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FIG. 2. Specificity of rabies virus-induced T-helper cells. Groups of mice were immunized with 1 pg of ERA BPL s.c., and draining lymph
node lymphocytes or mesenteric lymphocytes (data shown for C3H control) were cocultured 7 days later with purified viral proteins (10
wg/ml). Culture supernatants were harvested 24 h later and tested at 1/3 () and 1/6 (%) dilutions on 2 x 10* HT-2 cells (C3H anti-ERA [1].
C3H control, BALB/c and C57BL/6 anti ERA) or on 1 x 10* C57BL/6 anti DBA/2 lymphocytes (C3H anti ERA [I1]). Indicator cells were
pulsed 42 to 44 h later for 6 h with [*H]thymidine. harvested. processed. and counted. Data are expressed as the mean * standard deviations
of triplicate determinations. Results were obtained from three separate experiments.

Determination of virus-neutralizing antibody titers. Blood
was collected from mice 5 and 10 days after challenge.
Fivefold dilutions of sera were incubated with ERA virus
and subsequently titrated on BHK-21 cells as described
previously (9). The reciprocal of the serum dilution resulting
in a 50% reduction in the number of infected cells was
considered the neutralization titer.

Comparison of amino acid sequences. The sequences of
some of the synthetic peptides carrying immunodominant
epitopes were screened for homology with known protein
sequences by using the protein sequence data base PIR (12).

Secondary-structure prediction. The prediction of the sec-
ondary structure of the immunodominant epitopes was made
by using the Hydrocalc program (Advanced Chemtech).

RESULTS

Antigen specificity of rabies virus-induced T-helper cells.
Initial experiments were designed to determine the relative
role of different rabies virus proteins in the T-helper cell
response to rabies virus. T-helper cell activation was tested
by measuring the release of lymphokines, a method which in
this system was found to be more sensitive than testing
antigen-mediated proliferation of lymphocytes (H. Ertl. un-
published data). All the rabies virus proteins tested induced
secretion of lymphokines from ERA-immune lymphocytes
(Fig. 2) as measured by thymidine incorporation by lym-
phokine-dependent indicator cells (Table 1). As expected,
intact virus induced the highest release of lymphokines.
Independent of the host (i.e., different mouse strains or
rabbit; data for rabbit not shown), the response to purified
viral proteins usually showed the following order of potency:
ERA RNP > ERA N > ERA G > ERA NS > ERA M.
These data suggest that the N protein of rabies virus is a
major target antigen for rabies virus-specific T-helper cells.

Cross-reactivity of ERA RNP-specific T-helper cells between
different rabies and rabies-related virus strains. Although
internal RNPs are the most conserved antigens among rabies

and rabies-related viruses. some variability that might affect
T-helper cell epitopes has been demonstrated (7). To deter-
mine whether RNP-specific T-helper cells cross-reacted with
the RNP or N protein from different rabies or rabies-related
viruses. BALB/c mice were immunized with ERA BPL s.c.,
and draining lymph node lymphocytes were tested 7 days
later for lymphokine release in response to RNP or N protein
derived from rabies or rabies-related viruses. Significant
cross-reactivity was found between the rabies virus strains
ERA and CVS and between the rabies-related Duvenhage
and Mokola viruses, although the latter reactivity was less
pronounced (Fig. 3).

Identification of dominant T-helper cell epitopes of the ERA
N protein. To determine dominant T-helper cell epitopes of
the ERA N protein, inbred mice of different H-2 haplotypes
were immunized with ERA BPL s.c., and draining lymph
node lymphocytes were tested for lymphokine release in
response to each of the 40 overlapping synthetic peptides
(Fig. 1) homologous to nearly the entire sequence of the
ERA N protein. Whether different peptides elicited a re-

TABLE 1. Identification of lymphokines

Thymidine incorporation (cpm) * SD

Responder Anti-

cells body” "Noantigen  ERA BPL  Peptide 31°
B10.BR anti-ERA None 308 + 48  3.466 * 235 834 + 149
B10.BR anti-ERA 11B11 352 + 40  3.238 = 154 818 = 144
B10.BR anti-31  None 130 * 33 817 =22 570 = 87
B10.BR anti-31  11B11 170 = 33 649 + 103 537 = 21
B10.A anti-ERA  None 128 =21  2.042 = 145 559 + 67
B10.A anti-ERA  11B11 170 £ 27 1768 = 75 459 + 30
B10.A anti-31 None 146 % 76 812 + 30 437 = 17
B10.A anti-31 11B11 220 = 131 761 = 105 579 + 155

“ Origin of immune lymphocytes.

” 11B11 did not inhibit proliferation of HT-2 cells in response to recombi-
nant interleukin-2. The response to recombinant interleukin-4 was inhibited
by 97%.

< Antigen used for in vitro restimulation.
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FIG. 3. Cross-reactivity of ERA RNP-specific T-helper cells
between different rabies and rabies-related viruses. Groups of
BALB/c mice were immunized with 1 ug of ERA BPL s.c., and
draining lymph node lymphocytes and mesenteric lymph node
lymphocytes were restimulated 7 days later with one of the follow-
ing (10 pug/ml): ERA BPL virus, RNP or N protein derived from
rabies virus strain ERA or CVS-11, or the rabies-related viruses
Mokola 3 or Duvenhage 9. Supernatants were harvested 24 h later
and tested at a 1/3 () or 1/6 (%) dilution on HT-2 cells. Control
lymphocytes showed no significant release of lymphokines upon
coculture with antigen (data not shown).

sponse from ERA-immune lymphocytes depended on the
haplotype of the lymphocyte donor. The N-protein-specific
T-helper cell response of mice of the H-2* and H-2“ haplo-
type was clearly dominated by a single epitope expressed on
peptide 31D (Fig. 4A); lymphocytes of the H-2% haplotype
responded to two epitopes expressed on peptides 3D and
30D (Fig. 4B). The reactivity profile as tested in C57BL/6
mice was not restricted to draining lymph node lympho-
cytes; splenocytes of mice immunized i.p. responded to
precisely the same epitopes. Rabies virus-immune lympho-
cytes of H-2¢ mice had a more complex response to N-
protein peptides (Fig. 4C). None of the peptides carried a
clearly dominant epitope for immune H-2¢ lymphocytes, but
a number of peptides (2D, 3D, 10D, and 31D) induced rather
low responses.

Neither the peptides nor any of the viral proteins tested
elicited a measurable lymphokine response from any of the
control lymphocytes.

Immunogenicity of ERA N peptides. Peptides shown to
stimulate a T-helper cell response of ERA virus-immune
lymphocytes in vitro were tested in vivo for stimulation of
rabies virus-specific T-helper cells. Mice of different inbred
strains were immunized with peptides in CFA. Draining
lymph node lymphocytes were tested 6 to 7 days later for
lymphokine release in response to whole virus or viral
proteins derived from different rabies or rabies-related vi-
ruses. Lymphocytes were also tested for a response to the
peptide used for immunization, as well as to the two adjacent
overlapping peptides and unrelated peptides. In C3H mice,
peptide 31D-induced T-helper cells that responded not only
to the homologous peptide 31D but also to ERA virus, ERA
N, and ERA RNP (Fig. SA). Peptide 31D-immune lympho-
cytes did not respond to other rabies virus proteins such as
G, NS, or M or to any other peptides tested. Control
peptides such as 8D failed to induce a measurable T-helper
cell response.

C57BL/6 mice responded to peptide 3D (and peptide 30D
[data not shown]) but failed to respond to peptides 31D (Fig.
5B). Peptide 3D induced RNP-specific T-helper cells that
cross-reacted with rabies and rabies-related viruses.

Three immunogenic peptides were identified in BALB/c
mice, i.e., 3D, 10D, and 31D. Although these three peptides

J. VIrROL.

induced T-helper cells which showed responses upon re-
stimulation with the homologous peptide, the response to
whole virus or viral RNP was marginal. With peptides 3D
and 31D, ERA RNP-specific responses were observed only
when high concentrations of ERA RNP were used for in
vitro restimulation. Peptides 13D (Fig. 5C), 8D, and 22D
(data not shown) failed to induce a measurable response in
BALB/c mice.

The in vivo effects of peptides that carry dominant
epitopes were evaluated. Neither of the peptides shown to
carry immunodominant T-helper cell epitopes (i.e., peptide
3D in C57BL/6 mice and 31D in C3H mice) induced an
antibody response to N protein (data not shown). Upon
immunization with BPL-inactivated ERA virus, peptide
(plus CFA)-primed mice responded within 5 days with VNA
titers that were significantly enhanced compared with titers
of control mice that had been primed with CFA only. The
difference was even more pronounced 10 days after chal-
lenge (Fig. 6). In addition, VNA titers in peptide 31D-primed
C3H mice and peptide 3D-primed C57BL/6 mice were en-
hanced upon immunization with BPL-inactivated Duven-
hage virus (data not shown). Consistent with the marginal
rabies N-protein-specific T-helper cell response in vitro, no
significant increase of VNA titers was observed in BALB/c
mice primed with peptide 31D.

The accelerated and enhanced B-cell response to rabies
virus G protein observed in peptide-primed and virus-chal-
lenged mice was comparable in magnitude to the response
obtained with RNP priming followed by viral challenge,
which had previously been shown to induce protective
immunity (10). But when C3H mice immunized with peptide
31D (in CFA), RNP (in CFA), or CFA only were challenged
peripherally with a lethal dose of CVS-11 rabies virus, which
has the identical amino acid sequence in residues 404 to 418
(i.e., peptide 31D [J. K. Larson, unpublished observation])
as the ERA strain (Fig. 7), no increase in survival could be
observed in peptide-primed mice.

DISCUSSION

The goal of this study was to define the T-helper cell
response to the rabies virus N protein. The T-helper cell
response to rabies virus internal proteins has been shown to
induce protective immunity to a challenge with homologous
and heterologous rabies viruses (10). We have identified the
viral N protein as a major target antigen for murine T-helper
cells that cross-react with RNP and N proteins derived from
different fixed rabies virus strains (CVS and PM; data for PM
not shown) as well as rabies-related viruses (Duvenhage and
Mokola). Comparable results have been published for pro-
liferating T lymphocytes derived from human vaccinees (3).

To identify immunodominant sites of the rabies virus N
protein, 40 overlapping peptides covering the ERA N-pro-
tein sequence were synthesized and tested for their ability to
elicit lymphokine release with ERA virus-induced T-helper
cells derived from several mouse strains. The reactivity
pattern of these peptides was linked to determinants en-
coded by the genes of the major histocompatibility complex.
One dominant epitope expressed on peptide 31D was iden-
tified in mice of the H-2¥ and H-2“ haplotype, while two
epitopes expressed on peptides 30D and 3D elicited a re-
sponse from virus-immune T-helper cells of the H-2* haplo-
type. The epitopes expressed on these immunodominant
peptides are presumably not the only epitopes of the rabies
virus N protein that are recognized by virus-induced T-
helper cells of the H-2* and H-2“ or H-2” haplotypes. Other
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minor epitopes (i.e., epitopes that are recognized by too low
a percentage of the total pool of ERA N-protein-specific
T-helper cells to be detected by the assay system used) have
been identified in our laboratory by long-term T-cell lines
tested with the same panel of peptides by using the same
donor mouse strains (H. Ertl, unpublished data). Further-
more, the synthetic peptides that were used overlapped by
only five amino acids and thus might not carry every single
T-cell epitope present on the N protein. Although lympho-
cytes of BALB/c and B10.D2 origin responded to peptide
31D (the immunodominant peptide in H-2* and H-2¢ haplo-
types [that both express K* and I* determinants]) and
peptide 3D (one of the immunodominant peptides in H-2°
haplotypes), none of the 40 ERA N peptides was shown to
express a clearly dominant epitope for T-helper cells of the
H-29 haplotype. In the converse experiments, peptides that
carried immunodominant epitopes were found to induce a
strong T-helper response in mice of the appropriate haplo-
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FIG. 4. Response of ERA-immune T-helper cells to ERA N
peptides. Groups of mice were injected with 1 ug of ERA BPL s.c.,
and 2 x 10° lymphocytes from draining lymph nodes, as well as
control lymphocytes (mesenteric lymph nodes, data not shown),
were cocultured 7 days later with 1 pg of virus or peptide per ml.
After 24 h, supernatants were harvested and tested on HT-2 cells.
Shown are epitopes of rabies virus N proteins H-2I* (A), H-2* (B),
and H-2¢ (C).

type, as determined by the secretion of lymphokines to
antigen in vitro or by the augmented VNA response upon
booster immunization with virus in vivo.

The rabies virus N protein is the most antigenically
conserved of the rabies virus structural proteins, as was
determined by monoclonal antibodies. So far the nucleotide
sequences of N proteins of only two laboratory virus strains,
i.e., ERA and PV (22), both initially isolated from domestic
animals, have been established. Four amino acid exchanges
were found between the deduced amino acid sequences of
the N protein of the ERA and the PV strains of rabies virus
(reviewed in reference 25). Two of these amino acid ex-
changes (i.e., residue 26, Hisgga to Tyrpy; residue 410,
Metggr4 to Ilepy) are located within the sequence of two of
the peptides carrying immunodominant epitopes, i.e., pep-
tides 3D and 31D, respectively, neither of which expresses
any of the known B-cell epitopes. Considering the length of
the peptides (15 amino acids), it is possible that the amino
acid exchanges occurred among residues that are not part of
the T-cell epitope. It has been shown previously that T cells
preferentially recognize variable regions of protein patho-
gens; for example, murine cytolytic T cells to the human
immunodeficiency virus respond predominantly to a highly
variable sequence of the viral glycoprotein (21). Similarly,
human T cells specific for the circumsporozoite protein of
Plasmodium falciparum have been demonstrated to recog-
nize immunodominant epitopes in the polymorphic regions
of the molecule (13). These data might suggest that T cells
exert selective pressure on microbial antigens, such as by
interrupting virus multiplication by direct lysis of infected
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10 wg/ml). Supernatants were harvested 24 h later and tested on

FIG. 5. Induction of rabies virus-specific T-helper cells by synthetic peptides of the viral N protein. Mice (C3H [A], BALB/c [B], CS7BL/6

[C]) were injected s.c. with 5 pg of peptide in CFA. After 7 days, draining lymph node lymphocytes were harvested and 2 x 10° lymphocytes

were restimulated with virus, viral protein, or peptide (1 pg/ml;: 10X RNP

HT-2 cells.
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FIG. 6. Effect of priming with synthetic peptides on VNA titers.
Groups of 10 mice were injected with 20 pg of peptide in CFA i.p.
Mice were bled individually 5 and 10 days later, and VNA titers to
ERA virus were determined as described previously (14).

cells or by release of lymphokines such as interferon or
leucotoxin.

Comparison of the amino acid sequences of peptide 3D
and peptide 31D with those of other protein sequences (12)
revealed no significant homology with any known protein.
Both peptides 3D and 31D had hydrophilic regions (positions
S through 12 for 3D and positions 6 through 12 for peptide
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FIG. 7. Survival of C3H mice immunized with peptide 31D after
i.m. challenge with rabies virus. Groups of 10 C3H mice were
immunized i.p. with 5 pg of ERA RNP in CFA (@). 10 pg of peptide
31D in CFA (()). or CFA only (B). Four weeks after immunization.
mice were challenged i.m. in the hind leg with 10x mouse i.m. 50%
lethal dose (corresponding to ~107 intracerebral 50% lethal doses).
Mice were observed for 21 days for paralysis or death.
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31D). The predicted secondary structure of 3D suggests an
alpha helix (residues 2 through 7) followed by a possible B
turn (residues 8 through 11) and a random coil (residues 12
through 15), while 31D presumably has a 8 sheet at the N
terminus (residues 1 through 6) followed by a B turn (resi-
dues 7 through 10) and an alpha helix (residues 11 through
14) (4). Although peptide 31D seems to have a strong helical
moment, neither of the two peptides is likely to form an
amphipathic alpha helix as has been predicted for potential
T-cell recognition sites (6, 20), strongly suggesting that an
amphipathic helix is not a prerequisite for a T-cell epitope.

Although the ERA N peptides bearing immunodominant
T-helper cell epitopes induced a significant T-helper cell
response in vivo and an accelerated VNA response upon
booster immunization with virus, peptide-immune mice died
upon a subsequent challenge with live rabies virus. Thus,
neither the peptide-induced T-helper cell response nor the
increase in VNA titer upon antigenic boost was sufficient to
protect against a lethal challenge in mice. Depending on the
virus strain, the site of inoculation, and the age and species
of the host, rabies viruses enter the nervous system on the
average within 24 to 48 h, then migrate within the long
nerves to the central nervous system (reviewed in reference
2) and there cause, in the mouse model described here,
clinical symptoms 6 to 10 days after infection. Passively
transferred neutralizing antibodies have to be given within 2
h after inoculation with live virus to prevent a lethal infection
(Dietzschold et al., unpublished data). In the results pre-
sented here, an augmented VNA response was demon-
strated 5 days after booster immunization with inactivated
virus, which is presumably too late to affect the virus spread
into the central nervous system. The protection we observed
previously upon vaccination with rabies virus RNP (10) thus
cannot be attributed to the accelerated and increased re-
sponse of neutralizing antibodies but is caused by stimula-
tion of RNP-specific B cells or cytolytic T cells or most likely
a complex interaction of humoral as well as cellular immune
mechanisms (17).

Nevertheless, a mixture of immunodominant peptides that
cause an augmentation of neutralizing antibodies upon
booster immunization might be useful for priming and could
be followed by low doses of conventional vaccine. This
would substantially lower the cost for vaccination of humans
with tissue-culture-grown rabies vaccines, which are unaf-
fordable in many countries where rabies virus poses a
serious public health threat.

ACKNOWLEDGMENTS

We thank Nancy Ricalton. Georgia Kivulka. and Andrew Lanutti
for excellent technical assistance. E. Heber-Katz for helpful discus-
sion. and M. Hoffman (editor) for help in preparing the manuscript.

This work was supported by Public Health Service grants Al
09706-16. Al 18883-06. and Al 23503-02 from the National Institute
of Allergy and Infectious Diseases.

ADDENDUM

The deduced amino acid sequence of the ERA N protein
reported here and the PV N protein amino acid sequence
published by Tordo et al. (22) differ by 4 amino acid residues.
This report corrects a previous reference to 5 amino acid
differences between the two protein sequences (25). Peptides
25D and 26D were synthesized according to the previously
deduced ERA N protein sequence which included amino
acid difference S (valine for alanine) at residue 253.
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