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ABSTRACT

{
The genomes of the Trinidad donkey (TRD) and TC-83 strains of

Venezuelan equine encephalitis (VEE) viruses have been cloned and their
nucleotide sequences determined. There are 11 nucleotide differences
between the genomes of the TC-83 attenuated virus and its virulent TRD
parent strain. One nucleotide substitution and deletion occurred in the
5'- and 3'- noncoding regions of the TC-83 genome, respectively. A
conservative Ser to Thr amino acid substitution was identified in
nonstructural protein (nsP) three. Two silent mutations, one each in El
and E2, two amino acid substitutions in El, and five substitutions in E2
were determined.

The genome of the TRD virus was 11,444 nucleotides long with a 5'-
noncoding region of 44 nucleotides. The carboxyterminal portion of VEE
nsP3 contained two peptides segments that were repeated. The open-
reading-frame of the nsP polyprotein was interrupted by an in-frame opal
between nsP3 and nsP4 as has been reported for other alphaviruses. The
deduced amino acid sequence of the VEE nsPl, nsP2, nsP3, and nsP4
polypeptide showed 60%-66%, 57%-58%, 34%-44%, and 71%-73% identity with
the aligned sequence of .cognate proteins of Sindbis and Semliki Forest
viruses, respectively.

.cDNA encoding the structural proteins of TRD and TC-83 viruses were
inserted into vaccinia virus under control of the vaccinia virus 7.5K
promoter. Synthesis of the capsid protein and glycoproteins El and E2 was
demonstrated by immunofluorescence, immunoprecipitation and immunoblotting

lysates of recombinant virus infected cells. Mice immunized with the - - - - -
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recombinant VEE/vaccinia virus developed VEE virus-specific neutralizing
antibodies and survived intraperitoneal challenge with virulent VEE virus
of subtypes IAB, IC, ID, and II. Unlike immunization with attenuated
TC-83 virus, mice immunized with the VEE/vaccinia recombinant virus did
not survive virulent virus intranasal challenge. T-cell responaeé of mice
and primates to immunization with TC-83 and recombinﬁnt vaccinia viruses
was serocomplex-specific, with slight cross-reactivity to eastern equine
encephalitis virus. Proliferating T-cells secreted interleukin 2 (IL2).
Reactivity of primed T-cells with subtype 1C, ID, IE, I1II, and IV viruses
was poor and similar to the murine antibody response to immunization. (fK"T}a( S
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In conducting the research described in this report, the investigator(s)
adhered to the "Guide for the Care and Use of Laboratory Animals,"
prepared by the committee on Care and Use of Laboratory Animals of the
Institute of Laboratory Animal Resources, National Research Council (U.S.
Department of Health and Human Services, Public Health Service, National
Institutes of Health (NIH), Publication No. 85~23, Revised 2985).

The investigator(s) have abided by the National Institutes of Health
Guidelines for Research Involving Recombinant DNA Molecules (April 1982)
and the Administrative Practices Supplements.
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I. ESTABLISHING A SUBCONTRACT FOR TECHNICAL ASSISTANCE AND FACILITIES

FOR EQUINE TESTING OF THE RECOMBINANT VACCINES.

A contract has been established with Drs. Barry Beaty and Richard
Bowen of the Arthropod-Borne Infectious Disease Laboratory at Colorado
State University, Fort Collins, Colorado to provide technical assistance
for the molecular and immunologic studies to be carried out under the
contract., Three positions have been filled with exceptionally qualified

individuals. The following have been employed:

Position/Expertise Employee
Research Associate/Immunology Allison Johnson
Research Associate/ Molecular Biology Judith Sneider
Research Associate/DVM William Short

All individuals received VEE and yellow fever vaccines and began work

January 20, 1988.

Horses for experimental vaccine challenge studies have been obtained
through a local animal dealer and examined alphavirus antibodies. Eight
horses have been identified which are seronegative and suitable for
immunization with the experimental vaccines. These animals are currently

being held outside prior to being given the first series of vaccinations

]
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with either VEE/vaccinia recombinant, TC-83, or vaccini; virus., The
horses will be held in the large animal biocontainment facility for three
weeks after vaccination at which tiﬁe serum samples will be obtained for
serological analysis and the animals reieased outside. On day 42, six
weeks after immunization, the horses will be returned to the la;ge animal
biocontainment facility to be challenged with equine virulent VEE virus.
The animals will be observed two weeks for clinical symptoms, serological
analysis, viremia, and then sacrificed for pathological studies. It is

anticipated that these studies will be completed in February 1989.
II. VACCINE DEVELOPMENT AND TESTING.

A. Molecular cloning and genetic analysis of the VEE virus genome.

The sequence of VEE TRD and TC-83 genomic RNAs were determined by
sequencing cDNA clones. The entire nucleotide and deduced amino acid
sequences of the VEE TRD genomic RNA are shown in Fig. 1. Excluding the
5'-m7G cap, the TRD RNA genome was 11,444 nucleotides long with a base
composition of 28.2%A, 24.5%C, 25.3%G, and 22.0%U.

In addition to sequence analysis of cDNA clones, three synthetic
oligonucleotide primers were used to obtain the 5'- terminal nucleotide
sequences from virion RNA templates. Primer extension sequencing of the
5'-termini of the TRD and TC-83 RNAs failed to resolve the 5'-terminal A
nucleotide but did confirm the 5'- terminal nucleotides previously
determined. TC-83 amd TRD viruses differed in this region with a
substitution of A for G at genome nucleotide position 3 in the TC-83 RNA.

Excluding the 5'-prime cap, the 5'-noncoding region of both genomes was

44 nucleotides in length.
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The nucleotide sequence at the 3'-terminal region was obtained by
direct sequencing of denatured recombinant plasmid cDNA. These data
confirmed the deletion of a U nucleotide in TC-83 virus at genome position
11,405 as previously determined.

Sequencing of the 26S junction region of the 42S RNA where genes
eiicoding the nonstructural polpeptides and those encoding the structural
proteins meet revealed the sequences of TRD and TC-83 viruses were
identical. The nucleotide difference between TRD and TC-83 reported
earlier is in error; the nucleotide position at 7530 is G in both viruses.

Two in-frame AUG codons at nucleotide positions 12-14 and 45-47
occurred within the 5'-terminal 50 nucleotides of the VEE genomic RNA. An
out-of-frame AUG codon was present at the 5- terminus in TRD genomic RNAS,
but not in TC-83 virus RNA due to substitution of a A nucleotide at
position 3. The AXUG sequence at position 45-47 occurred within the
consensus sequence CAXXAUGG ( where X=any nucleotide) used as initiation
codons in eukaryotic mRNA. This sequence was chosen as the initiation
codon for the nonstructural VEE virus polyprotein precursor. Translation
of the genome was terminated by an ocher (UAA) codon at positions
7524-7526, The deduced translated polyprotein was 2493 amino acids long.
The open-reading-frame of the translated region was interrupted by an opal
(UGA) codon at nucleotide positions 5682-5684. The in-frame opal codon
was present in the genomes of TRD and TC-83 viruses, was also present in
the genomes of subtype IAB viruses PTF-39 and 71-180.

Nucleotlide sequence data obtained from the cDNA clones (Fig.l)
revealed that the genes encoding the nonstructural proteins of VEE TRD and
TC-83 viruses differed at nucleotide positions 1873 (T in TRD, A in

TC-83), 4698 (A,G), 4809 (T,A), 5877 (G,A), and 7306 (T,C). To determine
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if these differences in the cloned ¢DNA accurately represented nucleotide
differences between the two viruses, sequencing of TRD and TC-83 42S RRA
templates was performed with synthetic oligonucleotide primers.
Nucleotide positions 1873, 4698, 5877, and 7306 were confirmed to be A, G,
G, and U, respectively. Thus, the T-A nucleotide difference at position
4809, encoding a Ser to Thr amino acid change, was the only confirmed
difference between the genes encoding the nonstructural proteins of the
TRD and TC-83 viruses. This mutation occurred in nsP3 at amino acid
position 260. The other nucleotide and deduced amino acid sequences of
TRD shown in Fig. 1 reflect the corrections obtained by primer extension
sequencing of the virion RNA.

The putative cleavage sites used to generate the nonstructural
polypeptides from the polyprotein precursor were identified by comparing
the VEE virus amino acid sequence with the sequences of those for Sindbis
(SIN) and Simliki Forest (SF) viruses. The amino acid sequences of the
translated nonstructural polyproteins of TRD, SIN, and SF viruses were
aligned to provide maximal homology and the sequences of the cognate
proteins compared. The nsPl, nsP2, nsP3, and nsP4 polypeptides of VEE TRD
virus showed 60%-66%, 57%-58%, 35%-44%, and 73%-71% sequence identity,
respectively. The nsP4 protein was the most highly conserved of the four
nonstructural proteina., When the nucleotide sequences of the translated
regions of these viruses were aligned, VEE sequences encoding nsPl, nsP2,
and nsP4 showed 60%-63%, 57%-58%, 44%-49%, and 65%-63% identity,
respectively, with cognate genes of SIN and SF viruses.

The deduced molecular weights of the nsPl, nsP2, and nsP4
poplypeptides were approximately 60, 89, and 68-69 kd, respectively for

VEE, SIN, and SF viruses. The 52 kd nsP3 protein of VEE virus encoded at
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positions 330-350, was highly conserved when compared to SIN and SF
viruses. For example, 94% of 18 Trp, 73% of 73 Phe, 70X of 61 Cys, 70% of
120 Gly, and 69% of 116 Pro residues were conserved in the aligned nsP
sequenc :s of SIN and SF viruses.

The nsP3 polypeptide, which was the least conserved of the four
nonstructural proteins, has some interesting features. Although the
amino-terminal half of the molecule is highly conserved among VEE, SIN,
and SF viruses, the carboxyl-terminal half of VEE nsP3 showed virtually no
sequence identity with the same region of SIN and SF nsP3 polypeptides.
The carboxy-terminal portion of VEE nsP3 contained a short repeated
peptide segment (PXPAPRT, where X= a variable amino acid) and a long 34
amino acid sequence repeat: TPSXXPSRXXSRTSLVSXPPGVNRVITREEXEZX. These
repeated peptide segments were identical in TRD and TC-83. SF virus nsP3
has a repeated peptide segment that is nearly identical to the first short
repeated peptide of VEE virus. Although the carboxyl portion of the SF
virus nsP3 peptide shows some identity to that of SIN virus, this region
of SF virus nsP3 lacked 70 and 73 amino acids relative to VEE and SIN
viruses, respectively. The in-frame opal termination codon (asterisk in
Fig. 1) located six amino acid residues upstream from the carboxyl-
terminus of VEE nsP3 was aligned with the in frame opal codon reported for
SIN virus.

The nucleotide and deduced amino acid sequence differences between
the genones of VEE TRD and TC-83 virus are summarized in Table 1. TC-83
virus contained a single mutation in the 5'- noncoding region. Additional
mutations were noted in the E1 and E2 glycoproteins, and in the

3'-noncoding region.
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B. Construction of an infectious VEE virus cDNA clone.

Nucleotide sequencing of 11 cDNA clones encoding the entire 42S RNA
genomes of both TRD and TC-83 viruses has facilitated the development of a
strategy for assembly of a single clone encoding the entire genomes of
both viruses (Fig. 2). Site-specific mutagenesis has been used to create
three silent mutations in the 3'-end of TC83 clone pTC-46. To serve as
identification markers for future cDNA-derived virus populations. The
5'-prime end of clone pTC46 as mutagenized to contain the bacteriophage T7
promoter to control transcription of full-length 42S RNA from the linear
double-stranded full-length cDNA clone. An Xbal cloning site has been
inserted into the clone to facilitate final assembly of the full-length
cDNA. cDNA regions of clones pTC-19, pTRD-30, and pTC-9 have been spliced
together to obtain a 3950-bp clone. Clone pTRD-26 has now been added to
the 3950-bp pTC30/19/9 clone to complete assembly of the middle section of
the cDNA.

At the 3'-end of the genome, clone pTC-5 which encodes the structural
proteins of TC-83 virus, lacks the 3'-terminal 65 nucleotides of the
3'-noncoding region. This clone is curren:ly being modified. To do this,
the clone has been inserted into the single-stranded M13 phage and is
undergoing modifications to construct the 3'-end of the genome. Once this
task has been completed, the middle region, S'-end, and 3'-end clones will

be ligated together to form the final full-length cDNA.
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C. Expression of VEE virus structural genes by vaccinia virus

recombinant.

Three vaccinia/VEE recombinant viruses were produced: VAAC/TC-5A,
expressing the genes encoding the structural proteins of VEE TC-83 virus,
and two vaccinia/TRD virus recombinant, VACC/TRD-1A and VACC/TRD-20A,
expressing the structural proteins of VEE TRD virus. To confirm insertion
of VEE cDNA into the vaccinia thymidine gene, DNA purified from wild-type
or recombinant vaccinia virus was digested with Hind III for southern blot
hybridization. The 5 kb Hind III J fragment of vaccinia virus was not
present in the recombinant virus DNA however, a new band of about 9 kb was
present in the gel pattern. This new fragment is of the predicted size
and mobility of the Hind III J fragment which contains the VEE cDNA
fragment plus the 7.5 K promoter from the chimeric plasmid.

Immunoblotting of VACC/TC-5A, VACC/TRD-1A and VACC/TRD-20A virus
infected cell lysates clearly showed a polypeptide band that comigrates
with the VEE virus capsid protein. Lysates of cells infected with the
three recombinant viruses also contained polypeptides that comigrated with
the E1 and E2 envelope glycoproteins. From these experiments it was
concluded that the structural proteins of VEE virus were synthesized and
processed in cells infected with the vaccinia recombinant viruses.

Expression of VEE proteins in recombinant virus-infected cells was
also demonstrated by fluorescent antibody (FA) analysis. VEE virus
antigens were detected in acetone-fixed VEE TC-83 or recombinant
VACC/TC-5A virus infected cells. Although the level of VEE structural
protein expression in the recombinant virus-infected cells was usually

lower than in cells infected with VEE virus, many of the recombinant
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virus-infected cells showed an FA intensity equal to that of the TC-83
virus infected cells. Surface expression of VEE virus antigens as
indicated by FA analysis of unfixed cells was lower in the recombinant
virus-infected cells.

Antiserum prepared against vaccinia virus showed positive FA only
with vaccinia and VACC/VEE virus-infected cells. Polyvalent anti-TC-83
virus ascitic fluid reacted with cells infected with VEE virus or VACC/VEE
recombinant virus (Table 2). The availability of well characterized
monoclonal antibodies identifying epitopes in the El and E2 glycoproteins
of VEE virus permitted us to investigate the expression of VEE-specific
antigenic determinants. The monoclonal anti-E2 monoclonal antibodies
shown in Table 2 generally reacted similarly with cells infected with VEE
or VACC/VEE virus. 1In particular, the TC-83-specific antibody 5B4D-6
(epitope E2a) reacted more strongly with recombinant VACC/TC-5A infected
cells that with VACC/TRD-1A infected cells. Monoclonal antibodies 1A4A-1
(E2c), 1A4D-1 (E2f), and 1A3A-9 (E2g) showed positive FA reactivities with
cells infected with both VEE virus and the recombinant. Although antibody
1A3A-5 (E2e) reacted poorly with recombinant virus infected cells, a
pattern of TC-83 antigen similar to that seen with VEE virus-infected
cells was observed. Antibody 1A6C-3 (E2d), which reacted poorly with
cells expressing TC-83, TRD or VAC/TRD-1A virus antigens, failed to react
with VACC/TC-5A infected cells. The 1A3B-7 (E2h) antibody failed to react
well with VACC/TRD-1A recombinant-infected cells, while reacting strongly
with cells infected with VACC/TC-5A, TC-83, or TRD virus,

Of the four E1l glycoprotein epitopes identified for VEE virus, only

Elb and E1ld epitopes were detected in recombinant virus-infected cells
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(Table 1). Although the Ela and Elc epitopes were detected in VEE TC-83

and TRD virus-infected, acetone-~fixed cells, these two epitopes were not

evident by FA in recombinant VACC/TC-5A or VACC/TRD-1A infected cells.

D. Humoral and cell-mediated immune responses to e vaccinia/VEE

recombinant.

1, Murine h es e immunization.

Responses of AJ mice to immunization with recombinant VACC/TC-5A
virus are shown in Table 3. Mice were immunized i.p. with 10-4 or
i.d. with 10-8 PFU of VACC virus or 10/5 to 10/7 PFU of recombinant
vaccinia virus VACC/TC-5A. Animals were bled 3 weeks later to
determine prechallange antibody titers and again two weeks after
virulent TRD virus challenge. Only those mice receiving TC-83 or
VACC/TC-5A vaccine virus were protected from virulent TRD virus
challenge. Mice which received 105 or 107 PFU of VACC/TC-5A
virus developed similar levels of prechallange HI or ELISA antibody.
Animals which were given 105 PFU of VACC/TC-5A however, developed
no measurable or much reduced HI or ELISA antibody. The development
of vaccinia-induced tail blister, survival to TRD virus challenge,
and antibody response were dose-related in the animals immunized with
VACC/TC-5A virus. Reliable immunity was obtained only in animals
given a VACC/TC-5A dose of 107 PFU. The attenuated TC-83 virus
elicited much higher antibody titers in mice. Although post-
challenge VEE virus viremias were not determined, post-challenge
antibody titers showed a dose-related boost in VACC/TC-5A immunized

animals that was much greater than that shown by the TC-83 mouse

]
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group (Table 1). This suggested that the apparent lower level of
immunity in recombinant-immunized mice was less effective in
inhibiting replication of the challenge virus.

Prechallange Nt antibody titers in individual animals receiving
various doses of recombinant vaccine showed a dose-related response
(Table 4). In all cases, the response to the vaccinia recombinant
was lower than that seen in animals which received the TC-83
vaccine. Three mice immunized with the recombinant did not develop
Nt antibody and did not survive virus challenge.

AJ mice, immunized with 107 PFU of VACC/TC-5A virus, were bled
at 18, 33, and 86 days post-immunization to determine the short-term
duration of VEE virus immunity (Table 5). RKeutralizing antibody
titers indicated that antibody levels elicited by the VACC/TACFSA
vaccine were stable for at least 3 months.

Neutralization antibody titers were determined for both Swiss NIH
and C3H mice that received 108 PFU of VACC/TC-5A virus i.d. The
recombinant VACC/TC-5A vaccine qlicited a weaker immune response in
outbred Swiss RIH mice than in the inbred C3H or AJ mice. The
VACC/TAC-5A induced tail lesions weré also reduced in Swiss NIH mice

as compared to either C3H or the AJ mice.

2, Murine cross-protection studies.

Five individual, high-titered anti-anti-TC-83 or anti~VACC/TC-5A
mouse sera were pooled and tested for their ability to neutralize
different antigenic subtypes of VEE virus (Table 6). The Nt cross

reactivities of anti-TC~83 and anti-Vacc/TC-5A were very similar.
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Both sera neutralized epizootic VEE viruses 1AB and 1C efficiently.
Subtype 1D, 1lE, and 2 viruses were neutralized only at high antibody
concentrations. Anti-VACC/TC-5A serum Nt titers were lower than
those of anti-TC-83 serum. Neither TC-83 nor VACC/TC-5A antiserum
neutralized VEE subtype 4 or Western equine encephalitis virus.

In vitro neutralization test information indicated that the

recombinant VACC/TC-5A vaccine should protect mice against challenge
with subtype 1A-D viruses (Table 6). To evaluate this, C3H and NIH
Swiss mice were immunized with TAC-83 or recombinant virus and
challenged with VEE TRD virus (Table 7). Both TC-83 and VACC/TC-5A
vaccine viruses protected mice against lethal infection with 1AB, 1C,
and 1D virus infection. Although protection of Swiss NIH mice
against infection with subtype 2 virus challenge was ambiguous, the
C3H mice were clearly protected by both vaccines from challenge with
subtype 2 virus. High-doses of TRD and subtype 1C viruses caused
three fatalities in recombinant-immunized, but none in
TC-83-immunized, Swiss NIH mice (Table 7).

To determine the level of protection afforded by immunization
with recombinant vaccinia virus to aerosol infection, mice were
immunized with VACC/TC-5A virus and challenged with virulent TRD
virus. The VACC/TC-5A vaccine effectively protected mice against
peripheral infection but not intranasal challenge with TRD virus,
However, the TC-83 vaccine protected mice from challenge virus given
by either route (Table 8). Five of twenty TC-83-immunized C3H mice
succumbed to intranasal TRD virus challenge. The six VACC/TC-

SA-immunized mice which survived intranasal challenge all became 111
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after challenge, lost weight, but showed no signs of paralysis. The
six AJ survivors recovered very slowly and were not normal 3 weeks

post challenge.

3. Murine helper T-cell responses to VEE vaccine candidates.

Previous investigations in our laboratory have characterized the
response of splenic murine T lymphocytes to VEE virus immunization.
Proliferating primed lymphocytes were identified as helper T-cells by
immune complement depletion or florescent-activated cell scanning

with monoclonal antibody typing reagents. The proliferative in vitro

response to VEE virus priming was VEE serocomplex specific, with
slight cross-reactivity to EEE virus, and peaked at 14 days
post-inoculation. Proliferating cells secreted interleukin 2 (IL2).
Considerable activity could be identified as late as 56 days
post-immunization. Animals immunized with TC-83 vaccine demonstrated
a good T-helper cell response to VEE subtypes IAB and II viruses.
Reactivity of primed T-cells with subtypes IC, ID, IE, III and IV
viruses was poor. The cross-reactivity of the T-helper cell response
was therefore similar to the murine antibody response to VEE virus
immunization.

Investigations of murine helper T-cell response to TC-5A has been
completed. In all cases, TC-5A immunized mice demonstrate an
authentic helper T-cell response after a single inoculation of a high
or low dose of immunogen. The responding cell population was
Thy1t, L34, Lyt 1.1%, and Lyt 2.1, and secreted IL2 in

response to antigen. The specificity of the proliferative response

vas similar to that shown with TC-83 vaccine as described previously.
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4, Primate antibody response VEE vaccine candidates.

Two groups of primate experiments have now been completed.
Animals in the first animal group were inoculated intradermal with
100,000 pfu of TC-SA virus. Control animals were immunized with
TC-83 or C-84 vaccines, or vaccinia. Immunized animals were
monitored for antibody production, and peripherally challenged with
400,000 pfu of the virulent IB subtype virus, 71-180. Animals in the
second group were similarly immunized, but challenged intranasally
with 44,000 pfu of 71-180 virus. Four of 6 TC-5A immunized animals
developed virus neutralizing antibody titers. When these animals
were challenged with virus, 1 of 3 peripherally challenged animals
demonstrated a low level transient viremia, while 1 of 3 intranasally
challenged animals developed a significant viremia. Animal viremia
exactly correlated with lack of neutralizing antibody. Leukopenia
was observed only in the intranasally challenged, viremic animal.

All animals immunized with control vaccines (TC-83 and C-84)
developed neutralizing antibodies. One C-84 immunized animal
developed significant leukopenia and viremia following intranasal
challenge. All TC-83 immunized animals were solidly protected. All
TC-5A and vaccinia immunized controls developed vaccinia neutralizing
antibodies. All vaccinia immunized and non-immunized control animals
developed significant viremia and leukopenia following VEE virus
challenge.

Because the virus challenge is non-lethal, post-challenge
antibody levels were monitored. Four of 6 TC-5A immunized animals

demonstrated an anamnestic response. Two animals had stable antibody




~19-
titers. Three of 6 C-84 immunized animals demonstrated an anammestic
response, The anamnestic responses could be due to low level virus
replication following challenge, however it was not possible to
correlate low levei pre-challenge neutralization titers to subsequent
secondary antibody response. No TC-83 immunized animals demonstrated
an anamnestic response. The lack of a secondary antibody response in
TC-83 immunized animals was probably due to limited viral replication
occurring in TC-83 immunized animals.

We attempted to identify neural invasion in intranasally
challenged animals by monitoring IgM and IgG antibody levels in
cerebrospinal (CSF) fluid. IgM antibody could be detected in only
the vaccinia immunized controls. IgG antibody was detected in 2 of 3
TC-5A vaccinated animals and 1 of 3 C-84 vaccinated animals. Serum

IgG and IgM titers are currently being determined.

5. Helper T-cell responses in vaccinated primates.

Peripheral blood mononuclear cells were obtained from immunized
animals. In general, the frequency of antigen primed T-cells in
peripheral blood was too low to use this as a lymphocyte source. We
subsequently tested lymphocyte populations from axial lymph nodes of
vaccinated, challenged animals. The axial lymph node appears to be
an adequate lymphocyte source.

Antigen specific helper T-cell activity could be defined by both

in vitro proliferation and IL2 production. The antigen specificity

of this response was similar to that previously described in the

murine model. Florescent activated cell scanning of challenged
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animals demonstrated no difference in comparative population levels
of cytotoxic and helper T-cell subsets. We are currently identifying
antigen-~specific T-helper cells from axillary lymph nodes of

immunized animals prior to virus challenge.

III. DISCUSSION.

Attenuation of a virulent virus may result from mutations in the
virus structural proteins which affect viral morphogenesis, host cell
tropisms, and interactions with the host-immune system. Comparisons of
the entire genomes of TRD and TC-83 viruses reveals only 11 nucleotide
changes (0.1%) in 11,444 nucleotide genome of the virus. The total number
and distribution of TC-83 mutations contrasts with the 17D yellow fever
virus vaccine in which 68 nucleotide mutations occurred throughout the
genome, A single nucleotide mutation in the 5'- and 3'~ noncoding regions
of TC-83 virus confirm earlier studies which identified these nucleotide
changes. Sequence analysis of mouse-virulent and mouse-avirulent strains
of Ross River virus revealed 284 nucleotide differences between the
genomes of the two viruses as well as deletions or insertions in the
noncoding regions. Because multiple substitutions occurrcd in the
translated structural and nonstructural regions throughout the genome,
identification of specific mutations involved in virulence is seriously
compromised.

Mutations in the noncoding regions and a conservative Ser to Thr
substitution in nsP3 of TC-83 virus may contribute to attenuation, the
dearth of mutations in the 5'-two-thirds of the genome enhances the
significance of changes in the envelope glycoprotein genes. The

nonconservative nature of the five amino acid substitutions in E2 makes it
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a prime target as a determinant of virulence. Reversion of a mutation
which affects the isoelectric point of E1 in a temperature-sensitive,
avirnlent mutant of VEE virus occurred concomitantly with reversion to
virulence. Specific loci in both El1 and E2 seem to be important in SIN
virus neurovirulence in adult mice. Studies with poliovirus infectious
cDNA clones indicate that loci involved in attenuation are distributed in
several genes and alterations in antigenicity do not correlate with
virulence changes.

Loss of envelope protein epitopes involved in neutralization
correlate with attenuation of rabies virus, however, such changes are not
involved in VEE virus attenuation. Of the 12 epitopes identified on the
envelope glycoproteins of VEE virus, only E2a is TC-83 virus specific.
This epitope is defined by a monoclonal antibody that does not inhibit
hemagglutination or neutralize virus infectivity. Eleven epitopes,
including those involved in virus neutralization, are conserved in both
TRD and TC-83 viruses.

We have inserted cDNA encoding the VEE TRD and TC-83 virus structural
polyprotein precursor into the thymidine kinase gene of vaccinia virus.
The vaccinia/VEE recombinant virus directs the synthesis of a polyprotein
which is cleaved to form VEE virus structural proteins which have the
appropriate size and react with specific antibodies. Direct
immunofluorescence tests using monoclonal antibodies confirm expression of
envelope glycoprotein epitopes E2a, E2c, E2f, E2g, Elb, and Eld. The
reduced expression of epitope E2d by the vaccinia recombinant is
unexplained. Expression of the E2c epitope is especially important
because it defines the critical neutralization site on the VEE virus

particle. Other epitopes on the envelope glycoproteins which are thought
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to contribute to virus neutralization are expressed by the recombinant
virus. Epitopes E2c and E2h, which are conserved on the E2 glycoprotein
of subtype 1AB, 1C, 1D, and 2 viruses are expressed by the recombinant
virus provide protection from heterologous VEE virus challenge.

Recombinant VACC/TC-5A induced immunity in outbred Swiss NIH mice was
weaker than in the inbred AJ or C3H mice. This differential response of
the TC-83 and VACC/TC-SA vaccines in different mouse strains was
expected. VEE virus replicates in most tissues of the mouse and
therefore, the TC-83 vaccine would stimulate the immune system in many
cody regions. Replication of TC-83 vaccine virus in the nasopharynx would
be expected to stimulate local secretory immunity, and provide immunity to
intranasal challenge with TRD virus in the TC-83 immunized mice. Although
passive monoclonal Nt antibody protects mice from peripheral virus
challenge, it does not protect mice from intranasal challenge. 1In this
respect, immunity elicited by the recombinant was like immunization with
formaldehyde-inactivated C-84 VEE virus. These results raise questions
concerning the route of immunization and perhaps the choice of vaccinia
virus strains used for gene expression. A more virulent vaccinia strain
may be an appropriate veterinary vaccine, however, it would most likely be

unsuitable for human use.
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Table 1. Nucleotide and Deduced Amino Acid Differences Between

VEE TRD and TC-83 Viruses

Position Nucleotide Amino Acid Change
Nucleotide Amino Acid IRD TC-83 ITRD TC-83

3 5'-nonceding G A Noncoding
4809 nsP3-260 U A Ser Thr
8584 E2-7 G U Lys Asn
8816 E2-85 C U His Tyr
8922 E2-120 C G Thr Arg
9138 E2-192 U A Val Asp
9397 E2-278 U C None
9450 E2-296 C U Thr Ile
10478 E1-161 U A Leu Ile
10630 E1-211 A U None
11405 3'-noncoding uu U Noncoding




Table 2. Indirect immunofluorescence of acetone-fixed CV-] cells
24 h post-infection

Virus
Unin- VACC/  VACC/
Antibody* Specificity fected Vaccinia TC-5A TRD-1A TC-83 TRD
Mouse serum Vaccinia - 3¢ 3 3 - -
MHIAF VEE TC-83 - - 3 3 4 4
5B4D-6 E22 TC-83 - - 3 1 4 1
1A4A-1 E2¢ PTF-39 - - 3 3 4 4
1A6C-3 E2d EVE - - - 2 2 2
1A3A-5 E2€ P676 - - 2 - 4 2
1A4D-1 E2f TRD - - 3 3 4 4
1A3A-9 E28 PTF-39 - - 3 3 4 4
1A3B-7 E2h PTF-39 - - 3 1 4 4
3B2D-5 E18 TC-83 - - - - 3 3
3B2A-9 E1P TC-83 - - 3 3 3 3
5B6A-6 E1¢ TC-83 - - - - 3 1
3A5B-1 E14d TC-83 - - 3 3 4 4

*Alphanumeric designations are anti-VEE virus monoclonal antibodies (mouse
ascitic fluids). Epitope specificity and virus used to elicit monoclonal
antibody are shown. MHIAF = mouse hyperimmune ascitic fluid. All antibody
preparations were tested at 1:300 dilution.

+Relative fluorescence as determined by two observers in at least two

experiments. - = negative; 4 = maximum.
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TABLE 4. VEE neutralizing antibody titers in
A/J mice 3 weeks after immunization

with VACC/TC-5A virus

Vaccine dose (PFU)

;;;;:, 107 106 103
12,5608 160 10
2 640 <10k 10
3 320 80 <10k
4 640 <10 <10k
5 5,120 320 20
6 80 320 160
7 80 20 <10k
8 20 320 20

gReciprocal of highest antiserum dilution
that inhibited 70% or more of the VEE TRD
virus (60 PFU) used in the test,.

hMouse died after challenge with

100 IPLD50 of VEE TRD virus.




TABLE 5. Duration of immunity in individual

A/J mice immunized intradermally with

10’ PFU of recombinant VACC/TC-SA

virus
Days postimmunization
Mouse 18 33 86
1 3208 2,560 1,280
2 640 160 320
3 2,560 640 320
4 640 2,560 2,560
5 5,120 5,120 10,240
6 20 80 40

gReciprocal of highest antiserum dilution
that inhibited 70X or more of VEE TRD virus

(60 to 80 PFU) used in neutralization test.




TABLE 6. Cross-reactivities of sera pooled from A/J

mice immunized with VEE TC-83 or recombinant

VACC/TC-5A virus.

Egglgg mouse serum
Virus VACC/TC-5A TC-83
VACC go2 <10
VACC/TC-5A 160 <10
TRD (1AB)P 1,280 220,480
P676 (1C) 320 2640
3880 (1D) 10 160
Mena II (1E) 10 80
EVE (2) 40 320
PIX (4) <10 <10
WEE <10 <10

gEndpoint = 70% neutralization of 60 to 90 PFU.

bVEE subtype.




TABLE 7. VACC/TC-5A and TC-83 vaccine efficacy in protecting C3H
or Swiss NIH mice from intraperitoneal challenge with

four VEE virus strains

Survivald
Challenge
_ -
Dose VACC/TC-5A TC-83
Virus (PFU) C3H Swiss C3H Swiss
TRD (1AB)R 6 X 101 6/6S 6/6 6/6 6/6
6 X 102 6/6 6/6 6/6 6/6
6 X 103 6/6 5/6 6/6 6/6
6 X 107 6/6 5/6 6/6 6/6
P676 (1C) 1.1 X 104 6/6 6/6 6/6 6/6
1.1 X 106 6/6 5/6 6/6 6/6
3880 (1D) 1x 10l 6/6 6/6 6/6 6/6
1 X 103 6/6 6/6 6/6 6/6
EVE (2) 1 X 108 8/8 8/8 8/8 8/8

2411 mice in 17 PBS control groups (nine virus challenge doses,
two mouse strains) succumbed to virus challenge. Only three of
eight PBS control Swiss NIH mice died after EVE virus challenge.

DVEE subtype.

QNumber of survivors/total,.




TABLE 8. Summary of survival of VACC/TC-5A- or TC-83-immunized mice

challenged intraperitoneally or intranasally with virulent

VEE TRD virus

Mouse Intraperitoneal challenge2 Intranasal challengeh
strain VACC/TC-5A TC-83 VACC/TC-5A TC-83
A/J 42/42 8/8 6/24 16/16
C3H 30/30 30/30 0/30 15/20
Swiss NIH 22/24 24/24 1/30 18/18

éChallenge dose
hChallenge dose

virus,.

15 PFU to 6 X 10° PFU of TRD virus.

3,300 (A/J) or 10,500 (C3H and Swiss NIH) PFU of TRD




Figure 1.

Figure 2.

FIGURE LEGERD

Strategy for obtaining the complete nucleotide sequences of VEE TRD
and TC-83 viruses. cDNA clones that were sequenced are indicated by
open rectangles lacking the 'X' symbol. Arrows indicate the extent
of primer extension RNA sequencing. The organization of the genome
is shown at the top, and genome position in kilobases is shown at
the bottom,

Nucleotide sequence of the VEE TRD 42S genomic RNA and the deduced
amino acid sequence of the encoded polypeptides. The single letter
abbreviation is aligned with the first nucleotide of codon. Arrows
indicate proteolytic cleavage sites of the translated polyproteins
and the putative 265 mRNA start site. The overlined amino acid
sequences represent probable transmembrane domains of the E1 and E2
envelope glycoproteins., Amino acid repeats in nsP3 are outlined.
The in-frame opal termination codon near the carboxyl terminus of
nsP3 (*) and the confirmed nucleotide mutations (+) in TC-83 virus
are indicated. Potential glycosylation sites in El, E2, and E3 are

indicated by solid circles.
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