol/vol) heat-inactivated fetal calf serum, 2 mM
L-glutamine, 2 mM sodium pyruvate, 30 g of gentamicin/ml, 100 g of streptomycin/ml, 100 IU of penicillin/ml, and 10⫺4 M 2-mercaptoethanol.
Cytotoxic T-cell assays. Secondary effector cells were generated either from
inguinal and popliteal lymph nodes of mice that had been immunized s.c. 7 days
previously with peptide immunogens emulsified in CFA or from spleen cells of
mice primed at least 28 days previously with the peptide immunogens. Briefly, 4
⫻ 107 lymph node cells or spleen cells, depleted of erythrocytes by treatment
with Tris-buffered ammonium chloride (0.15 M NH4Cl in 17 mM Tris-HCl at pH
7.2), were cultured with 107 irradiated (2,200 rads, 60Co source) virus-infected or
peptide-pulsed syngeneic spleen cells in 25-cm2 tissue culture flasks (Falcon)
containing 15 ml of T-cell culture medium. The virus-infected spleen cells had
been preincubated at 37°C for 30 min with 3,000 hemagglutinating units of either
infectious Mem 71 or PR8 virus in 1 ml of serum-free RPMI and washed once
prior to addition to the flask. The peptide-pulsed spleen cells had been preincubated at 37°C for 60 min with 100 g of the CTL peptide/ml and also washed
once prior to addition to the flask. After 5 days of culture at 37°C in a humidified
atmosphere containing 5% CO2, the cells were washed three times and used in
51
Cr-release assays. The 51Cr-release assays were performed in triplicate as
described previously (14) by using P815 mastocytoma cells (H-2d, DBA/2) as
targets.
ELISPOT assay for IFN-␥-secreting cells. CTL peptide-specific IFN-␥-secreting cells were enumerated by an ELISPOT assay modified from that of MuraliKrishna et al. (26). Flat-bottom polyvinyl chloride microtiter plates (96-well;
Dynatech) were coated overnight with 50 l of rat anti-(mouse IFN-␥) antibody
(clone R4-6A2) at 5 g/ml in PBS. Unoccupied sites on the wells were then
blocked by incubation for 1 h with 10 mg of bovine serum albumin/ml in PBS, and
the plates were washed three times with PBS containing 0.05% Tween 20
(PBST). Twofold dilutions of spleen or lymph node cells in T-cell medium were
then added to the wells, together with 5 ⫻ 105 irradiated (2,200 rads, 60Co
source) syngeneic spleen cells from unimmunized mice and 10 U of recombinant
human interleukin-2 (Pharmingen, San Diego, Calif.)/well. Cells were incubated
at 37°C in 5% CO2 for 18 h in the presence or absence of the CTL peptide at a
concentration of 1 g of peptide/ml. Cells were then lysed and removed by
rinsing the plates, initially with distilled water and then PBST. Then, 50 l of a
1/500 dilution of biotinylated anti-(mouse IFN-␥) antibody (clone XMG 1.2;
Pharmingen) was added, and the plates were incubated at room temperature for
2 h. Plates were again washed, and 50 l of streptavidin-alkaline phosphatase
(Pharmingen; 1/400 dilution in 5 mg of bovine serum albumin/ml of PBST) was
added to each well; the mixtures were then incubated for a further 2 h. The plates
were washed, and 100 l of ELISPOT substrate (37) containing 1 mg of BCIP
(5-bromo-4-chloro-3-indolylphosphate) per ml of 2-amino-2-methyl-1-propynol
buffer (Sigma) was added to each well. When blue-green spots had developed,
the plates were washed with water and dried, and the spots were counted with the
aid of an inverted microscope.
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When the relative efficiency of the response was compared,
it was seen that the nonlipidated CTL peptide induced a stronger response than when it was associated with one, two, or four
Pal groups (Fig. 2A). In contrast, in the case of immunogens
incorporating both CTL and TH determinants (Fig. 2B), the
presence of Pal was found to augment the level of virus-specific
cytotoxic activity induced; lipopeptides incorporating the CTL
and TH determinants, together with either two or four Pal
groups, induced a more potent cytotoxic response than those
containing no Pal group or one Pal group. The level of cytotoxic activity elicited by the two lipopeptides Pal2-CTL-TH and
Pal4-CTL-TH was comparable to that induced by the CTL
peptide.

Further, effector cells generated from lymphocytes of mice
primed with the TH peptide and restimulated in vitro with
virus-infected stimulators did not lyse virus-infected targets
(Fig. 2B). This result implies that there is no cytotoxic-T-cell
determinant recognized by BALB/c mice within the TH peptide. This experiment also provides a control to illustrate that
in vitro amplification of effector cells with virus-infected stimulators does not itself induce primary cytotoxic T cells in culture.
It should also be pointed out that no antibodies to influenza
virus or to the TH peptide itself were detected in sera taken
from mice primed with any of the constructs as assessed by
enzyme-linked immunosorbent assay (data not shown). This
indicates that, although the TH sequence was isolated from the
viral hemagglutinin and contains a potent TH determinant, it
does not contain a B-cell determinant.
Synthetic lipopeptide immunogens induce potent viral
clearing responses. Since immunization with the synthetic lipopeptides leads to the induction of strong cytotoxic T-cell
responses, it was of interest to determine whether the responses induced could aid in the clearance of a pulmonary
influenza virus infection. Initially, only immunogens eliciting
the strongest cytolytic responses were examined. Groups of five
BALB/c mice were immunized with either the CTL peptide or
the lipopeptides Pal2-CTL-TH or Pal4-CTL-TH emulsified in
CFA. During the primary effector phase of the response (7
days after priming) mice were challenged i.n. with a nonlethal
dose of Mem 71 virus, and 5 days later the lungs were removed
and assayed for the presence of infectious virus. Despite the
fact that the three immunogens could elicit T cells that exhibited similar lytic activity (Fig. 2), the lipopeptides elicited a
higher level of viral clearance than did the nonlipidated CTL
peptide (Fig. 3). The viral load in the lungs of lipopeptideprimed mice on day 5 after challenge was reduced from 104.8
PFU/ml by 99% (Pal2-CTL-TH) and by 98% (Pal4-CTL-TH).
Virus load in the lungs of CTL peptide-primed mice was also
significantly reduced but by only 89% relative to the CFA
control group.

FIG. 4. Recall of pulmonary viral clearing responses in mice inoculated with synthetic immunogens. Groups of five mice were immunized s.c.
with 9 nmol of the specified peptide immunogens emulsified in CFA. Mice receiving one dose of the immunogens (x1) were challenged 28 days
after priming; mice receiving two doses (x2) were primed on day 0, boosted in an identical manner on day 21, and then challenged i.n. with 104.5
PFU of Mem 71 influenza virus on day 42. Titers of infectious virus in lung homogenates sampled 5 days after challenge were determined by plaque
formation. Closed circles represent the lung virus titers of individual mice, and the bar represents the geometric mean titer of the group of mice.
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FIG. 3. Clearance of pulmonary viral infection by primary effector
responses induced by synthetic immunogens. Groups of five mice were
immunized s.c. with 9 nmol of the specified immunogens emulsified in
CFA. Seven days later mice were challenged i.n. with 104.5 PFU of
Mem 71 influenza virus and, 5 days postchallenge, mice were sacrificed, the lungs were removed, and lung homogenates were prepared.
Homogenates were assayed for infectious virus by plaque formation on
MDCK cell monolayers. Closed circles represent the lung virus titers
of individual mice, and the bar represents the geometric mean titer for
the group of mice.
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On the basis of these results a wider range of the synthetic
immunogens were evaluated for their ability to induce viral
clearing responses. In this experiment, mice were challenged at
a later time point to assess the ability of the response induced
by the immunogens to be recalled upon viral infection, a model
more relevant to a vaccine situation. Mice were inoculated with
either one or two doses of synthetic immunogen and challenged 3 to 4 weeks after the final dose. The results (Fig. 4)
show that Pal2-CTL-TH and Pal4-CTL-TH elicited the highest
level of viral clearance. After one dose of either immunogen,
the virus load in the lungs after challenge was reduced from
104.8 PFU/ml by 96% (Pal2-CTL-TH) and by 97% (Pal4-CTLTH). In the absence of Pal or with only a single Pal group the
reduction in lung virus titer was significantly less. Clearance
was therefore greatly augmented by the addition of two or four
Pal groups. The level of clearance, however, was very similar
after one or two doses of immunogen. The CTL peptide, despite eliciting significant levels of viral clearance when virus
challenge was performed during the effector phase of the response, was not able to induce a response that significantly
reduced the lung virus titers in mice challenged 1 month after
priming.

The ability to recall CD8 T-cell responses diminishes more
rapidly in CTL-peptide-primed than in lipopeptide-primed
mice. The ability of synthetic peptide immunogens to elicit a
viral clearing response does not appear to be directly related to
the magnitude of the lytic response measured during the effector phase. To investigate the relationship between viral
clearance and cytotoxicity further, the relative levels of lytic
activity of spleen cells taken from CTL peptide- and lipopeptide-primed mice just prior to viral challenge were compared
when the challenge was given at either 7 days or several
months after priming (Fig. 5). Unlike the primary effector
population, the lytic activity of the memory population, after
culture with Mem 71-infected stimulators in vitro, was greater
with effectors derived from lipopeptide-primed mice than with
those from CTL peptide-primed mice. However, it could be
argued that the apparently more active lytic response of the
effector population from lipopeptide-primed mice may have
actually been due to enhanced expansion of the CD8 T cells
during the in vitro culture phase by cytokines produced by
simultaneously activated CD4 T cells specific for the TH determinant. To ensure that this was not the case, responder cells
were restimulated in culture with PR8 virus (Fig. 5C) or the
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FIG. 5. Comparison of the lytic activity of cytotoxic T cells from CTL peptide-primed mice versus lipopeptide-primed mice at 7 days and at
several months postpriming. A 51Cr release assay was performed by using uninfected P815 targets (open symbols) or Mem 71 virus-infected P815
targets (closed symbols) and various numbers of effector cells. Lymph node effectors (A) or spleen cell effectors (B, C, and D) were generated from
mice that had been primed either 7 days (A) or at least 2 months previously (B, C, and D) with 9 nmol of CTL peptide (squares), Pal2-CTL-TH
(circles), or Pal4-CTL-TH (triangles) emulsified in CFA. Lymph node or spleen cells were then cultured for 5 days with either virus-infected or
peptide-pulsed autologous spleen cells, as indicated above each panel, and then tested in a 51Cr release assay.
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Fig. 7A, only Pal2-CTL-TH and Pal4-CTL-TH and not the
nonlipidated CTL peptide or the CTL-TH immunogen induced potent memory cytolytic responses. The number of CTL
determinant-specific CD8 T cells present in the spleens of mice
3 months after priming with the CTL peptide, CTL-TH, or
Pal2-CTL-TH constructs in CFA were also determined by the
IFN-␥ ELISPOT assay (Fig. 7B). Overall, these results confirmed that the lipid is a critical component for the induction of
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FIG. 6. Comparison of the number of CTL determinant-specific
IFN-␥-secreting cells in lipopeptide- and CTL peptide-primed mice.
ELISPOT assays were performed on cells from the inguinal and popliteal lymph nodes of mice primed 7 days previously (left panel) or
from the spleens of mice primed 28 days previously (right panel) with
the indicated immunogens, emulsified in CFA. The data represent the
number of ELISPOTs per total cells recovered, with backgrounds in
cultures lacking antigen subtracted. The results are expressed as the
mean value obtained from three individual mice, and the error bars
represent one standard deviation of the mean.

CTL peptide (Fig. 5D). In contrast to restimulation with Mem
71 virus, which expresses both CTL and TH determinants,
restimulation with the CTL peptide or with PR8 virus, which
only expresses the CTL determinant in common with the lipopeptides, would only expand the CD8 T-cell population. It was
shown that, irrespective of which antigen was used in the in
vitro restimulation phase, the lytic activity was always greater
in the lipopeptide-vaccinated mice than in CTL peptideprimed mice. This result indicates that the drop in effectiveness
of the viral clearing responses induced by the CTL peptide
between one week and several months does follow a reduction
in the lytic responses measured in vitro by Cr release. This
decay in effective immunity is very much less pronounced when
the response is induced by lipopeptide immunization.
These results were supported by an IFN-␥ ELISPOT assay
used to enumerate CTL determinant-specific CD8 T cells induced by the different immunogens in the effector and memory
phases of the response. Figure 6 shows that at 7 days after
priming the number of specific CD8 T cells detected in the
draining lymph nodes of CTL peptide- and lipopeptide-primed
mice was similar, whereas at 28 days after priming there were
significantly fewer of these cells detected in the spleens of CTL
peptide-primed mice than of lipopeptide-primed mice. Clearly,
Pal2- and Pal4-CTL-TH elicit a numerically greater and more
effective memory CD8 T-cell population than does the CTL
peptide alone.
Lipid is a critical component for the induction of long-term
memory CTL by lipopeptides. To determine which components of the Pal2- and Pal4-CTL-TH immunogens are responsible for the induction of long-term memory responses, virusspecific cytotoxic activity was measured by using the standard
Cr release assay 15 months after priming. As can be seen in

FIG. 7. Lipopeptides elicit potent CD8 T-cell memory responses.
(A) Cytolytic effector cells were generated in vitro from spleen cells of
mice that had been primed 15 months previously with 9 nmol of the
indicated constructs emulsified in CFA. The cells were cultured for 5
days with Mem 71 virus-infected autologous spleen cells and then
tested in the 51Cr release assay. For each immunogen, the background
lysis measured on uninfected P815 targets was ⬍15% at an effector/
target ratio of 100:1. (B) CTL determinant-specific IFN-␥-secreting
cells were enumerated in the spleens of mice inoculated 3 months
previously with 9 nmol of the indicated immunogens emulsified in
CFA. The data are presented as the number of ELISPOTS per 106
spleen cells, with backgrounds in cultures lacking antigen subtracted.
The results are expressed as the mean value obtained from three
individual mice, and the error bars represent one standard deviation of
the mean.
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long-term memory cytotoxic-T-cell responses because the addition of the TH peptide to the CTL peptide in the absence of
lipid did not confer this property.
The level of viral clearance seen in Pal2-CTL-TH-immunized mice is not affected by the depletion of CD4 T cells prior
to viral challenge. The role of the TH determinant in establishment of viral clearing responses was investigated by examining the effect of depleting CD4 T cells in the mouse after
lipopeptide inoculation but prior to viral challenge. CD4 T-cell
depletion was accomplished by using anti-CD4 monoclonal
antibody GK1.5. Flow cytometric analysis showed that 6 days
after mice were treated with 400 g of GK1.5 IgG they had no
detectable CD4 T cells in the periphery, whereas the levels of
CD4 T cells in control mice treated with the same amount of
normal rat IgG were unaffected (data not shown). Two groups
of eight mice were inoculated s.c. with either the Pal2-CTL-TH
immunogen emulsified in CFA or with adjuvant alone. After
28 days, four mice from each group were depleted of CD4 T
cells by treatment with MAb GK1.5, and the other four mice
received normal rat IgG. Successful depletion of CD4 T cells
was verified by flow cytometric analysis of blood samples and
all mice were subsequently challenged with Mem 71 virus on
day 8 posttreatment. At 5 days after challenge, mice were
sacrificed, their lungs were removed, and homogenates were
assayed for infectious virus. Figure 8 shows that the level of
viral clearance was not affected by the depletion of CD4 T cells
prior to challenge, indicating that the helper cell population
initially primed with the synthetic immunogen does not need to
be recalled at the time of viral challenge for optimal viral
clearance.

Exogenous adjuvant is not required for the generation of
enhanced viral clearing responses by Pal2-CTL-TH. The data
generated in all of the above experiments were obtained with
peptide immunogens emulsified in CFA so that comparisons
could be made with nonlipidated peptide immunogens which
are known to elicit only weak, if any, responses in the absence
of adjuvant. To determine the requirement for adjuvant in the
generation of cytolytic and viral clearing responses by these
synthetic lipopeptide immunogens, mice were primed with 9
nmol of the CTL peptide, CTL-TH, Pal2-CTL, or Pal2CTL-TH in PBS. Splenic effector cells were generated from
these mice 28 days postpriming by culture with Mem 71 virusinfected autologous spleen cells and then tested in a 51Cr
release assay for their ability to lyse virus-infected targets. In
addition, similarly vaccinated mice were challenged on day 28
postpriming to assess the viral clearing responses.
As shown in Fig. 9A, the CTL peptide in the absence of
adjuvant elicited only a weak virus-specific lytic response, and
this was not enhanced by the addition of two Pal groups.
However, in the absence of any other source of stimulus for
CD4 T cells (such as the mycobacterial antigen present in
CFA), the addition of the TH peptide to the CTL peptide was
found to slightly augment the level of virus-specific lytic activity
induced. The Pal2-CTL-TH immunogen elicited the strongest
lytic response and the same hierarchy was observed when the
viral clearing responses were compared (Fig. 9B). Relative to
the PBS control group, mice primed with Pal2-CTL-TH reduced the load of virus on day 5 after challenge by 98%. This
was significantly greater than the level of reduction afforded by
mice primed with CTL-TH (87%), Pal2-CTL (53%), or CTL
peptide (37%).
DISCUSSION
The data presented here represent the first demonstration of
cytotoxic T-cell-mediated immunity induced by a synthetic lipopeptide immunogen that is capable of enhanced clearance
of pulmonary influenza virus following challenge with infectious virus. In addition, it represents one of the few reports
describing protective responses induced by a T-cell-determinant-based vaccine of any type for a viral disease.
Many previous studies have shown that lipid groups can
confer self-adjuvanting properties on peptide immunogens (5,
9, 10, 16, 23, 28), and we confirm this in the experiment shown
in Fig. 9, wherein Pal2-CTL-TH, unlike CTL-TH, elicited a
significant response when delivered in the absence of external
adjuvant. In the present study, however, we wanted to compare
additional properties of these lipidated and nonlipidated immunogens beyond that of self-adjuvanticity. Delivery of the
immunogens in CFA allowed the relative quality of the responses induced to be examined in a situation in which a
source of stimulus for helper T-cell induction (from the mycobacterial antigen in the adjuvant) was not limiting and the
nonlipidated peptides could induce immunity.
When delivered under these circumstances, the most effective lipopeptide immunogens incorporated a minimal determinant for CD8 T cells and CD4 T cells and two or four Pal
groups as the source of lipid. Despite the considerable complexity of these immunogens, the CTL determinant and the
TH determinant could be presented appropriately in vivo to
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FIG. 8. CD4 T-cell depletion of mice after lipopeptide immunization but prior to viral challenge. Two groups of eight BALB/c mice
were immunized s.c. with either Pal2-CTL-TH emulsified in CFA or
adjuvant alone. At 28 days postpriming, four mice from each group
were depleted of CD4 T cells by treatment with 400 g of MAb GK1.5
and the other four mice received 400 g of normal rat IgG. Successful
depletion of CD4 T cells was verified by flow cytometric analysis, and
all mice were subsequently challenged with Mem 71 virus 8 days after
treatment. Five days later, the mice were sacrificed, and the lung viral
titers were determined by plaque assay. Closed circles represent the
lung virus titers of individual mice, and the bar represents the geometric mean titer of the group of mice.
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generate cytotoxic T-cell (Fig. 2) and proliferative T-cell (not
shown) responses, respectively, to virus. There were, however,
some differences in the magnitude of the primary effector lytic
response measured at 7 days postimmunization. The addition
of Pal groups to the CTL peptide decreased its ability to elicit
a lytic response, which may correlate with the corresponding
decrease in solubility of the immunogen. Linking the TH determinant to the CTL determinant also led to a reduction in
the lytic response, probably by introducing the requirement for
processing before binding to class I molecules (43). Immunogens based on the CTL-TH peptides remained relatively soluble on addition of Pal groups and in this instance attachment

of lipid increased the ability to elicit lytic responses. The
CTL-TH constructs containing either two or four Pal groups
induced a more potent lytic response than those with one or no
Pal groups. Overall, the level of cytolytic activity elicited by the
two lipopeptides, Pal2-CTL-TH and Pal4-CTL-TH, was comparable to that induced by the CTL peptide alone when each
was given in CFA.
However, despite the ability of the CTL peptide and the
Pal2- or Pal4-CTL-TH immunogens to elicit similar levels of
lytic activity, their ability to induce a viral clearing response in
the primary effector phase was different. Mice inoculated with
either Pal2- or Pal4-CTL-TH emulsified in CFA and challenged 7 days after priming were able to reduce pulmonary
virus titers on day 5 postchallenge by 99 and 98%, respectively.
In contrast, in mice inoculated with the CTL peptide in CFA,
ca. 10-fold more infectious virus remained in the lungs on day
5 postchallenge. These results show that the ability to induce a
lytic response by in vivo immunization with synthetic peptides
may in itself be insufficient to provide substantial viral clearance. Indeed, there have been several reports describing the
effective generation of pulmonary influenza virus-specific cytotoxic T cells by inoculation of either short synthetic peptides
(13, 32) or after vaccination with vaccinia virus recombinants
expressing NP or peptides of NP (2, 3, 20), which fail to display
substantial antiviral activity against influenza virus infection.
The difference between the lipidated and nonlipidated immunogens was even more marked when immunized animals
were examined at later time points for their ability to recall
cytolytic or viral clearing responses. Despite being similar in
the primary effector phase, lytic responses recalled after at
least 1 month were far greater in Pal2- or Pal4-CTL-THprimed mice than in mice primed with CTL or CTL-TH peptides, indicating that CD8 memory T-cell responses diminished
more rapidly in nonlipidated peptide-primed than in lipopeptide-primed mice. By 15 months the recalled lytic response in
mice primed with the lipopeptides was still vigorous, while that
in mice given nonlipidated immunogens was only slightly
greater than that of the adjuvant control group. Further, the
relative decline in lytic responses was mirrored by a numerical
decline in specific IFN-␥-secreting CD8 T cells, indicating that
the superior responses induced by the lipopeptides may be
attributable to a quantitatively greater rather than qualitatively
superior memory population. The long-lasting CD8 T-cell response may account for the observed superiority of the lipopeptides in inducing pulmonary protection upon challenge in
the memory phase of the response.
Our data comparing lipidated and nonlipidated CTL-TH,
as well as varying the number of lipid groups, indicated that
the lipid moiety was crucial to obtaining effective responses,
but the importance of inducing a CD4 T-cell response was
less clear. As noted above, interpretation of any direct comparisons between responses induced by Pal2-CTL-TH and
Pal2-CTL may not be valid because of solubility differences
between these two immunogens, but in the several instances
for which we have tested the Pal2-CTL peptide (not shown
except in Fig. 2 and 9) its activity did not approach that of
the equivalent immunogen containing the helper determinant. Potentially, induction of CD4 T cells may impact in
determining the magnitude of the primary CD8 effector
T-cell response and in the establishment or maintenance of
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FIG. 9. Cytotoxic T-cell activity and viral clearance elicited by immunogens administered in the absence of adjuvant. (A) Spleen effectors were generated from mice that had been primed s.c. 28 days
previously with 9 nmol of the indicated immunogens in PBS. Spleen
cells were cultured for 5 days with Mem 71 virus-infected spleen cells
and then tested in the 51Cr release assay. For all immunogens, background lysis measured on uninfected P815 targets was ⬍15% at an
effector/target ratio of 100:1. (B) Groups of five mice were immunized
s.c. with 9 nmol of the peptide constructs in PBS and then challenged
i.n. 29 days later with Mem 71 virus. At 5 days after challenge, mice
were sacrificed and the lung viral titers determined. Closed circles
represent the lung virus titers of individual mice, and the bar represents the geometric mean titer of the group of mice.
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the memory CD8 T-cell response, and there are several
reports that provide data supporting this view (11, 21, 28, 33,
34, 39, 46, 47). Alternatively, the CD4 T cells may act as
effectors to augment cytotoxic T-cell clearance of the virus
or they may be involved in the rapid expansion of recalled
cytotoxic T-cell effectors in the challenge phase of the response. To distinguish whether CD4 T cells are necessary in
the induction or maintenance phase or in the recall effector
phase, these cells were depleted from Pal2-CTL-TH-primed
mice shortly prior to viral challenge. The observation that
the level of clearance of pulmonary influenza virus in CD4
T-cell-depleted and intact mice was no different suggested
that, once an effective memory CD8 response had been
established, the presence of memory helper T cells did not
act to augment viral clearance after challenge, either as
direct antiviral effectors or for enhancing the recalled cytotoxic T-cell response. This is not to say that these lipopeptide-induced memory CD4 T cells did not allow a greater
and more rapid expansion of the memory CD8 T cells upon
exposure to virus (31) but that in terms of viral clearance
there was no functional benefit due to additional T-cell help
at this stage.
The mechanism by which lipopeptides can induce potent,
long-lasting, and self-adjuvanting responses is still unclear.
An early hypothesis was that the lipid allowed the peptide to
translocate across the plasma membrane into the cytoplasm
(48), thereby efficiently gaining access to the class I processing pathway. More recently, Andrieu et al. (4), using fluorescently labeled lipopeptides, demonstrated that these peptides enter dendritic cells (DC) by endocytosis, but the
means of endosome escape is not understood. The lipopeptides require processing before they are presented to the
immune system and cannot bind directly to class I or class II
molecules (43), and advantages in the affinity and stability of
the processed lipopeptide-class I complexes compared to
complexes with nonlipidated peptides have been proposed
(22). Our own hypothesis is that the lipopeptides can induce
the triggering and maturation of DC and that the priming of
T cells by DC matured in this manner is necessary for their
continued longevity as memory cells. We already have preliminary data to support the notion that Pal2- and Pal4CTL-TH, but not CTL-TH or CTL peptides, can trigger
maturation of immature murine DC. This hypothesis would
be in line with the recent finding that T cells induced by
peptide immunization are relatively short-lived but, when
administered with bacterial lipopolysaccharide, a known DC
maturation stimulus, the persistence of antigen-specific T
cells was dramatically enhanced (30).
For many viral diseases, effective resolution of infection
depends on the presence of specific cytotoxic T cells. To
date, methods for reliably generating long-lived antiviral
CD8 T-cell responses by vaccination, in a manner compatible with delivery to humans, are limited. The present study,
which sought to explore the relationship between cytotoxic
T-cell induction and viral clearing responses, has highlighted the potential of lipopeptide immunogens for this
purpose and elucidated some of the essential features for
their success as potent inducers of immunity for the control
of viral infection.
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