
distal CAAT box at thc -117 position of 
the "y globin gcne) ( 6 )with MEL cells. Six 
hybrids that contained chromosome 11 
wcre analyzed. Threc hybrids contained the 
wild-type chromosome and expressed only 
adult human globin (Fig. 22)). The other 
three hybricis contained only the HPPH 
chromosome (Fig. 3C) anci expressed y 
globin (Fig. 2, B and D), providing evi- 
dence that nolldeletion globin developmen- 
tal mutations are activated in the environ- 
mcnt of crythrolcukcmia cclls (7). 

The activation of both dcletion and pro- 
moter HPFH-mutatcd genes, but not wild- 
type fetal globin gcncs, in thcse hybrids 
suggests that the HI'FH lesiolls affect devel- 
opmental expression by promoting interac- 
tions betwcen the y gcncs and the adult 
elythroid envir,,nment. A detailed structural 
and f~~nctional malysis of mutant chromatiti 
may lend insight into how this is brought 
about. It is difficult to obtain sufficiellt 
numbers of purc llucleated cells necded for a 
study of this nature. In addition, cclls with 
de\lelopmental mutations like F-IPFH are 
usually hcterozygous; thc presence of nor- 
mal genes in the homologo~ls chromosome 
coml,licatcs structural analvsis. However, 
hybrids hemizygous for a mutant chromo- 
some can bc easily obtaincd (either directly 
or through cell subcloning) in large nuni- 
bcrs. We performed DNA methylation anal- 
ysis on a scquence brought into the vicinity 
of thc y globin gelles by the Hl'PH dclc-
tions. T I I ~region has an crythroid-specific 
methylation pattern (8, 9) and acts as an 
enhancer in transient gene transfer assays 
( 9 ) .Juxtaposition of this region with the y 
globin genes causes the activation of the y 
globin gencs in cells with HPFH deletioil 
mutations (1, 9). When Bam HI-digested 
human DNA is hybridized with a probc 
specific for this region, a fragment of ap- 
proximately 2.5 kb is seen. When the Hpa 11 
restriction site located within this region is 
unmethylated, Hpa I1 digestion truncates 
this 2.5-kb Barn HI  fragment to 2 kb (Fig. 
4, lanes 1and 2). In lymphoid cells, a 2.5-kb 
fragment is obtained after Bam HI-Hpa I1-
ciigcstion, which indicates that this site is 
niethplated (Fig. 4, lanes 4 and 7). In wild- 
type lymphoid x MEI, hybrids, however, 
this site was unmethylated in that a 2-kb 
band was present (Fig. 4, lane 9). In both 
deletion HPFH x MEL hybrids and pro- 
tnotcr mutation HPFH x MEI, hvbrids this 
position was also undertnethylated (Fig. 4, 
lanes 5, 6, and 8). Thus, in these cells the 
juxtaposed enhancer region, normally locat- 
ed 100kb downstreaii of the globin cluster, 
acquired an erythroid-specific methylation 
vattern. 

These observations, like those from nucle- 
asc sensitivity studies ( l o ) , imply that the 

structure adopted by human globill clus- 
tcr within the MEL is rc~rescntativeof 
that seen in normal human ervthroid cells. 
l-lybrids of this sort should 
useful in functional analyses of globin gene 
develoumental mutants. Indeed. bv fusing 

, 	 , L,

lympllbcytesfrom mutant individuals 
suitably differentiated, establishcd cell lines, 
one may be able to activate and therefore 
study other human developmental muta-
tions. 
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Protection of Cattle Against Rinderpest with Vaccinia 
Virus Recombinants Expressing the HA or F Gene 

Rinderpest is a highly contagious ruminant viral disease manifested by a rapid course 
and greater than 90%mortality. Infectious vaccinia virus recombinants were con- 
structed that express either the hemagglutinin or the fusion gene of rinderpest virus. 
All cattle vaccinated with either recombinant or with the combfiled recombinants 
produced neutralizing antibodies against rinderpest virus and were protected against 
the disease when challenged with more than 1000 times the lethal dose of the virus. 

INIlBRl'RST, OR CA'IT1,E PLAGUE, IS 

a devastating animal disease with 
-serious ecological, social, and eco- 

nomic consequences. It is at1 acute, febrilc, 
and contagious viral disease, primarily of 
cattle and buffalo, that is characterized by 
inflammation, hemorrhage, necrosis, and 
erosion of the gastrointestinal tract. The 
mortality rate approaches 100%; until re-
cently rinderpest accounted for a loss of over 
2 million animals per year (1). 

The Plowright tissuc culture vaccine 
(1TCV) provides protective immunity for 

T. Yilma, 1). I-Isu, I,. Jones, S. Owcns, 1)cpal.trncnt of 
Vctcrina~y Microbiology and I~n~nunology, University 
of California. Davis. CA 95616. 
M. <;tubmar; aid C. Mcbus, 1J.S. Department of Agri 
culture, MIS, NAA, Plum Island ~ n i n i d  lliscasc Cc~Gcr, 
P.O. Ilox 848, Grcmport, NY 11944. 

the practical life of the animal and is widely 
used for vaccination against rinderpest in 
preference to the caprinizcd and lapinized 
vaccines (2).Because of economic problenls 
in production of FTCV and logistical prob- 
lems in delivery to the field, rinderpest is 
again rampant in Africa and Asia (3).Thus, 
the most etfective rinderpest vaccit~e must 
posses more practical characteristics such as 
heat stability and ease of production, trans- 
port, and administration in the field, which 
are our reasons for using vaccinia virus 
recornbinant vaccines. 

I'hc causative agent of the disease, the 
rinderpest virus (RPV), is ellvcloped and 
has a single-stranded RNA genome with a 
negative polarity. The virus is in the family 
Paranivxoviridae and is a member of the 
morbillivims group, as are measles virus of 

M. Yamanaka and K. Dale, California Ra, tcch~lolo~~,  humans, distcmper virus of dogs, a i d  peste- 
2150 Bapshorc Parkway, Mountain Vicw, CA 94043. des-petits.ruminants virus of goats and-
X-l‘o ~ l i o ~ i i  sho~ld  bc addrcs\cd. 	 the hemaggluti- c o r r c s ~ o ~ i d ~ ~ i ~ e  sheep. In paraiiiyxovir~~ses, 
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nin (HA) and fusion (F) surface proteins 
provide protective immunity (4). 
- In preparation for the development of the 
recombinant vaccine, we propagated the 
highly virulent Kabete "0"strain of RPV in 
primary bovine kidney cells, characterized 
eight viral proteins, made cDNA copies of 
the HA and F mRNAs, and determined the 
complete nucleotide sequence of both the 
HA and F genes (5-7). Standard procedures 
were used to construct vaccinia virus recom- 
binants expressing the HA gene of RPV (8). 
The gene was excised from plasmid pRVH6 
by digestion with Eco RI (6). I t  was then 
cloned into the Sma I site of the vaccinia 
virus vector pSC11, generating pvRVH. 
Homologous recombinations were per-
formed with pvRVH and the Wyeth or the 
WR strain of vaccinia virus in CV-1 cells. 
Vaccinia virus recombinants containing the 
HA gene (vRVH) were selected by their 
thymidine kinase (TK) phenotype and by 
their ability to express P-galactosidase (8). 

The F gene lacks a convenient restriction 
site within 100 nucleotides upstream from 
its initiation codon (7). A new Eco RI  site, 
engineered 4 bp up'stream from the ATG; 
facilitated the cloning of a1 Eco RI  frag- 

anneal 

Eco RI 

ment of the entire coding region in the Sma 
I site of pSC11 to generate pvRVF (Fig. 1). 
Otherwise, the manipulations used to make 
the recombinant expressing the F gene 
(vRVF) were identical to those used for 
vRVH. The expression of authentic HA 
protein by vRVH was demonstrated by 
specific immunoprecipitation. However, no 

irnmunoprecipitable F protein could be 
demonstrated in cells infected with vRVF. 
This was anticipated, as we failed to immu-
noprecipitate the F protein efficiently from 
lysates of RPV-infected cells treated with 
rabbit or bovine hyperimmune serum direct- 
ed against RPV (5) .  

Immune response studies in cattle were 

Table 1. SN titers of cattle and response to challenge with RPV. Cows were vaccinated intradermally 
with 10"PFU of vaccinia virus recombinants on days 0 and 28. As a positive control, two cows were 
vaccinated with PTCV and challenged 42 days after the primary vaccination with 103 TCIDso of RPV. 
SN titers are expressed as the reciprocal of the dilution of serum that gave complete protection against 
cytopathic effect of 550 TCIDsO of RPV. 

Cow number and 
vaccine 

1. None* 
2. None* 
3. 1'TCV 
4. mcv 
5. vRVH 
6. vRVH 
7. vRVH + vRVF 
8. vRVH + vRVF 
9. vRVF 

10. vRVF 

Prechallenge titers on day I'ostchallenge 
titer on day 

Dead 
Dead 
1024 
512 

3072 
512 

1024 
768 
256 

64 

*Cmws 1and 2 (unvaccitlated cotltrols) died otl days 5 and 6 after challenge, respectively 

B 1E~~ -stion 
Vector 

1 Klenow polymerase 

YLigation 
Transformation 

Amp'  

digested with Bgl I1 restriction enzyme, and 100 times excess of adapter was 
added to the digest before ligation. To prevent the formation of conca- 
tamers, only the 21-base oligonucleotide was phosphorylated at the 5' end. 
The ligation mixture containing the linearized pRVFA6 was treated with T4 
DNA kinase before recircularization of the plasmid. (8)The coding region 
of the F gene of RPV was excised by digestion with Eco KI from pRVFA6, 
the overhangs were filled with the Klenow polymerase, and cloned by blunt- 
end ligation in the Sma I site of pSC11 to generate pvRVF (7). 

Eco R I  
- + ~ T T C A T G G T G ~ C C C  

C T A G A A G T A C C A C C T T A A G G G  

1Recircularize 
Transformation 

1Eco RI digestion 

Fig. 1. Strategy for the construction of infectious vaccinia virus recombinants 
expressing the F protein of RPV. (A) To create an Eco RIrestriction site and a 
Kozak consensus sequence immediately upstream from the second ATG, we 
replaced the small Bgl I1 fragment in pRVF6 with a 17-bp adapter that had a 
four-nucleotide overhang. The adapter contained a11 Eco RIsite (GAATTC) 
followed by a Kozak consensus sequence (CCACC) and an initiation codon 
(ATG). The adapter also repaired that part of the original coding sequence 
removed with the Bgl I1 fragment to generate pRVFA6. pRVF6 was first 



Table 2. SN titers of cattle atter a single vaccination and challenge with RPV. C ~ w s  were vaccinated 
intradennally with 10' I'FU of vaccinia virus recombinants on day 0. As a positive control, two cows 
were vaccinated with PTCV; for vaccinia virus control, two cows were vaccinated with v50 (12); two 
utivaccinated cows, as controls, were also included. ALI were challenged 35 days after vaccination with 
10' 1'CID5,, of RPV. Titers are expressed as the reciprocal of the dilution of senlm that gave coinplete 
protection against cytopathic effect of 125 TCIDSoof Rl'V. 

Postchallenge 
Cow number and Prechallenge titers on day titers on day 

vaccine 
0 7 14 

1. None* 
2. None* 
3. v50 
4. v50 
5. 1'TCV 
6. 1'TCV 
7. vRVH 
8. vRVH 
9. vRVH 

10. vRVH 
11. vRVH 
12. vl<VH + vl<VF 
13. VRVH + ~ R v r  
14. vKVH + vRVF 
15. vRVH + vRVF 
16. vRVH + vKVF 
17. vRVF 
18. vRVF 
19. vRVF 
20. vRVF 
21. vRVF 

YChmtrol cows 1 to 4 dicd on day 6 afier cchallcnge. 

conducted in the high-contaitlment facility 
at the Plum Island Animal Disease Labora- 
tory according to proper institutional glide- 
lines (9).All animals used were seronegative 
to RPV before being vaccinated. Two sepa- 
rate studies were conducted; in both studies 
serum samples were taken weekly, and hu- 
moral responses of cattle were assessed by a 
serum neutralization (SN) assay (10) 

In the first study, two animals were vacci- 
nated with vRVH or vKVF, or both recom- 
binants combined (vRVH + vRVF), or 
with PTCV (Table 1).The PTCV-inoculat- 
ed animals ;ere useci as a positive control, 
and two anilnals were left unvaccinated for a 
negative control. We vaccinated the animals 
that received the vaccinia virus recombinants 
by intradermal inoculation and scarification 
with 10' plaque-forming units (PFU) of 
recombinant vaccine at two sites on both 
sides of the neck (11). One n~illiliter of 
FrCV at lo6times the median tissue culture 
infectious dose (TCID50) was aciministered 
subcutaneously. Four weeks after the pri- 
mary vaccination, each anillla1 that had re- 
ceived a recombinant vaccine was revacci- 
nated with the same preparation, dosage, 
and method of administration. Animals 
were not revaccinated with PTCV. 

In the second study (Table 2), ollly a 
single vaccination was adniinistered. Five 
animals were used per group for vRVH, 
vRVF, or both recombinants combined 
(vRVEI + RVF). Two animals were vacci- 

2 1 28 35 42 63 

Dead Dead 
Dead Dead 
Dead Dead 
Dead Dead 
384 512 
512 768 
384 1024 
128 128 
96 128 

256 1024 
128 384 
5 12 256 
96 96 

256 768 
96 128 

256 256 
16 1024 
8 16 

256 > 4096 
32 64 
48 1536 

nated with PTCV for a positive control, and 
two animals were lefi unvaccinated for a 
negative control. For a vaccinia virus con- 
trol, two animals were vaccinated with v50, 
a vaccinia virus recombinant expressing the 
G gene of vesicular stomatitis virus (12). 

Pock lesions developed within 4 davs in 
all animals vaccinated with the recombina~lts 
but were limited to the site of inoculation 
and were healed completely by 2 weeks. All 
animals vaccinated with the recombinants or 
F X V  produced serum neutralizing anti-
bodies to 1WV. As expected, control ani- 
mals had no detectable antibody titer (Ta- 
bles 1and 2). 

To establish a reproducible challenge sys- 
tem, we determined the minimum dose and 
best route of administration. Intravenous 
and subcutaneous routes were evaluated in 
19 animals. As little as 1TCIDFn ah in i s -  
tered subcutaneously in the prescapular 
lymph node region induced clinical rinder- 
pest with a 100% mortality rate. To evaluate 
protection, all animals were challenged with 
a heavy dose ( lo3  TCIDSO) of RPV subcuta- 
neously in the prescapular lymph node re- 
gion. In the first study anitllals were chal- 
lenged on day 42, and in the second study 
on day 35, after primary immuni~ation. 

In the first study, up to a fivefold rise in 
titer (anamnestic response) was observed in 
the group vaccinated with vRVH, eightfold 
with vRVF, and fourfold with vRVH 
+ vRVF after the second vaccination (Table 

1). This shows that anamiestic responses 
can be mounted in the presence of antibody 
to vaccinia virus (12). The animals vaccinat- 
ed with the recombinants or PTCV were 
conlpletely protected from rinderpest, ex-
hibiting no detectable illness and a normal 
telnperature of 38°C. T l c  two unvaccinated 
control cows had high fever (42°C) by day 2 
after challenge and died on days 5 and 6. 
The cows also had lesions typical of severe 
rinderpest, characterized by sloughing and 
erosion of the epithelial lining of the gastro- 
intestinal tract and bloody diarrhea. After 2 
weeks of daily monitoring we tertllinated 
the experiment, as there was no clinical 
disease in the vaccinated animals. 

In the second single-vaccination studv, all 
u ,, 

cattle vaccinated with the recombinants or 
PTCV produced serum-neutralizing anti- 
body to RPV by day 14 (Table 2). On the 
day of challenge, the group vaccinated with 
vRVH + vRVF and vRVH alone had 15- 
fold and 10-fold higher titers, respectively, 
than the group vaccinated with vRVF alone. 
All animals in the control group had high 
fever (107" to 108°F) by day 2 and died 
from massive bloody diarrhea by clay 6 of 
challenge. Regardless of the level of SN 
titer, all animals vaccinated with the recom- 
binants or I'TCV were colnpletely protected 
and, with a single exception, had no fever or 
any other clinical signs of rinderpest. One 
animal vaccinated with vRVF developed a 
temperature of 40°C 2 days after challenge. 
However, the animal had no fever after 3 
days and showed no other signs of rinder- 
pest. Two weeks after challenge, we termi- 
nated the experiment because no clinical 
signs of rinderpest codd be detected. 

None of the animals in the PTCV or 
vRVH + vRVF groups showed any in-
crease in SN titers after challenge, indicating 
a lack of replication of challenge virus (Table 
2). However, in the group vaccinated with 
vKVF alone, three animals had a rise in SN 
titer, with the animal that developed tran- 
sient fever (40°C) having a titer greater than 
4096 SN units. Similarly, two animals vacci- 
nated with vRVH had a fourfold increase in 
SN titers after challenge, although neither 
had fever or other clinical signs of rinder- 
pest. No control animal survived beyond 6 
days after challenge, whereas naturally in- 
fected animals usually die 6 to 12 days after 
exposure (1). 

We have developed vaccinia virus recom- 
bincult vaccines that provide complete pro- 
tection against rinderpest. The use of vaccin- 
ia virus as a vector that can express heterolo- 
gous viral antigens allows its use as a live 
virus vaccine for rinderpest, combining the 
safety advantages of a subunit vaccine with 
the antigen amplification and native presen- 
tation of an attenuated live virus vaccine 
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(1 1). Previous experience with the produc- 
tion, storage, and use of vaccinia virus for 
mass smallpox vaccination suggests that the 
recombinant vaccine for rinderpest may 
overcome logistical and economic disadvan- 
tages of PTCV. For example, cattle can be 
vaccinated with the recombinant vaccine at 
any age, even in the presence of antibody to 
RPV (13), since antibody to vaccinia virus is 
not normally found in cattle. Additionally, 
pock lesions serve as markers of effective 
vaccination. 

Because safety considerations must be ad- 
dressed before introducing live recombinant 
viruses into the environment, we construct- 
ed the recombinant rinderpest vaccine with 
the attenuated strain (Wyeth) used world- 
wide in successful smallpox eradication. In- 
sertional inactivation of the TK gene further 
attenuates this virus (14). Lymphokine 
genes such as interferon-? or interleukin-2 
may also be useful in enhancing the immune 
response and further attenuating vaccinia 
virus recombinant vaccines (1 5); expression 
of interleukin-2 has been shown to prevent 
disseminated vaccinia virus infection in im- 
munodeficient mice (16). 

Rinderpest is a potential candidate for 
eradication with the vaccinia virus recombi- 
nant vaccine. There is only one serotype of 
RPV, although there are different strains 

manifesting different degrees of pathogenic- 
ity in the field. A vaccine against one strain 
will immunize against d strains, including 
peste-des-petits-ruminants virus of sheep 
and goats. Because of the close antigenic 
relation among the morbilliviruses, the 
recombinant vaccine for rinderpest may also 
protect against distemper in dogs and mea- 
sles in humans (1). 
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