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Induction of measles virus-specific cytotoxic T-cell responses after

intranasal immunization with synthetic peptides

C. D. PARTIDOS, P. VOHRA & M. W. STEWARD Molecular Immunology Unit, Department of Clinical Sciences,

London School of Hygiene and Tropical Medicine, Keppel Street, London, UK

SUMMARY

We have investigated the structural requirements for the induction of cytotoxic T-cell responses
(CTL) in vivo after intranasal immunization with an immunodominant CTL epitope from the
nucleoprotein of measles virus (MV). For the induction of CTL responses, covalent linkage of the
CTL epitope to a helper T-cell epitope was required and the orientation of the epitopes influenced
the immunogenicity of the CTL epitope. The presence of two copies as compared with one copy of
a T-helper epitope, rendered the CTL epitope more immunogenic and resulted in the in vivo
induction of MV-specific CTLs without the need for an adjuvant. The role of CTL responses to
this epitope in protection after intranasal administration was evaluated in a mouse model against
challenge with a neuroadapted strain of MV. Although a decreased mortality in the peptide
immunized compared with that in unimmunized mice was observed, the protection achieved was
not significant. These findings highlight the importance of the rational design of synthetic
immunogens for the induction of CTL responses and the potential of the intranasal route for

immunization.

INTRODUCTION

Measles virus (MV), a member of the Morbillivirus genus of the
Paramyxoviridae family causes an acute infection in early
childhood and despite the existence of an effective vaccine, the
virus still remains a major cause of infant morbidity and
mortality in developing countries. This may be attributed to:
(1) the inability to immunize efficiently before the age of 9
months in the presence of maternal antibodies that block the
replication of vaccine virus in vivo, and (2) the necessity for an
effective cold chain for storing the vaccine. There is an urgent
need for the development of new stable vaccines that can be
effective even in the presence of maternal antibodies. The use of
synthetic peptides as candidate vaccines has given promising
results in an animal model of MV infection' and recent studies
have highlighted the potential of peptides for immunization in
humans.? Compared with conventional vaccines, peptide
vaccines have the advantage of being inexpensive, easy to
manufacture, and stable. Although antibodies have been shown
to confer long-lasting immunity to MV, patients with depressed
T-cell responses suffer from severe complications.® Thus, for a
future measles synthetic peptide vaccine, epitopes stimulating
antibody production (B-cell epitopes) and epitopes stimulating
cellular immunity (T-helper and cytotoxic T-cell epitopes) will

Received 4 September 1995; revised 30 September 1995; accepted
4 October 1995.

Correspondence: Dr C. D. Partidos, Molecular Immunology,
Department of Clinical Sciences, London School of Hygiene and
Tropical Medicine, Keppel Street, London WCIE 7HT, UK.

© 1996 Blackwell Science Ltd

be required. The importance of cytotoxic T-lymphocytes
(CTLs) in controlling MV infection is still unclear. However,
several studies have suggested the role of CD8* T cells in
recovery from measles infection*> and the possibility exists that
they may function as memory cells in maintaining lifelong
immunity against measles.® Such CTLs kill virally infected cells
when their T-cell receptor recognizes viral peptides associated
with major histocompatibility complex (MHC) class I glyco-
proteins.” For the experimental induction of CTL responses,
replicating vectors have generally been used but it is likely that
their use in humans will be problematic and thus synthetic
peptide vaccines may be more appropriate for use in man. Since
MYV initiates infection in the upper respiratory tract, the
intranasal route may be most appropriate for immunization.
This route offers the advantage that it has the potential to
stimulate both mucosal and systemic immunity, is simple, safe,
and can be used for immunization of large population groups.
Studies in animals and in humans have shown protection
against a variety of viral and bacterial pathogens following
intranasal immunization. In particular, intranasal immuniza-
tion with live influenza vaccines has ben tested successfully in
children as well as in adults,®° and infants with and without
maternal antibody have been successfully immunized intra-
nasally with an aerosolized measles vaccine.'”

In the present study the potential of the intranasal route for
immunization was tested using a synthetic peptide representing
a CTL epitope from MV nucleoprotein (NP). The structural
and adjuvant requirements for the induction of CTL responses
were examined and the protective efficacy of the CTL epitope
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was evaluated in a mouse model after intracerebral challenge
with a neuroadapted strain of MV.

MATERIALS AND METHODS

Selection of peptides

Residues 288-302 of the fusion (F) protein of MV represent a
promiscuous T-helper (Th) epitope in mice'" that provides help
for antibody production to B-cell epitopes for the same protein
or from other proteins.'? Residues 51-59 and 81-88 of the NP
of MV represent CTL epitopes identified after immunization of
CBA mice with vaccinia virus expressing MV NP.'?

Peptide synthesis

Peptides representing residues 51-59, 81-88 and 288-302 were
synthesized by solid phase synthesis using Fmoc-chemistry. In
addition, chimeric peptides were produced in which the CTL
epitope 51-59 was co-linearly synthesized at either the amino
or carboxyl-terminus of one or two copies of the T-helper
epitope (Table 1). Fmoc-protected amino acids were converted
to the hydroxybenzotriazole-activated esters by treatment with
hydroxybenzotriazole and N,N'-diisopropylcarbodiimide in
dimethylformamide (DMF). The subsequent coupling reac-
tions were performed in DMF and the Fmoc groups were
removed with 20% piperidine in DMF followed by a series of
washes in DMF. After synthesis, side-chain-protecting groups
were removed and the peptide was cleaved in trifluoroacetic
acid in the presence of scavengers. After cleavage, peptides were
precipitated by diethylether, and their purity was assessed by
analytical high-performance liquid chromatography (HPLC)
and mass spectroscopy.

Mice
CBA (H-2¥) mice were 6-8-weeks old at the start of the
experiments and were kept in the Biological Services Unit at the
London School of Hygiene and Tropical Medicine (London,
UK). Three-week-old CBA mice were used for the protection
study.

Virus
The rodent neuroadapted strain of MV (CAM/RBH strain;

kindly provided by Dr U. Liebert, Institute fur Virologie und
Immunbiologie, Wurzburg, Germany) was used. Stocks of
virus were prepared by passage in suckling-mouse brains.
Mouse brain homogenates (25%) from infected suckling mice
were used as a source of virus and were stored at —70°.

Immunization and virus challenge

Groups of three CBA mice were immunized intranasally with
50 ug/dose of the peptides in 30 ul phosphate-buffered saline
(PBS) on three consecutive days with or without cholera toxin-
B subunit (CTB) as an adjuvant (10 ug/dose, Sigma, Dorset,
UK). After 3 weeks, the mice received a booster intranasal
administration of the peptides (50 ug/dose) with or without
CTB (10 ug/dose). In experiments where the adjuvant effect of
CTB was tested, a recombinant preparation of CTB was used
(kind gift from Professor J. Holmgren, Dept of Medical
Microbiology and Immunology, University of Goteborg,
Sweden). Two weeks later mice were killed and spleens were
removed. In the virus-protection study, mice (10 per group)
were immunized intranasally with 50 ug/dose of chimeric
peptide TT-NP6 with 10 ug/dose CTB. Control mice received
PBS. Mice were initially immunized three times on consecutive
days and 2 weeks later were boosted with 50 ug/dose of
chimeric peptide with 10pug/dose CTB and challenged as
described previously! by intracerebral injection of a neuro-
adapted strain of MV [10* plaque-forming units (PFU) in 25 ul
volume]. The health and survival of the mice was monitored for
a period of 30 days post-challenge.

Cell lines and culture media

The C1300 neuroblastoma, clone NS20Y of the A/J mouse
strain (H-2%) and the clone of NS20Y persistently infected with
MV, termed NS20Y/MS'* were kind gifts from Professor B. R.
Zisman (Dept of Microbiology and Immunology, Ben Gurion,
University of the Negev, Israel). The persistently infected cell
line NS20Y/MS expresses augmented levels of both H-2K* and
H-2D? MHC class I glycoproteins.'> 1.929 is a fibroblast cell
line of the H-2% haplotype. All cell lines were maintained in
RPMI-1640 medium supplemented with 10% heat-inactivated
foetal calf serum (FCS) (Gibco, Paisley, UK) 2 mm L-glutamine,
and antibiotics (10 U/ml penicillin, 10 ug/ml streptomycin). For

Table 1. Notation and sequences of peptides used in this study

Free peptides Sequences
Th epitope (T)
F: (288-302) LSEIKGVIVHRLEGV
CTL epitope (NP6)
N: (52-59) LDRLVRLIG
CTL epitope (NP9)
N: (81-88) VESPGQLI
Chimeric peptides Sequences
T-NP6 LSEIKGVIVHRLEGVLDRLVRLIG
TT-NP6 LSEIKGVIVHRLEGVLSEIKGVIVHRLEGVLDRLVRLIG
NP6-T LDRLVRLIGLSEIKGVIVHRLEGV
NP6-TT LDRLVRLIGLSEIKGVIVHRLEGVLSEIKGVIVHRLEGV
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CTL preparations, complete medium was used containing
RPMI-1640 supplemented with 10% heat-inactivated FCS,
2mMm L-glutamine, 10mm HEPES, 50 umM 2-mercaptoethanol
and antibiotics (10 U/ml penicillin, 10 ug/ml streptomycin).

In vitro expansion of CTLs

Spleens were removed, teased with single-cell suspensions and
cultured for 7 days in vitro with 5pug of NP6 peptide/ml of
medium. On day 3, 10% (v./v.) rat Con A supernatant was
added as a source of IL-2 to the cultures. Con A supernatants
were generated by culturing 5 x 10 spleen cells/ml for two days
with 5 ug/ml Con A in DMEM medium supplemented with 5%
FCS, 2mmMm L-glutamine, and antibiotics (10 U/ml penicillin,
10 ug/ml streptomycin).

Cytotoxicity assay

107 target cells in 1 ml of medium were labelled with 200 uCi of
sodium [*'Cr] chromate (Amersham, Aylesbury, UK) for 60 min
at 37°, after which the cells were washed three times with medium.
108 cells were resuspended in 100 ul of medium and incubated
for a further 1 hr with 10 um of NP6 or NP9 peptide. 10* target
cells loaded with peptide in 100 ul were added to varying
numbers of effector cells in 100 ul volumes, which had been
washed twice prior to the assay, in 96-well flat-bottomed plates
(Nunc; Life Technologies, Paisley, UK) and incubated for 5 hr
at 37°,in a 5% CO, atmosphere. 100 ul supernatant was collected
and the percentage of specific >'Cr release was calculated by the
following formula:

experimental — spontaneous
maximum — spontaneous

% specific release =

Spontaneous release was between 10-20%. Maximum release
was determined by lysis of targets by detergent (5% Triton
X-100, Sigma). All assays were performed in triplicate. The
standard deviation (SD) of triplicate wells was consistently less
than 10% of the mean.

RESULTS

Requirement for covalent linkage between Th and CTL
epitopes for the in vivo induction of CTLs

Effector cells from mice immunized with NP6 peptide alone or
mixed with the Th epitope exhibited only marginal CTL
activity (Figs 1a and b). On the other hand, effector cells from
mice immunized with chimeric peptides T-NP6 and NP6-T
were able to kill L929 (Figs 1c and d) and NS20Y (Figs 2a and
b) targets pulsed with the NP6 peptide but not with the
unrelated NP9 peptide or non-pulsed cells. Furthermore, these
effector cells could also lyse NS20Y/MS target cells persistently
infected with MV (Figs 2a and b respectively).

Potentiation of the immunogenicity of NP6 CTL epitope

Given that T-cell help was required for the in vivo induction of
CTL responses, we tested whether peptides comprised of two
copies of the Th epitope covalently linked to either the amino or
carboxyl terminus of the CTL epitope would prime mice more
effectively for a CTL response than peptides containing one
copy of the Th epitope. Mice were immunized intranasally with
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Figure 1. Induction of NP6-specific CTL responses after intranasal
immunization of CBA mice with NP6 (a), mixture of NP6 and T (b),
T-NP6 (c) and NP6-T (d) peptides coadministered with CTB. After in
vitro restimulation of splenocytes with NP6 peptide, effector cells were
co-cultured with 1929 target cells pulsed with the NP6 peptide (A), NP9
unrelated peptide (W) and non-pulsed targets (V) at the indicated E: T
ratios.

the TT-NP6 or NP6-TT chimeric peptides using CTB as an
adjuvant. Following in vitro restimulation with NP6 peptide
and IL-2, immune spleen cells were tested for cytolytic activity.
As shown in Fig. 3(a), effector cells from mice immunized with
the TT-NP6 peptide more efficiently lysed 1.929 target cells
pulsed with NP6 peptide than cells from mice immunized with
the NP6-TT chimeric peptide (Fig. 3b). No lysis was observed
in non-pulsed target cells. When the responses of effector cells
from mice immunized with T-NP6 and TT-NP6 were com-
pared, TT-NP6 effector cells were shown to lyse L929 target
cells pulsed with NP6 peptide more efficiently even at 3: 1 E: T
ratio (Table 2). Similarly, NS20Y cells pulsed with the NP6
peptide or persistently infected by the MV (NS20/MS cells)
were more efficiently lysed by the TT-NP6 immune effector cells
than by T-NP6 immune effector cells (Table 2). Neither T-NP6
nor TT-NP6 could prime in vivo for primary CTL responses
(data not shown).
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Figure 2. CTL induced after intranasal immunization of CBA mice with
T-NP6 (a) or NP6-T (b) chimeric peptides coadministered with CTB.
After in vitro restimulation of splenocytes with NP6 peptide, effector
cells were co-cultured with NS20Y target cells pulsed with the NP6
peptide (A), NP9 unrelated peptide (), non-pulsed targets (V), or
persistently infected with MV NS20Y/MS cells () at the indicated E: T
ratios.
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Table 2. Effect of the number of copies of T-helper epitopes on the immunogenicity of NP6 peptide.

CBA mice were immunized intranasally with T-NP6 or TT-NP6 chimeric peptides using CTB as an

adjuvant. After in vitro restimulation of splenocytes with NP6 peptide, effector cells were co-

cultured with L929 or NS20Y target cells pulsed with the NP6 peptide or persistently infected with

MYV NS20Y/MS cells at the indicated E : T ratios. Background lysis using unpulsed L929 or NS20Y

cells was less than 12% (data not shown). Data are presented as the percentage net specific lysis by
subtracting the background lysis

% net specific lysis

E:T ratio L929 + NP6 NS20Y + NP6 NS20Y/MS
T-NP6 TT-NP6 T-NP6 TT-NP6 T-NP6 TT-NP6

100: 1 54-2 92 64-12 74-17 18-72 42-64
50:1 35-46 8975 44-48 102-8 16-33 47-57
25:1 2373 92-73 2921 97-4 18:50 41-98
12:1 16-48 87-04 15-54 84-21 8:86 3812
6:1 10-33 67-86 512 64-75 0 3633
3:1 4-17 51-79 2:76 40-43 0 16:18

Adjuvant effect of CTB after intranasal vaccination

It has been suggested that the adjuvant effect of CTB might be
due to the presence of trace amounts of holotoxin.'® To test
this possibility groups of mice were immunized intranasally
with TT-NP6 peptide with either commercial CTB, recom-
binant CTB or in saline. As shown in Fig. 4, splenocytes from
all three groups of mice can effectively lyse 1L929 target cells
pulsed with NP6 peptide. However, the CTL responses
observed in the group of mice in which commercial CTB
was used as an adjuvant were much higher even at 3:1 E: T
ratio than in groups of mice in which recombinant CTB was
used as an adjuvant or peptide was administered in saline. In
the group of mice in which recombinant CTB was used, the
observed responses were almost equivalent to those of the
group immunized with saline. Splenocytes from mice immun-
ized with TT-NP6 peptide in saline could also lyse effectively
NS20Y target cells pulsed with NP6 peptide or persistently
infected with MV NS20Y/MS targets (Fig. 5) but not
non-pulsed cells or targets pulsed with the Th epitope 288—
302. No such response was detected in mice immunized with
T-NP6 peptide in saline (data not shown).

Evaluation of the protective efficacy of intranasally
administered TT-NP6 chimeric peptide

The protective efficacy of the immune response to the TT-NP6
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Figure 3. CTL activity after intranasally priming CBA mice with:
(a) TT-NP6, or (b) NP6-TT chimeric peptides with CTB. After in vitro
restimulation of splenocytes with NP6 peptide, effector cells were
co-cultured with L929 target cells pulsed with the NP6 peptide (A) or
non-pulsed targets (H), at the indicated E: T ratios.

peptide induced following intranasal immunization with CTB
as an adjuvant, was tested in CBA mice. Peptide-immunized
mice mounted a good CTL response 2 weeks after priming
(data not shown). Following intracranial challenge with
neuroadapted MYV, the peptide-immunized group survived
longer than mice in the control group (Fig. 6). By day 30,
37-5% of peptide-immunized mice had survived whereas all
mice in the control group were dead. However, this difference
was not statistically significant using the Fisher—Irwin exact
test.

DISCUSSION

As the nasal mucosa is the first site of contact with inhaled
antigens, the development of novel strategies to allow mucosal
immunization by well-defined antigens via the nasal mucosa
will be of particular importance for the development of new
vaccines. Several approaches for immunization via the mucosal
route have been employed. These include the use of mucosal
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Figure 4. CTL activity induced after intranasally priming CBA mice
with TT-NP6 chimeric peptide with commercial CTB (&) (background
lysis ranged from 20-47%—0-9% at 100:1 and 3:1 E: T ratio respec-
tively), recombinant CTB (V) (background lysis ranged from 12%-—
2:1% at 100:1 and 3:1 E: T ratio), or in saline () (background lysis
ranged from 10-81%-0-15% at 100: 1 and 3: 1 E: T ratio respectively).
After in vitro restimulation of splenocytes with NP6 peptide, effector
cells were co-cultured with 1929 target cells pulsed with the NP6
peptide at the indicated E:T ratios. Data are presented as the
percentage net specific lysis by subtracting the background lysis.
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Figure 5. Priming with TT-NP6 in saline generates CTL in CBA mice.
CBA mice were immunized intranasally with TT-NP6 chimeric peptide
in saline. After in vitro restimulation of splenocytes with NP6 peptide,
effector cells were co-cultured with NS20Y target cells pulsed with NP6
peptide (A), unrelated NP9 peptide (288—302) (M), non-pulsed targets
(V) or persistently infected with MV, NS20Y/MS cells (®) at the
indicated E: T ratios.

adjuvants,'” the linkage of antigens to mucosal immunogens,'®

the use of attenuated pathogens expressing recombinant
proteins'® and the use of different delivery systems.?’ The
results presented here show that the intranasal administration
of a synthetic peptide immunogen can induce systemic MV-
specific CTL responses. Moreover, for the successful induction
of these responses the linkage of the CTL epitope to a T-helper
epitope in the appropriate orientation was required.

There is a growing body of evidence showing the successful
generation of CTL responses after systemic immunization with
small synthetic peptides.?'?> However, little is known about the
generation of CTL responses after intranasal administration of
synthetic peptides. Although there is considerable evidence to
suggest that T-helper activity is needed,?>** its necessity for the
in vivo induction of CTL responses has been questioned.?* The
results presented here support the view that T-cell help is
necessary. Unlike the situation of B-Th cell collaboration
where extensive knowledge has been accumulated®® there is
little known about Th-CTL interaction. Based on the MHC
restriction requirements for T-helper cells and CTLs, a three-
cell cluster between Th, CTL and antigen-presenting cells
(APCs) has been proposed in which the same APCs may
present both the CTL and the T-helper epitopes through class I
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Figure 6. Survival of CBA mice immunized intranasally with PBS (M) or
with TT-NP6 chimeric peptide with CTB (A) and challenged 2 weeks
later with a neuroadapted strain of MV,
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and class II respectively.?”?® Activation of CD4™* cells results in
the secretion of cytokines such as IL-2 and interferon-y (IFN-y)
which are essential for the generation of cell-mediated
cytotoxicity?*>® and could result in upregulation of adhesion
molecules to allow direct Th:CTL contact. Such adhesion
molecules could also act as modulators of T-cell receptor
(TCR)-triggered signalling or they could induce additional
signals.?” However, the possibility exists that the amphipathic
character of the Th epitope in the chimeric construct may
facilitate cytosolic delivery and class I presentation. The
essential requirement for Th and CTL epitope linkage for the
in vivo induction of CTL responses is further highlighted by the
observation that the linkage of two copies of the Th epitope to a
CTL epitope can render it more immunogenic given that the
orientation of epitopes is the appropriate one. This is illustrated
by the strong CTL responses observed after immunization with
TT-NP6 peptide as compared with the responses induced by the
T-NP6 peptide (Table 2). Moreover, TT-NP6 peptide could
induce peptide-specific and MV-specific CTL responses in
saline. The presence of two helper epitopes likely to increase the
binding affinity of the Th epitope to class II molecules®' thus
rendering the chimeric construct of the Th CTL epitopes more
immunogenic. A similar effect has been demonstrated with a
peptide in which two copies of a Th epitope in a Th:B-cell
construct resulted in the induction of antibodies of significantly
higher titre and affinity for the B-cell epitope as compared with
a peptide containing one copy of the Th epitope.*?

In many situations it may be necessary to increase the
immunogenicity of vaccine antigens by the use of an appro-
priate adjuvant. One such adjuvant is CTB which, when co-
administered intranasally with a vaccine antigen, enhanced
antibody responses.'” In the present study, CTB was found to
increase the ability of chimeric peptide TT-NP6 to induce CTL
responses as compared with the responses observed when the
peptide was given in saline. It has been suggested that the
adjuvant effect of CTB might be due to the presence of
contaminating holotoxin'® and the data presented here are
consistent with this view in that CTL activity following the use
of commercial CTB was significantly higher than that observed
with recombinant CTB. In these experiments administration of
the TT-NP6 peptide intranasally in saline also stimulated good
CTL activity, indicating the immunogenicity of this chimera in
the absence of a mucosal adjuvant.

The results presented in this report also extend the obser-
vations that CTB can potentiate presentation of soluble antigens
to class I-processing pathway after oral or intravenous priming>>
to small molecules such as synthetic peptides administered
intranasally. The exact mechanism for the adjuvant effects of
CTB are unknown but it may enhance the trasepithelial influx
of the vaccine into the nasal mucosa where the immunocompe-
tent cells are located.* Furthermore, CT-containing CTB can
enhance the antigen presentation function of mucosal APCs.>®
Following intranasal administration, some peptide accesses the
spleen where it is taken up by dendritic cells which appear to be
the most important APCs for the induction of CTL responses.>®
Previous studies on the role of immune responses to MV NP in
protection from MV-induced encephalitis have suggested that in
vivo activated NP protein-specific T lymphocytes can effectively
travel to MV-infected brain tissue and eliminate virus-infected
cells.’” The role of NP-specific CTLs in protection against
MV-induced encephalitis in a susceptible strain of mice was
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investigated by intranasally immunizing CBA mice with the
immunodominant NP CTL epitope NP6 linked at the carboxyl
end of two copies of a T-helper epitope with CTB as an
adjuvant. Although a decrease in mortality in the peptide-
immunized mice was observed, the protection achieved was not
significant. This finding is in agreement with observations by
Niewiesk er al3® who have suggested that strains of mice
susceptible to MV encephalitis generate a poor CTL response
after MV infection and the CTL induced do not recognize
target cells infected with MV, despite the good lysis observed of
persistently infected with MV NS20Y/MS target cells. These
differences might result from variations in antigen presentation
by the different APCs used or be due to low expression of MV
proteins on infected cells,*® thus resulting in a number of class I
peptide complexes not sufficient enough for lysis, depending on
the cell type.

The results presented in this study highlight the importance
of the rational design of synthetic immunogens for the
induction of CTL responses and the potential of the intranasal
route for vaccination.
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