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Abstract
The safety and immunogenicity of an authentic recombinant (ar) of the live, attenuated MP-12 Rift
Valley fever (RVF) vaccine virus with a large deletion of the NSm gene in the pre-Gn region of
the M RNA segment (arMP-12ΔNSm21/384) was tested in 4 – 6 month old Bos taurus calves.
Phase I of this study evaluated the neutralizing antibody response, measured by 80% plaque
reduction neutralization (PRNT80), and clinical response of calves to doses of 1×101 through
1×107 plaque forming units (PFU) administered subcutaneously (s.c.). Phase II evaluated the
clinical and neutralizing antibody response of calves inoculated s.c. or intramuscularly (i.m.) with
1×103, 1×104 or 1×105 PFU of arMP-12ΔNSm21/384. No significant adverse clinical events were
observed in the animals in these studies. Of all specimens tested, only one vaccine viral isolate
was recovered and that virus retained the introduced deletion. In the Phase I study, there was no
statistically significant difference in the PRNT80 response between the dosage groups though the
difference in IgG response between the 1×101 PFU group and the 1×105 PFU group was
statistically significant (p <0.05). The PRNT80 response of the respective dosage groups
corresponded to dose of vaccine with the 1×101 PFU dose group showing the least response. The
Phase II study also showed no statistically significant difference in PRNT80 response between the
dosage groups though the difference in RVFV-specific IgG values was significantly increased
(P<0.001) in animals inoculated i.m. with 1×104 or 1×105 PFU versus those inoculated s. c. with
1×103 or 1×105 PFU. Although the study groups were small, these data suggest that 1×104 or
1×105 PFU of arMP-12ΔNSm21/384 administered i.m. to calves will consistently stimulate a
presumably protective PRNT80 response for at least 91 days post inoculation. Further studies of
arMP-12ΔNSm21/384 are warranted to explore its suitability as an efficacious livestock vaccine.
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Introduction
Rift Valley fever virus (RVFV, family Bunyaviridae, genus Phlebovirus) poses a major
public health as well as economic threat and outbreaks have led to restrictions of economic
importance on the movement and slaughter of animals in the affected regions [1–3].
Livestock, especially sheep and cattle, serve as amplifying hosts for the virus and are a link
between competent mosquito vectors and humans [4]. Additionally, herdsmen, abattoir
workers and humans living in close contact with their livestock are at risk of infection from
the products of abortion and exposure to blood and tissues from viremic animals. Strong
protection against infection in humans and livestock can be achieved through vaccination.
Although the only RVFV vaccine for human use is a formalin-inactivated product, several
live-attenuated vaccines for livestock use have been developed, including the excessively
abortigenic and teratogenic Smithburn vaccine currently used in South Africa [5,6]. A
highly immunogenic vaccine that is safe for pregnant animals and possess characteristics
that allow the differentiation of infected from a vaccinated animals (DIVA) will aid in
avoiding embargoes and minimize preventative culling and unnecessary loss of animals but
such a vaccine has been difficult to develop. Recently a recombinant virus generated by
reverse genetics techniques and lacking portions of the NSm and NSs genes of virulent
RVFV strain ZH-501 was tested in rats and sheep, a relevant target livestock species, and
may prove to be an efficacious DIVA vaccine [7,8]. MP-12, a live attenuated strain of
RVFV developed for use as a vaccine in humans, has been successfully tested in multiple
animal systems as well as humans without significant adverse events [9,10,11,12,13]. We
chose to test a deletion mutant of this strain as a potential livestock vaccine. Additionally,
any in-vivo reassortants leading to recovery of the deleted function would not be expected to
generate a virulent virus [14,15].

RVFV is an enveloped virus containing three RNA segments: L, M and S [16,17,18]. MP-12
has independent attenuating mutations in both the L and M segments [14]. The M segment
encodes the NSm protein, a 78-kDa protein of unknown function and major viral envelope
proteins, Gn/Gc. Gn/Gc are essential for virus assembly, while NSm and the 78-kDa protein
are not required for virus replication in cell culture [19]. Using a reverse genetics system of
MP-12 strain, an attenuated strain of RVFV [20], we have generated and characterized
arMP-12ΔNSm21/384, which lacks NSm gene at the pre-Gn region in the M segment and
retains the independent attenuating mutations of both the L and M segments. Our previous
study testing immunogenicity and virulence of arMP-12ΔNSm21/384 in pregnant sheep
revealed that arMP-12ΔNSm21/384 was highly immunogenic at doses of 1×103 through
1×105 PFU and was non-abortigenic and non- teratogenic when inoculated into ewes in
early gestation [21]. The large deletion in the pre-Gn region in the M RNA segment of
arMP-12ΔNSm21/384 should also provide the appropriate characteristic for a DIVA
vaccine, and we are currently exploring this potential.

Encouraged by the excellent immunogenicity and safety of arMP-12ΔNSm21/384 in
pregnant sheep, we report here the results of safety and immunogenicity testing of
arMP-12ΔNSm21/384 in economically important and RVFV infection-susceptible 4 – 6
month old Bos taurus calves.
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Materials and Methods
Animals

Healthy, 4 – 6 month old Bos taurus heifer and steer calves were used in the present study.
The calves were seronegative to both bovine viral diarrhea and bovine leukemia virus by
antigen capture enzyme-linked immunosorbent assay (ELISA) analyses done at the Texas
Veterinary Medical Diagnostic Laboratory, College Station, Texas and had no detectable
neutralizing antibodies to RVFV by PRNT80 at the time of vaccination. The animal
experiments were performed under an Institutional Animal Care and Use Committee
approved protocol #2010-192.

Viruses
The MP-12-based vaccine candidate used in these studies, arMP-12ΔNSm21/384, was
generated by reverse genetics techniques and possesses a large deletion in the pre-Gn region
in the M RNA segment of MP-12. [15,22]. The parent virus, authentic RVF MP-12, is the
attenuated RVFV vaccine prepared for use in humans by the U. S. Army Medical Research
Institute of Infectious Diseases [9].

Experimental Design
The calves were housed in an ABSL2 Ag biocontainment facility where they were
randomized into test groups and acclimated to the facility for 14 days. The studies were
conducted in two phases: Phase I examined the immune and clinical responses to escalating
doses of arMP-12ΔNSm21/384 administered subcutaneously (s.c.) and Phase II tested
selected doses of vaccine given s.c. or intramuscularly (i.m.). In Phase I, six groups of 3 or 4
calves each were inoculated s.c. with doses of 1×101, 102, 103, 104, 105 or 1×107 PFU of
arMP-12ΔNSm21/384 and were observed for 49 days post inoculation. In Phase II, groups
of 3 calves each were inoculated s.c. or i.m. with 1×103, 1×104 or 1×105 PFU of
arMP-12ΔNSm21/384 and observed for 91 days post inoculation. Whole blood was
collected prior to inoculation on Day-7 and on days 0 through 7, 10, 14, 21, 28, 35, 49 and in
Phase II, days 77 and 91 post inoculation. Rectal temperatures were recorded each time
blood was collected and their health status was documented daily. At the end of the
respective studies, the calves were euthanized with pentobarbital sodium (120 mg/kg i.v.).
All calves were healthy and clinically normal at the termination of the respective studies.

Specimen preparation
Serum for an 80% plaque-reduction neutralization test (PRNT80), IgG ELISA, virus
isolation and virus plaque assay was harvested from whole blood after low speed
centrifugation and stored at − 80C.

Reverse transcription polymerase chain reaction (RT-PCR)
Viral RNA extraction and analysis from 100 μl of tissue culture supernate was done as
previously described [21]. RT-PCR was performed with Platinum Taq Polymerase
(Invitrogen) using the following primer sets; S20F (ACA CAA AGC TCC CTA GAG AT)
and S1058R (TGC GTT CGG CTT CTG CAA GC) for the S-segment detection, and M19F
(ACA CAA AGA CGG TGC ATT A) and M1041R (ACT GCA AAG GGC ACA ACC TC)
for the M-segment detection.

Virus isolation and viral plaque assay
Virus isolation from undiluted serum was accomplished by culturing samples in Vero E-6
cells in 25 cm2 flasks as previously described [10,11]. The flasks were observed for
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cytopathic effect daily for 10 days before blind passage in fresh Vero E-6 cells. Virus titers
were determined by plaque assay in Vero cell monolayers as previously described [10,11].

Immunology Methods
Serum neutralizing antibody was determined using PRNT80 as previously described [11].
Sera were tested for RVFV-specific IgG antibodies using ELISA as previously described
[23,24]. Sera for IgG were tested at a dilution of 1:100. The cutoff value for assigning a
positive IgG result was determined from a panel of five sera from RVFV IgG negative
animals calculated in an adjusted OD414 value greater than 3 SD.

Statistical Analysis
All calculations were done using Prism Version 5.0d analysis software (Graphpad Software
Inc). Analysis of mean PRNT80 titers and mean serum IgG values were done using a one-
way analysis of variance and a post hoc Tukey’s multiple comparison test with a
significance level of α=0.05.

Results
Phase I

This Phase tested the clinical and immunological response of calves inoculated with
escalating doses of arMP-12ΔNSm21/384. The animals remained healthy, and no significant
adverse clinical events were detected in this study. All the animals in 1×104 and 1×105 PFU
dosage groups showed markedly lower and higher rectal temperatures, at the beginning and
at the end of the study, respectively, than animals in the other dosage groups (Figure 1).
However, no individual animal was considered febrile (rectal temperature in excess of
39.5°C for several days). Table 1 shows the serum neutralizing antibody and IgG responses
of each animal in Phase I. Time until all calves in the respective dosage groups had
detectable neutralizing antibody generally corresponded to dose of vaccine with the two
highest dose groups seroconverting earlier than the other groups. All calves in the 1×105 and
1×107 PFU dose groups had PRNT80 titers of ≥ 1:20 on day 10 whereas calves in the 1×102,
1×103 and 1×104 PFU dose groups did not all seroconvert with PRNT80 titers of ≥ 1:20 until
day 14 and only 2 calves in the 1×101 PFU dose group had detectable PRNT80 titers ≥ 1:20
on day 21. Calf #91, inoculated with 1×101 PFU, was the only calf in that dosage group that
failed to develop a PRNT80 titer of ≥ 1:20. That one calf eventually developed a PRNT80
titer of 1:10, the minimal detectable limit of the assay, but no RVFV-specific IgG was
detected.

Unexpectedly, a virus titer of 3 × 102 PFU/ml, determined by direct plaque assay, was
detected in the serum of calf #93 in the 1×102 PFU dose group on day 7 post inoculation.
That was the only instance of viremia detected in any of the calves and this viremic calf also
had a rectal temperature of 39.5°C on that day but its rectal temperature was 38°C the next
day. RT-PCR analysis showed that the recovered virus retained the introduced deletion in
the pre-Gn region. The calf that was viremic on day 7 developed a PRNT80 titer of 1:1280,
which was the highest titer of any calf in this Phase of the study, on day 14, whereas the
other two animals in that group had PRNT80 titers of 1:20 and 1:80 respectively on day 14.
The viremic calf maintained the highest PRNT80 titer of that dosage group for the duration
of the study.

There was no statistically significant difference in PRNT80 response between the dosage
groups though the difference in IgG response between the 1×101 PFU group and the 1×105

PFU group was statistically significant (p <0.05). IgG was measured at a serum dilution of
1:100. Table 1 shows that the animals that had PRNT80 titers ≤ 1:80 after day 14, especially
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the calves in the 1×101 and 1×102 dosage groups, had IgG OD values below the calculated
cutoff value of 0.22 in this assay. Conversely, there were instances where PRNT80 titers
were <1:10 yet IgG OD values were at or exceeded the negative cutoff value and one
instance of a PRNT80 titer of 1:320 yet the IgG OD value was 0.13 (calf #103 day 14). The
neutralizing antibody response in the calves in Phase I appeared to be dose dependent. The
calves receiving 1×102 PFU or less of the attenuated vaccine candidate generally had lower
neutralizing antibody responses and lower IgG OD values than the higher dosage groups.
We did not measure serum IgM nor did we titrate IgG, because we were most interested in
the neutralizing antibody response as an indicator of protection since we were not able to
challenge the vaccinated calves with virulent virus.

Phase II
The objectives of this Phase were to compare the s.c. and i.m. routes of inoculation using
three selected doses of the arMP-12ΔNSm21/384 vaccine candidate based on PRNT80 and
IgG responses of calves in Phase I and to confirm the dose response. Animals were
vaccinated with doses of 1×103, 1×104 and 1×105 PFU. Clinical observations were
unremarkable and the only evidence of post inoculation pyrexia was calf #85, inoculated
with 1×104 PFU i.m., that had a slight nasal discharge and a rectal temperature recording of
40.7°C on post inoculation day 4. The next day the calf’s rectal temperature was 38°C and
did not exceed 38.9° C for the remainder of the study. No post inoculation viremias were
detected in any animal through day 10.

Table 2 shows the serum neutralizing antibody and IgG responses of each animal in Phase
II. Neutralizing antibody was detected earliest on day 7 in calves #84 and #85 in the 1×104

PFU i.m. group and calves #87 and #88 in the 1×105 PFU i.m. group. All inoculated animals
developed PRNT80 titers of ≥ 1:20 by post inoculation day 21 with all but calf #80, in the
1×103 PFU i.m. group, seroconverting by day 14. That calf had a PRNT80 titer of 1:20 on
day 21 but became undetectable until day 77 where the titer remained at 1:20 for the
remainder of the study. RVFV IgG was detected in that animal on day 21 also but IgG OD
values remained above the calculated negative cutoff value of 0.23 even though a PRNT80
titer of <1:10 was recorded on days 28 through 49. There was no statistically significant
difference in PRNT80 response among the dosage groups, whereas the difference in RVFV-
specific IgG values was significantly increased (P<0.001) in animals inoculated i.m. with
1×104 or 1×105 PFU of arMP-12ΔNSm21/384 versus animals inoculated s. c. with 1×103 or
1×105 PFU.

Discussion
The objective of the present study was to investigate the safety and immunogenicity of a
deletion mutant virus, arMP-12ΔNSm21/384, in an economically important and RVFV
infection-susceptible livestock species, young Bos taurus calves, 4 – 6 months of age. This
vaccine candidate was previously tested in pregnant sheep and did not induce abortion or
fetal abnormalities [21]. The present study did not compare this vaccine to any other vaccine
primarily because there are no other approved livestock vaccines against RVFV available in
the United States. Furthermore, available vaccines, developed and intended for human use
such as MP-12 or TSI-GSD 200 do not possess DIVA characteristics. Additionally, both
MP-12 and TSI-GSD 200 have been tested extensively in sheep and cattle [10,11,12,24,25].
Initially, in Phase I, we performed a dose escalation study to determine if there was an
optimum dose range for the vaccine. We chose to inoculate subcutaneously because most
veterinary vaccines for livestock are administered by that route to avoid tissue reactions in
the deeper tissues that will devalue the carcass. We then selected doses of 1×103, 1×104 and
1×105 PFU based on their immunogenicity to assess whether the subcutaneous route of
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inoculation was superior to intramuscular inoculation. The 1×107 dose was considered
excessive and did not present any clear advantages over the doses selected.

The study groups were necessarily small due to space limitations in the biocontainment
facility and testing for protection against virulent virus challenge was not feasible. The
Phase I study demonstrated that as little as 1 × 101 PFU administered s.c. produced
potentially protective neutralizing antibody titers in 2 of 3 calves inoculated but a minimum
vaccine dose of 1 × 103 PFU administered s.c. would probably be necessary to provide
satisfactory protection. The low viremia titer, 3×102 PFU/ml of serum, detected on day 7 in
calf #93 inoculated with 1×102 PFU in Phase I was unexpected but not totally surprising as
previously we recovered low titers of vaccine virus from ewes inoculated with 1 × 104 and 1
× 105 PFU of this vaccine [21]. A transient and low viremia titer of 3×102 PFU/ml is
unlikely sufficient to be transmitted by an arthropod vector and would most likely not pose a
threat to naïve animals by this route of transmission [27]. It is conceivable however, if a
vaccinated animal was slaughtered shortly after vaccination when viremic due to the
vaccine, the butcher or abbatoir worker could possibly be exposed. While it is illogical that a
recently vaccinated animal under normal circumstances would be slaughtered for human
consumption, the vaccine is a BSL-2 agent generated from MP-12, and would probably not
pose a threat to an immunologically competent individual.

The elevated rectal temperatures of the calves in Phase II prior to inoculation are possibly
reflective of initial handling stress. The elevated rectal temperatures beginning on day 35
possibly reflect changes in environment as the calves were moved to outside quarantine pens
and were subjected to elevated environmental temperatures. While there were no statistically
significant differences in the mean PRNT80 titers of the s.c. and i.m. groups, the i.m.-
inoculated calves responded much quicker to immunization and their RVFV-specific IgG
responses were markedly greater than the s.c.-inoculated calves.

The use of a live, attenuated vaccine based solely on a gene deletion requires careful
consideration due to the possibility of reversion to virulence. This could occur by genetic
recombination or reassortment in the field with another virus resulting in a vaccine virus
recovering the deleted phenotype and becoming virulent. This has happened with a poultry
vaccine [28], and if it occurred with a RVF vaccine could be catastrophic. The
arMP-12ΔNSm21/384 attenuated vaccine is unique since it retains the MP-12 attenuations
based on single-nucleotide polymorphism (SNP) mutations on L and M segments and is
stable by both phenotypic and genetic sequence analysis [14,15]. The NSm deletion is not
expected to affect this stability and safety may be insured since acquisition of NSs or NSm
from another phlebovirus would be expected to result in an attenuated virus.

The small study groups in the present study preclude drawing definitive conclusions on
optimum dose and route of inoculation for arMP-12ΔNSm21/384 in cattle but it is apparent
that a broad range of doses will elicit an immune response that will likely be protective
against virulent virus exposure in cattle as was seen in a previous study in cattle using
MP-12 [12]. These data suggest that arMP-12ΔNSm21/384 is a candidate for a DIVA
capable RVFV animal vaccine and warrant a thorough evaluation of long-term protective
immunity in livestock.
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Highlights

• We tested a recombinant RVF MP-12 vaccine (arMP-12ΔNSm21/384) in 4–6
month old Bos taurus calves.

• No significant adverse clinical events were observed in the animals in these
studies.

• The arMP-12ΔNSm21/384 vaccine was immunogenic at doses of 1×101 through
1×107 PFU.

• Vaccine doses of 1×104 or 1×105 PFU stimulated a presumably protective
PRNT80 response for at least 91 days post inoculation.

Morrill et al. Page 9

Vaccine. Author manuscript; available in PMC 2014 October 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Mean rectal temperatures of calves in the Phase I studies that were inoculated s.c. with either
1×101 (n=3)(◆), 1×102 (n=3)(■), 1×103 (n=3)(▲),1×104 (n=4)(◇), 1×105 (n=4)(□) or
1×107 (n=3)(Δ) PFU of arMP-12ΔNSm21/384.
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Figure 2.
Mean rectal temperatures of calves in the Phase II studies that were inoculated (A) s.c. with
1×103 (n=3)(◇), 1×104 (n=3)(□) or 1×105 (n=3)(Δ) PFU of arMP-12ΔNSm21/384 and
calves that were inoculated (B) i.m. with 1×103 (n=3)(◆), 1×104 (n=3)(■) or 1×105 (n=3)
(▲) PFU of arMP-12ΔNSm21/384.

Morrill et al. Page 11

Vaccine. Author manuscript; available in PMC 2014 October 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Morrill et al. Page 12

Ta
bl

e 
1

Se
ru

m
 n

eu
tr

al
iz

in
g 

an
tib

od
y 

(P
R

N
T

) 
re

sp
on

se
s 

an
d 

R
V

FV
 I

gG
 O

D
41

4 
va

lu
es

 o
f 

ca
lv

es
 in

 th
e 

Ph
as

e 
I 

st
ud

ie
s 

th
at

 w
er

e 
in

oc
ul

at
ed

 s
.c

. w
ith

 e
ith

er
 1

×
10

1 ,

1×
10

2 ,
 1

×
10

3 ,
 1

×
10

4 ,
 1

×
10

5  
or

 1
×

10
7  

PF
U

 o
f 

ar
M

P-
12
Δ

N
Sm

21
/3

84
. N

o 
st

at
is

tic
al

ly
 s

ig
ni

fi
ca

nt
 d

if
fe

re
nc

es
 w

er
e 

ca
lc

ul
at

ed
 b

et
w

ee
n 

th
e 

do
sa

ge
tr

ea
tm

en
ts

 f
or

 P
R

N
T

 r
es

po
ns

e.
 T

he
 d

if
fe

re
nc

e 
in

 I
gG

 r
es

po
ns

e 
be

tw
ee

n 
th

e 
1×

10
1  

PF
U

 g
ro

up
 a

nd
 th

e 
1×

10
5  

PF
U

 g
ro

up
 w

as
 s

ta
tis

tic
al

ly
 s

ig
ni

fi
ca

nt
(p

<
0.

05
).

 T
he

 n
eg

at
iv

e 
cu

to
ff

 v
al

ue
 f

or
 I

gG
 w

as
 0

.2
2. D
ay

s 
P

os
t 

In
oc

ul
at

io
n

V
ac

ci
ne

 D
os

e:
 1

 ×
 1

01  
pf

u

N
o.

†

0
7

10
14

21
28

35
49

P
R

N
T

‡
Ig

G
‡‡

P
R

N
T

Ig
G

P
R

N
T

Ig
G

P
R

N
T

Ig
G

P
R

N
T

Ig
G

P
R

N
T

Ig
G

P
R

N
T

Ig
G

P
R

N
T

Ig
G

89
<

1:
10

0.
02

<
1:

10
0.

00
<

1:
10

0.
02

40
0.

04
80

0.
09

80
0.

07
80

0.
13

16
0

0.
19

90
<

1:
10

−
0.

03
<

1:
10

−
0.

03
<

1:
10

0.
00

<
1:

10
0.

02
20

0.
12

80
0.

23
20

0.
21

80
0.

45

91
<

1:
10

0.
04

<
1:

10
0.

03
<

1:
10

0.
02

<
1:

10
0.

06
<

1:
10

0.
10

<
1:

10
0.

00
<

1:
10

−
0.

03
10

0.
01

V
ac

ci
ne

 D
os

e:
 1

 ×
 1

02  
pf

u

92
<

1:
10

0.
14

<
1:

10
0.

07
<

1:
10

0.
07

20
0.

09
20

0.
10

20
0.

16
20

0.
06

80
0.

06

93
<

1:
10

0.
20

<
1:

10
0.

10
<

1:
10

0.
29

12
80

0.
32

64
0

0.
45

32
0

0.
34

32
0

0.
79

12
80

0.
74

94
<

1:
10

0.
10

<
1:

10
−

0.
13

<
1:

10
−

0.
01

80
0.

02
20

−
0.

03
80

0.
12

40
0.

18
80

0.
24

V
ac

ci
ne

 D
os

e:
 1

 ×
 1

03  
pf

u

95
<

1:
10

0.
16

<
1:

10
0.

24
20

0.
33

80
0.

57
32

0
0.

83
32

0
0.

96
32

0
0.

80
12

80
1.

24

96
<

1:
10

0.
04

<
1:

10
0.

14
20

0.
10

16
0

0.
52

80
0.

37
80

0.
34

16
0

1.
13

32
0

0.
82

97
<

1:
10

0.
03

<
1:

10
0.

03
<

1:
10

0.
06

80
0.

37
32

0
0.

53
32

0
0.

82
32

0
0.

98
64

0
1.

18

V
ac

ci
ne

 D
os

e:
 1

 ×
 1

04  
pf

u

10
1

<
1:

10
0.

08
<

1:
10

0.
07

<
1:

10
0.

28
80

0.
22

20
0.

14
20

0.
17

20
0.

19
20

0.
17

10
2

<
1:

10
−

0.
19

<
1:

10
0.

14
80

0.
36

80
0.

59
32

0
0.

52
32

0
0.

89
32

0
1.

25
32

0
1.

47

10
3

<
1:

10
0.

01
<

1:
10

−
0.

13
<

1:
10

−
0.

01
32

0
0.

13
80

0.
29

80
0.

58
32

0
0.

69
32

0
0.

89

10
4

<
1:

10
−

0.
21

<
1:

10
−

0.
03

20
0.

07
20

0.
09

20
0.

09
20

0.
18

20
0.

17
80

0.
26

V
ac

ci
ne

 D
os

e:
 1

 ×
 1

05  
pf

u

10
5

<
1:

10
0.

05
<

1:
10

0.
09

80
0.

26
80

0.
46

80
1.

02
16

0
1.

23
64

0
2.

18
12

80
2.

38

10
6

<
1:

10
0.

05
<

1:
10

0.
24

20
0.

43
32

0
0.

63
32

0
1.

03
32

0
1.

37
12

80
1.

92
12

80
2.

46

10
7

<
1:

10
0.

04
<

1:
10

0.
14

32
0

0.
49

32
0

0.
65

80
1.

06
80

1.
46

32
0

1.
71

32
0

2.
04

10
8

<
1:

10
0.

04
<

1:
10

0.
52

80
0.

77
80

1.
15

32
0

1.
50

80
1.

90
12

80
2.

19
12

80
2.

37

V
ac

ci
ne

 D
os

e:
 1

 ×
 1

07  
pf

u

Vaccine. Author manuscript; available in PMC 2014 October 09.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Morrill et al. Page 13

D
ay

s 
P

os
t 

In
oc

ul
at

io
n

V
ac

ci
ne

 D
os

e:
 1

 ×
 1

01  
pf

u

N
o.

†

0
7

10
14

21
28

35
49

P
R

N
T

‡
Ig

G
‡‡

P
R

N
T

Ig
G

P
R

N
T

Ig
G

P
R

N
T

Ig
G

P
R

N
T

Ig
G

P
R

N
T

Ig
G

P
R

N
T

Ig
G

P
R

N
T

Ig
G

98
<

1:
10

−
0.

13
<

1:
10

0.
18

20
0.

29
40

0.
62

80
0.

55
80

0.
93

80
0.

67
32

0
0.

94

99
<

1:
10

0.
09

20
0.

14
80

0.
29

16
0

0.
42

80
0.

66
32

0
1.

51
16

0
1.

40
32

0
1.

59

10
0

<
1:

10
−

0.
02

20
0.

24
80

0.
49

16
0

0.
73

80
0.

59
32

0
1.

03
16

0
1.

17
32

0
1.

16

† C
al

f 
ea

r 
ta

g 
nu

m
be

r.

‡ D
at

a 
ar

e 
ex

pr
es

se
d 

as
 th

e 
re

ci
pr

oc
al

 o
f 

pl
aq

ue
-r

ed
uc

tio
n 

ne
ut

ra
liz

at
io

n 
80

%
 a

nt
ib

od
y 

tit
er

. M
in

im
um

 d
et

ec
tio

n 
lim

it 
of

 th
e 

as
sa

y 
is

 1
:1

0.

‡‡
A

dj
us

te
d 

O
D

41
4v

al
ue

s 
of

 s
er

a 
di

lu
te

d 
1:

10
0

Vaccine. Author manuscript; available in PMC 2014 October 09.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Morrill et al. Page 14

Ta
bl

e 
2

Se
ru

m
 n

eu
tr

al
iz

in
g 

an
tib

od
y 

(P
R

N
T

) 
re

sp
on

se
s 

an
d 

R
V

FV
 I

gG
 O

D
41

4 
va

lu
es

 o
f 

ca
lv

es
 in

 th
e 

Ph
as

e 
II

 s
tu

di
es

 th
at

 w
er

e 
in

oc
ul

at
ed

 s
.c

. o
r 

i.m
. w

ith
 1

×
10

3 ,

1×
10

4  
or

 1
×

10
5  

PF
U

 o
f 

ar
M

P-
12
Δ

N
Sm

21
/3

84
. N

o 
st

at
is

tic
al

ly
 s

ig
ni

fi
ca

nt
 d

if
fe

re
nc

es
 w

er
e 

ca
lc

ul
at

ed
 b

et
w

ee
n 

th
e 

do
sa

ge
 tr

ea
tm

en
ts

. R
V

FV
-s

pe
ci

fi
c 

Ig
G

va
lu

es
 w

er
e 

si
gn

if
ic

an
tly

 in
cr

ea
se

d 
(P

<
0.

00
1)

 in
 a

ni
m

al
s 

in
oc

ul
at

ed
 i.

m
. w

ith
 1

×
10

4  
or

 1
×

10
5  

PF
U

 o
f 

ar
M

P-
12
Δ

N
Sm

21
/3

84
 v

er
su

s 
an

im
al

s 
in

oc
ul

at
ed

 s
.

c.
 w

ith
 1

×
10

3  
or

 1
×

10
5  

PF
U

. N
eg

at
iv

e 
cu

to
ff

 v
al

ue
 (

da
sh

ed
 li

ne
) 

=
 0

.2
3

D
ay

s 
P

os
t 

In
oc

ul
at

io
n

V
ac

ci
ne

 D
os

e:
 1

 ×
 1

03  
pf

u 
SC

N
o.

†

0
7

10
14

21
28

35
49

77
91

P
R

N
T

‡
Ig

G
‡‡

P
R

N
T

Ig
G

P
R

N
T

Ig
G

P
R

N
T

Ig
G

P
R

N
T

Ig
G

P
R

N
T

Ig
G

P
R

N
T

Ig
G

P
R

N
T

Ig
G

P
R

N
T

Ig
G

P
R

N
T

Ig
G

71
<

1:
10

0.
03

<
1:

10
0.

02
<

1:
10

0.
01

20
0

80
0.

13
80

0.
19

80
0.

16
80

0.
15

80
0.

14
20

0.
11

72
<

1:
10

0.
08

<
1:

10
0.

03
<

1:
10

0.
12

80
0.

08
80

0.
24

80
0.

26
80

0.
36

80
0.

35
80

0.
33

80
0.

37

73
<

1:
10

0.
07

<
1:

10
0.

12
20

0.
17

32
0

0.
6

12
80

0.
47

12
80

0.
79

12
80

0.
92

12
80

1.
05

32
0

0.
95

32
0

0.
52

V
ac

ci
ne

 D
os

e:
 1

 ×
 1

04  
pf

u 
SC

74
<

1:
10

0.
09

<
1:

10
0.

06
20

0.
18

80
0.

33
80

0.
41

32
0

0.
64

12
80

0.
94

12
80

0.
73

32
0

0.
75

32
0

1.
03

75
<

1:
10

0.
08

<
1:

10
0.

13
20

0.
2

80
0.

34
80

0.
45

80
0.

51
80

0.
6

80
0.

66
16

0
0.

81
80

0.
84

76
<

1:
10

0.
1

<
1:

10
0.

2
80

0.
43

32
0

0.
58

80
0.

82
32

0
1.

37
64

0
1.

4
12

80
1.

59
12

80
1.

56
80

0.
64

V
ac

ci
ne

 D
os

e:
 1

 ×
 1

05  
pf

u 
SC

77
<

1:
10

0.
1

<
1:

10
0.

1
<

1:
10

0.
08

80
0.

18
16

0
0.

29
80

0.
51

32
0

0.
61

32
0

0.
65

32
0

0.
67

32
0

0.
70

78
<

1:
10

0.
04

<
1:

10
0.

22
20

0.
29

80
0.

54
16

0
0.

76
32

0
0.

94
32

0
1.

12
12

80
0.

84
32

0
0.

87
32

0
1.

02

79
<

1:
10

0
<

1:
10

0.
05

20
0.

15
80

0.
38

80
0.

53
32

0
0.

7
12

80
0.

78
32

0
0.

59
32

0
0.

93
80

0.
42

V
ac

ci
ne

 D
os

e:
 1

 ×
 1

03  
pf

u 
IM

80
<

1:
10

0.
12

<
1:

10
0.

12
<

1:
10

0.
17

<
1:

10
0.

23
20

0.
38

<
1:

10
0.

47
<

1:
10

0.
42

<
1:

10
0.

45
20

0.
44

20
0.

30

81
<

1:
10

−
0.

13
<

1:
10

0.
26

20
0.

58
80

1.
11

32
0

1.
49

80
1.

94
12

80
1.

96
12

80
1.

95
32

0
2.

07
32

0
2.

03

82
<

1:
10

0.
24

<
1:

10
0.

18
20

0.
58

80
1.

21
64

0
1.

12
12

80
1.

7
12

80
2.

24
12

80
2.

26
12

80
2.

40
32

0
2.

37

V
ac

ci
ne

 D
os

e:
 1

 ×
 1

04  
pf

u 
IM

83
<

1:
10

0.
15

<
1:

10
0.

22
20

0.
53

80
0.

97
12

80
1.

46
80

1.
94

12
80

2.
04

32
0

2.
14

32
0

2.
37

32
0

2.
30

84
<

1:
10

0.
12

40
0.

29
80

0.
53

80
1.

08
32

0
1.

39
32

0
1.

55
80

1.
73

32
0

2.
04

32
0

2.
07

64
0

1.
76

85
<

1:
10

0.
2

20
0.

19
16

0
0.

62
16

0
0.

99
12

80
1.

22
32

0
1.

64
32

0
1.

93
12

80
1.

98
80

1.
54

12
80

2.
16

V
ac

ci
ne

 D
os

e:
 1

 ×
 1

05  
pf

u 
IM

86
<

1:
10

0.
2

<
1:

10
0.

34
20

0.
87

80
1.

68
32

0
0.

92
80

1.
42

80
1.

86
80

2.
01

80
1.

93
80

1.
78

87
<

1:
10

0.
28

20
0.

33
20

0.
96

16
0

1.
72

12
80

2.
29

12
80

2.
21

25
60

2.
82

12
80

2.
59

32
0

2.
90

64
0

2.
58

Vaccine. Author manuscript; available in PMC 2014 October 09.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Morrill et al. Page 15

D
ay

s 
P

os
t 

In
oc

ul
at

io
n

V
ac

ci
ne

 D
os

e:
 1

 ×
 1

03  
pf

u 
SC

N
o.

†

0
7

10
14

21
28

35
49

77
91

P
R

N
T

‡
Ig

G
‡‡

P
R

N
T

Ig
G

P
R

N
T

Ig
G

P
R

N
T

Ig
G

P
R

N
T

Ig
G

P
R

N
T

Ig
G

P
R

N
T

Ig
G

P
R

N
T

Ig
G

P
R

N
T

Ig
G

P
R

N
T

Ig
G

88
<

1:
10

0.
23

80
0.

3
80

0.
7

80
1.

09
80

1.
56

32
0

1.
53

32
0

1.
62

32
0

1.
79

80
1.

85
80

1.
96

† C
al

f 
ea

r 
ta

g 
nu

m
be

r.

‡ D
at

a 
ar

e 
ex

pr
es

se
d 

as
 th

e 
re

ci
pr

oc
al

 o
f 

pl
aq

ue
-r

ed
uc

tio
n 

ne
ut

ra
liz

at
io

n 
80

%
 a

nt
ib

od
y 

tit
er

. M
in

im
um

 d
et

ec
tio

n 
lim

it 
of

 th
e 

as
sa

y 
is

 1
:1

0.

‡‡
A

dj
us

te
d 

O
D

41
4 

va
lu

es
 o

f 
se

ra
 d

ilu
te

d 
1:

10
0

Vaccine. Author manuscript; available in PMC 2014 October 09.


