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Licensed  live  attenuated  virus  vaccines  capable  of expressing  transgenes  from  other  pathogens  have  the
potential  to  reduce  the  number  of childhood  immunizations  by eliciting  robust  immunity  to  multiple
pathogens  simultaneously.  Recombinant  attenuated  measles  virus  (rMV)  derived  from  the  Edmonston
Zagreb  vaccine  strain  was  engineered  to express  simian  immunodeficiency  virus  (SIV) Gag  protein  for
the purpose  of  evaluating  the  immunogenicity  of  rMV  as  a  vaccine  vector  in  rhesus  macaques.  rMV-Gag
immunization  alone  elicited  robust  measles-specific  humoral  and  cellular  responses,  but  failed  to  elicit
transgene  (Gag)-specific  immune  responses,  following  aerosol  or intratracheal/intramuscular  delivery.
However,  when  administered  as a priming  vaccine  to a heterologous  boost  with  recombinant  adenovirus
ucosal immunization
eterologous prime-boost

serotype  5 expressing  the  same  transgene,  rMV-Gag  significantly  enhanced  Gag-specific  T lymphocyte
responses  following  rAd5  immunization.  Gag-specific  humoral  responses  were  not  enhanced,  however,
which  may  be due  to either  the  transgene  or the  vector.  Cellular  response  priming  by  rMV  against
the  transgene  was  highly  effective  even  when  using  a suboptimal  dose  of rAd5  for  the boost.  These
data  demonstrate  feasibility  of using  rMV  as  a  priming  component  of heterologous  prime-boost  vaccine
regimens  for  pathogens  requiring  strong  cellular  responses.
. Introduction

Vaccination against measles was implemented in the WHO
xpanded program of Immunization in 1974; since then millions
f children have been safely immunized and protected from the
isease [1–6]. All currently registered vaccines are based on live
ttenuated measles viruses, generated by extensive propagation
nd attenuation in cell culture [4,7–10]. Although different measles
accines differ in the way they were attenuated, they all share a
urable efficacy and safety record [4]. The protective immunity
gainst measles is efficiently induced with 1 to 2 measles vaccine
mmunizations [6,11],  which strongly stimulate both innate and

daptive immune responses. Measles-specific humoral responses
re detectable for as long as 33 years after vaccination [4],  possibly
ue to boosting by natural exposure.
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Measles vaccines have an excellent safety record not only
after injection but also after mucosal (aerosol) delivery. Mucosal
delivery mimics natural infection, which is known to be highly
immunogenic [12,13]. A number of vaccine campaigns demon-
strated superior immunogenicity of aerosol delivered Edmonston
Zagreb (EZ) measles vaccine compared to the injected vaccine,
either as a primary or a boosting immunization [14–16].  The safety
of attenuated measles vaccine has been proven in numerous clin-
ical trials and with post-marketing surveillances [3].  Good safety
profile of attenuated measles vaccine is due to high stability of the
viral genome that prevents reversion to highly virulent species. In
addition, measles virus, which is a non-segmented single-stranded
negative sense RNA virus, replicates exclusively in the cytoplasm of
infected cells [17,18]; thus the viral genome cannot integrate into
the host chromosome. Due to straightforward manufacturing, the
measles vaccine can be produced in large scale and at low cost.
The safety record, immunogenicity and manufacturability make

live attenuated measles virus an attractive candidate to develop
as a recombinant vaccine vector.

In a recombinant measles vaccine (rMV) vector, an antigen from
another pathogen is incorporated into the measles genome. During
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http://www.elsevier.com/locate/vaccine
mailto:katarina.radosevic@crucell.com
dx.doi.org/10.1016/j.vaccine.2012.06.029


5 cine 30 (2012) 5991– 5998

t
e
i
T
i
p
h
h
s
d
w
t
−
r
d
s
t
i
t
d
c
p
t
g
w
n
u
v
r
p

m
b
p
n
d
a
p
a
c
m
i

b
t
v
t
t
s
r
l
r

n
u
r
b
v
f
s
c
a
i
p
a
m

A 1: rMV,  5x104 (1x)
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Fig. 1. Experimental schema for the rMV  immunization regimens. (A) In Study
A,  rhesus macaques were immunized with 5 × 104 pfu (1× dose; group 1, n = 3)
or 106 pfu (20× dose; group 2, n = 3) of rMV-Gag twice by aerosol as a prime to
rAd5-Gag, at 1010 PU, also by aerosol. A third group (n = 3) received a single rAd5
prime followed by two  boosting immunizations with the 20× rMV-Gag, all by
aerosol. Immunizations were administered eight weeks apart. (B) In Study B, animals
received either rMV-null (n = 6) or rMV-Gag (n = 16) delivered twice: intratracheally
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he replication and transcription of rMV  in a cell, the transgene is
xpressed together with viral proteins and presented to the host
mmune system, inducing a transgene-specific immune response.
hus a multivalent vaccine vector would induce not only strong
mmunity and protection against measles but also against another
athogen. A number of different transgenes, including genes from
uman papilloma virus, SARS coronavirus, West Nile virus, and
uman and simian immunodeficiency viruses (HIV/SIV), have been
tably incorporated into the recombinant measles genome, with
emonstrated transgene protein expression [19–25].  In vivo studies
ith measles virus and recombinant measles vectors have tradi-

ionally been performed in immunocompromised (IFN� receptor
/−) mice transgenic for human CD46 receptor, a measles virus

eceptor [19,22,24,26]. Immunogenicity studies in these animals
emonstrated that recombinant measles vectors induce not only
trong immune response against measles but also against the
ransgene [21,22,24,25]. In immunocompetent mice, however, the
mmune response against the transgene is generally very low even
hough measles-specific responses are well induced (unpublished
ata), possibly reflecting the inability of measles vector to effi-
iently replicate in these animals. Our initial immunogenicity study
erformed in non-human primates using rMV  vector based on
he licensed EZ vaccine strain as the backbone and expressing SIV
ag (rMV-Gag) failed to demonstrate transgene specific responses
hile animals developed measles specific immune responses (data
ot shown) [23]. We  assume that this is due to the highly atten-
ated nature of the EZ strain, which is one of the safest measles
accines currently in use [4,8], and would argue against the use of
ecombinant measles vector as a stand-alone vaccine against other
athogens.

In the current study, we evaluated whether recombinant
easles vector could enhance immune response when com-

ined with a heterologous Ad5-based vaccine vector. Heterologous
rime-boost immunization regimens are highly promising vacci-
ation approaches and are currently being evaluated for different
iseases, including proven difficult pathogens such as malaria par-
sites, Mycobacterium tuberculosis and HIV [27]. Heterologous
rime-boost regimens may  improve not only the magnitude but
lso the quality of the immune response, by increasing epitope
overage and functionality of the response, due to the different
echanisms of uptake and processing of different vaccine vectors

n vivo [28,29].
Experimental intratracheal (IT) and aerosol (AE) deliveries have

een used successfully in several animal experiments. The advan-
age of IT inoculation is that it ensures delivery of the complete
iral dose to the lungs. However, attenuated measles Edmonston
ag strain inoculated IT did not replicate in the upper respiratory
ract, while it did following AE inhalation [30]. Since the EZ vaccine
train may  behave differently, we pursued both mucosal delivery
outes to increase the possibility of viral replication at the upper and
ower respiratory tract and to efficiently elicit a mucosal immune
esponse against the viral vector and the inserted transgene.

We report the humoral and cellular immunogenicity of recombi-
ant live attenuated measles virus (rMV) expressing SIVgag when
sed primarily as a mucosal vaccine vector in rhesus macaques.
MV failed to elicit robust immune responses against the recom-
inant insert, despite inducing robust responses to the measles
irus. However, when administered as a priming immunization
or recombinant adenovirus serotype 5 (rAd5) expressing the
ame immunogen, rMV  significantly enhanced SIVgag specific T-
ell responses, in particular CD8+ T cells. This was  true even for
n otherwise inert, suboptimal dose of rAd5 used as a boost-

ng vaccine. These findings reveal a potential role for rMV  as a
riming component in heterologous prime-boost vaccine regimens
gainst other pathogens while simultaneously immunizing against
easles.
(IT) at week 0 and intramuscularly (IM) at week 12. Half of animals received the 1×
dose and half the 20×.  A heterologous boost of 107 PU of rAd5-Gag was administered
IM to all animals 20 weeks after the second rMV.

2. Results

2.1. Experimental schema

In vitro replication of rMV  encoding SIV gag was similar to
the parent EZ vaccine strain, transgene expression was con-
firmed by western blot, and transgene immunogenicity was
observed in immunocompetent CD46-transgenic mice but not rhe-
sus macaques (data not shown). To determine the immunogenicity
of rMV  as a heterologous prime-boost vaccine vector component,
we immunized rhesus macaques with rMV-Gag as either a prime
or boost to rAd5 using a highly immunogenic AE delivery platform
(Fig. 1A, Study A) [31]. Two  doses were compared: either 5 × 104 pfu
(approximately a single human dose, 1×) or twenty-fold greater,
106 pfu (20×), administered twice as a prime to a single 1010 PU
rAd5 AE immunization or the 20× dose administered twice as a
boost to rAd5 priming. All immunizations were spaced 8 weeks
apart.

In a separate experiment, to further study the ability of rMV
to prime for a systemic rAd5 boost, a mucosal IT and IM priming
regimen was subsequently boosted with a suboptimal dose (107

PU) of rAd5 (Fig. 1B, Study B). The same two  doses of rMV used in
Study A were also compared in Study B, and animals received either
rMV-Gag or rMV  without insert (rMV-null).

2.2. Immunogenicity of aerosolized rMV

To assess the immunogenicity of rMV  vector alone and as a
vaccine prime or boost, we first employed a highly immunogenic
aerosol vaccine delivery system (Study A). We  previously observed
T cell responses to rAd5-encoded immunogens ranging from 10
to 60% of CD4 and CD8 subsets in the BAL following aerosol vac-
cination [31]. Since five of the nine Study A animals were MV
seropositive at the start (presumably due to natural MV  exposure),

these animals were divided into the rAd5 prime group (n = 3) and
one into each of the 1× and 20× rMV  prime groups.

Following aerosol rMV-Gag immunization, all naïve animals
mounted significant serum IgG responses to the rMV  vector,
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Fig. 2. Immunogenicity of aerosolized rMV  alone and as a prime or boost for rAd5. (A) Serum IgG responses to MV  were measured by ELISA and are reported in optical
density  units (OD). Pre-immune and week 8 responses are shown for each animal with lines coded according to vaccine group assignment. The two MV-seropositive animals
assigned to rMV-Gag prime groups are indicated (+, 1×; *, 20×). Line patterns correspond to groups as shown in the legend at far right. (B) BAL MV N-specific CD4+ and CD8+

T cell responses were measured by in vitro peptide pool stimulation and ICS for IFN�, IL-2, and TNF four weeks after the second immunization. The total percent of each
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ubset  making any combination of these cytokines is plotted for each animal, depic
n  (B) and shown over time for each animal. (D) BAL Gag-specific T cell responses w
nimals  at four weeks after rAd5 immunization. Symbols correspond to the same a

egardless of the rMV  dose (Fig. 2A). Of note, the vaccine-induced
esponses were similar in magnitude to the IgG levels in the five ani-
als that were seropositive at the study start, indicating a robust

umoral response to the vaccine. In addition, CD4+ T cells specific
or the MV  N protein were also detected in the BAL of all the animals
our weeks after the homologous rMV  boost except for one of the

V  seropositive animals, ranging from 1 to 16% of the subset, as
easured by intracellular cytokine staining following ex vivo pep-

ide stimulation (ICS, Fig. 2B). There was no significant difference
etween the 1× and 20× groups with respect to the magnitude of
he T cell response. Moreover, one of the animals with preexisting

V titers had a vigorous N-specific CD4+ T cell response (7%), pre-
umably elicited by the vaccine since MV-seropositive animals that
id not receive rMV  (rAd5 prime group) were all <1%. These data
re consistent with previous observations that aerosolized vaccine
ectors are resistant to neutralization by preexisting serum anti-
odies to the vector [31]. Low-frequency CD8+ T cell responses
<1%) were also observed for half of the animals. Thus aerosol deliv-
ry of rMV  alone elicited robust systemic IgG and local mucosal

 cell responses to the MV  vector.
To assess the immune response to the SIV Gag immunogen,

e measured serum IgG and both blood and BAL T cell responses.
ignificant Gag-specific IgG was not observed at any time point
uring the study, including after rAd5 immunization (data not
hown). This was surprising since a single aerosol immunization
f rAd5 encoding an EnvHIV transgene at the same dose was  previ-
usly shown to elicit serum IgG responses [31], but may  be due to

reater immunogenicity of Env relative to Gag. Gag-specific blood

 cell responses to the rMV  prime or boost were also undetectable
Fig. 2C and data not shown). By contrast, rAd5 induced demonstra-
le but not statistically significant CD8+ T cell responses 4 weeks
y a unique symbol. (C) PBMC CD8+ T cell Gag-specific responses were measured as
easured as in (B). (E) BAL Gag-specific T cell responses from (D) are shown for all

 in (B).

post-prime (Fig. 2C, p = 0.09), which were transient and therefore
consistent with no boosting by 20× rMV  [31].

Since aerosol immunization typically results in exceptional
T cell responses in BAL, we considered BAL to be the most sensitive
site for detecting responses. We  measured Gag-specific responses
by ICS at weeks 4 and 12, following each of the rMV  priming immu-
nizations. Four of six animals primed with rMV  had small but
notable T cell responses in the BAL 4 weeks after the first prime:
two from each of the 1× and 20× groups (Fig. 2D). These responses
ranged from 0.6 to 2.3% of the CD4+ or CD8+ T cell subsets and
declined after the second rMV  immunization for all but one animal.
By contrast, the rAd5 prime elicited robust and durable Gag-specific
BAL T cell responses in all animals: peaking at 8–17% of CD4+ and
20–35% of CD8+ T cells four weeks after immunization. There was no
evidence that rMV  administered 8 and 16 weeks after rAd5 boosted
these responses; however, without matched rAd5 only controls we
cannot exclude this or the possibility of enhanced durability. We  did
observe a trend in which 20× rMV  primed for a greater magnitude
CD8+ T cell response 4 weeks following rAd5 immunization, com-
pared to unprimed rAd5 (Fig. 2D and E, p = 0.07). Thus aerosolized
rMV  alone is a weak vector platform, but it has the potential to
enhance responses elicited by a subsequent rAd5 boosting immu-
nization.

2.3. Humoral immunogenicity of suboptimal rAd5 dose primed
by rMV
To elaborate on the ability of rMV  to prime an rAd5 immu-
nization seen in Study A, we immunized a second group of rhesus
macaques with rMV  followed by a low dose of rAd5 that ordinar-
ily would not elicit robust responses (Study B, Fig. 1B). Using the
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oughly equal to 1 ng/ml, as described in Materials and Methods. (B) MV 50% neu-
ralization titers are shown for each animal as in (A) with rMV-null and -Gag groups
ombined by rMV  dose. Protective titer of 120 mIU/ml is indicated.

ame doses as in Study A, rMV  was administered IT and then IM,  to
rst assess rMV  mucosal priming of a homologous systemic boost.
he IM rAd5 boost was given 20 weeks after the second rMV  (IM)
mmunization (week 32).

Serum IgG was elicited to the measles virus vector within two
eeks of IT delivery in Study B (Fig. 3A), indicating successful vac-

ine take. Responses to MV  were similar for both the null and SIV
ag-encoding rMV, ranging from 102 to 103 U/ml at both week two
nd week four, with no apparent effect of dose. Titers increased
lightly by week eight and peaked two weeks after the IM rMV
oost (week 14). These titers were sufficient to mediate MV  neu-
ralization (Fig. 3B).

By contrast, most animals did not mount a systemic IgG response
o the Gag insert following rMV  immunization, as measured by
LISA (data not shown). Gag-specific B cells were likely elicited
y rMV  in two animals, one in each of the 1× (396) and 20×
339) groups, as these were the only animals that responded to
he rAd5 boost. IgG titers in animal 339 increased 6.2-fold from
re-immune levels at week 14, and then 6.3-fold from week 32 to
eek 34. Animal 396 underwent a 10.3-fold increase in titer from
eek 0 to 34, with undetectable responses to rMV  alone. Mucosal

gA responses were largely undetectable, with no significant Gag-
pecific responses in the bronchoalveolar lavage (BAL), saliva, or
ectum (data not shown). Together, these data demonstrate robust
mmunogenicity elicited by rMV-Gag to the measles virus vector
ut weak humoral responses to the SIV Gag insert, consistent with
E delivery.

.4. Cellular immunogenicity of suboptimal rAd5 dose primed by
MV

To determine if rMV  primed cellular responses to rAd5 as sug-
ested in Study A, we measured T cell responses by ICS and ELISpot
ollowing each rMV  prime and the limiting dose rAd5 boost. The
T rMV  immunization failed to induce robust T cell responses in
eripheral blood at any time point up to week 12, with no signif-

cant difference from pre-immune levels for either the 1× or 20×
accine group (Fig. 4A and data not shown). Low-level responses
ere observed for some animals within each group by ELISpot, but

hese generally did not exceed 250 antigen-specific cells per million
ells. Notably, two of the animals that mounted a significant serum
ag IgG response following rMV, 339 and 399, also had modest but
urable T cell responses (data not shown). Similarly, Gag ELISpot
esponses after the homologous IM rMV  boost were low, with evi-
ence of a boost only in the 20× group at week 16 (p = 0.02, relative

o week 12). Following the rAd5 boost, however, significant PBMC

 cell responses were detected in both the 1× and 20× rMV-Gag
rimed groups at both two (week 34) and four (week 36) weeks
fter rAd5 (p = 0.002 and p = 0.0008, respectively, versus week 32,
0 (2012) 5991– 5998

Fig. 4A). By contrast, T cell responses to this dose of rAd5 were
undetectable without priming (MV-null).

ELISpot PBMC responses were corroborated by ICS on individual
T cell subsets. As expected, 20× rMV-Gag immunizations primed
CD8+ T cell responses for rAd5 (p = 0.01 relative to pre-rAd5, Fig. 4B).
The 1× prime also trended towards significance (p = 0.06), with ele-
vated CD8+ T cell responses in half of the animals. By contrast,
PBMC CD4+ T cell responses were not significantly primed by rMV,
as measured by ICS. Large Gag-specific responses were also mea-
sured in BAL following the rAd5 boost for some animals primed
with rMV-Gag, particularly within the CD8+ T cell compartment
(Fig. 4C). Combined, these data demonstrate a distinct ability of
rMV  to prime T cell responses.

3. Discussion

In this study, we  assessed the immunogenicity of recombinant
live attenuated Edmonston Zagreb (EZ) measles strain expressing
SIVgag transgene (rMV-Gag) as a priming vaccine vector in a het-
erologous prime-boost regimen with rAd5. When delivered either
by aerosol or a combination of intratracheal and intramuscular
routes, rMV-Gag increased the magnitude of Gag-specific periph-
eral blood and BAL T cell responses following the rAd5-Gag boost,
particularly among CD8+ T cells. By contrast, humoral responses
to the transgene were not significantly enhanced by rMV, despite
elicitation of strong functional antibodies against the MV vector.
rMV  on its own elicited robust measles-specific immunity but failed
to induce transgene-specific responses. This finding is consistent
with results from initial tests of the vector in rhesus macaques,
in which rMV-Gag was administered intramuscularly as a homolo-
gous prime-boost (data not shown). rMV  derived from the EZ strain
is thus a potent vaccine against measles but not an immunogenic
vector against a transgene unless combined with another vector,
such as adenovirus, in a heterologous prime-boost regimen. In this
context, rMV  can prime for strong cellular responses against the
transgene even with suboptimal boosting.

The reason transgene immunogenicity was  weak when rMV was
administered by itself, despite robust measles-specific responses,
is probably due to limited replication of the attenuated vaccine
strain. Replication of measles virus, a single-stranded negative-
sense RNA virus, is necessary for high-level transgene protein
synthesis. While measles proteins are present within the vaccine
and prime the immune response for a boost with small quanti-
ties of measles protein produced upon low-level viral replication,
high-level transgene protein availability and immune response
elicitation is dependent on the extent of vector replication. The EZ
measles strain used for generation of the rMV-gag vector is highly
attenuated, as demonstrated by its superb safety in infants, and
may  thus explain the poor immunogenicity of rMV-Gag for the
transgene when used as a stand-alone vaccine. Although we  con-
firmed the Gag protein expression in vitro by western blot (data
not shown), it is possible that the amount of Gag  protein produced
by the measles vector is insufficient to elicit detectable immune
response but adequate to prime T cells for a subsequent boost. We
also cannot exclude potential defects in antigen processing and pre-
sentation of the rMV-encoded transgene, but why this would occur
for the transgene but not for MV  proteins is not evident.

Improved transgene expression from this attenuated measles
virus vector can be achieved by inserting the transgene upstream
of the N gene (so-called position 1) as there is a transcript expres-

sion gradient from N to L with N being expressed highest [23,24].
However, this approach might negatively impact vector genetic sta-
bility and replication kinetics [23]. Alternatively, strategies might
be developed in which the transgene protein is packaged as an
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T cell priming was observed in both of our non-human primate
tudies, although the effect was more pronounced in Study B com-
ared to Study A. This difference may  be due to several factors. First,
MV was administered exclusively in the airway mucosa in Study
, whereas one of the rMV  primes in Study B was  administered

M.  A systemic rMV prime may  enhance blood cellular responses
o a greater extent than AE delivery. In addition, rAd5 was  admin-
stered by different routes. Aerosol rAd5 delivery (Study A) is less
mmunogenic for peripheral blood T cell responses than IM deliv-
ry (Study B) [32], limiting the magnitude of the PBMC response to
Ad5 in Study A. Furthermore, different doses of rAd5 were used in
he studies, although it is not clear why a suboptimal dose of rAd5
107 PU; Study B) would induce a larger response than an optimal
ose (1010 PU; Study A) primed by the same dose of rMV. Finally,
he interval between the rMV  prime and the rAd5 boost was much
reater in Study B (20 weeks) than in Study A (8 weeks). This may
ave allowed more time for rMV-Gag replication, transgene syn-
hesis, and immune presentation. Although we cannot conclude
t this time which factor is crucial for the observed differences,
he fact that we observe T cell priming by rMV  in two  indepen-
ent and different heterologous prime-boost studies underscores

he robustness of this mechanism. We  hypothesize that the prim-
ng ability of rMV  is not limited to boosting with rAd5. Likely any
ther live viral vector would be a suitable boosting vaccine for rMV
n a heterologous prime-boost regimen.
ated. (C) Gag-specific T cell responses in BAL measured by ICS as in (B) at week 36,
 represented as insufficient BAL T cell subset populations were detected.

A significant Gag-specific antibody response was  not observed
at any time point during the study, suggesting weak priming of
CD4+ T cells and B cell help as compared to CD8+ T cells. However,
Gag-specific antibodies were not induced after rAd5 immuniza-
tion either (data not shown). Lack of Gag antibody responses might
be due to relatively poor immunogenicity of Gag, since we previ-
ously demonstrated that a single aerosol immunization with rAd5
encoding an EnvHIV transgene at the same dose elicits serum IgG
responses [31]. In another study, a recombinant version of Edmon-
ston B MV  induced robust EnvHIV transgene- and MV-specific
antibody responses in non-human primates [22], suggesting Env is
more immunogenic than Gag. However, we cannot exclude the pos-
sibility that these transgene-specific responses were due to higher
replication (i.e. less attenuation) of the measles strain employed
relative to our rMV.

Our main finding that rMV  efficiently primes CD8+ T cells in
a heterologous prime-boost regimen with a suboptimal boosting
dose of an adenovirus vector has important implications for vac-
cine design. In general, heterologous prime-boost regimens are
appealing for their potential to increase and broaden responses as
well as to evade neutralizing antibodies against the priming vector.
Employing rMV  as a vaccine vector achieves sterilizing immunity
against measles in addition to priming responses against another

pathogen in a single immunization, which would help to reduce the
number of immunizations given to children. Moreover, the specific
regimen tested here offers an additional advantage of dose sparing
for the boosting vaccine and, as such, increasing available dosages



5 cine 3

a
i
v
p
o
a
r
i
a
t

4

4

s
w
g
s
r
b
w
p
I
r
t
d
c
c
N
E
s

4

a
a
a
S
o
i
d
G
c
2
a
R
o
m
H

4

d
o
t
m
r
i
A
i
i
2

996 D.L. Bolton et al. / Vac

nd decreasing costs. Future studies should examine rMV  priming
n combination with other boosting vaccine vectors and delivery
ia different routes to further enhance transgene immunogenicity,
articularly for humoral responses. In addition, incorporation of
ther, possibly more immunogenic transgenes will be important to
ssess the full potential of rMV  to elicit transgene-specific immune
esponses. Evaluation of immunogenicity in MV  naïve and seropos-
tive animals, followed by protection studies in an established
nimal challenge model, should ultimately prove the suitability of
he technology and justify initiation of human clinical trials.

. Materials and methods

.1. Plasmids and viruses

To create rMV  vectors expressing foreign proteins, cDNA corre-
ponding to the antigenome of Edmonston Zagreb vaccine strain
as cloned with additional transcription units to insert exogenous

enes encoding foreign antigens into the viral genome [24]. In this
tudy two measles vectors were used, rMV  empty (rMVEZ-null, or
MV-null) and rMV containing SIVmac239 gag gene at position 2,
etween P and M genes (rMVEZb2.SIVgag, or rMV-Gag). Viruses
ere rescued as previously described [33]. Vaccine batches were
repared on MRC-5 cells as described with few modifications [13].

n brief, recombinant measles vectors were grown in MRC-5 cells in
oller bottles at 35 ◦C/5%CO2 and viruses were harvested at several
ime points post infection. Viral titers were determined by stan-
ard plaque assay on Vero cells. Presence of the transgene was
onfirmed by RT-PCR and sequencing and protein expression was
onfirmed by western blotting (anti-SIV Gag p27 antibody 2F12,
IH AIDS Research & Reference Reagent Program). Recombinant
1/E3/E4-deleted rAd5 construct expressing GagPolSIV and virus
tocks (rAd5-Gag) were generated as previously described [34,35].

.2. Animals and immunizations

Colony-bred Indian-origin rhesus macaques were immunized
s described in the Results section. Briefly, rMV  was  administered
t either a single human dose (5 × 104 pfu, 1×) or 106 pfu (20×),
nd rAd5-Gag at either 1010 PU (Study A) or 107 PU (Study B). In
tudy A, five animals were seropositive at study start and assigned
ne per rMV-Gag prime group (1× and 20×,  n = 3 each) and three
nto the rAd5 prime group (n = 3). Aerosol immunizations were
elivered in 1.0 ml  by the e-Flow® Nebulizer System (PARI Pharma,
ermany) [31]. In Study B, standard IT and IM immunizations were
onducted using 1.0 ml  of vaccine. The rMV-null groups (1× and
0×, n = 3 each) and rMV-Gag groups (1× and 20×,  n = 8 each) were
ll measles naïve. Study A animals were housed at Bioqual, Inc.,
ockville, MD;  Study B at New England Primate Research Center
f Harvard Medical School, Southborough, MA.  All animals were
aintained in accordance with National Institutes of Health and
arvard Medical School guidelines.

.3. Adenovirus neutralization assay

Neutralizing antibodies against Adenovirus serotype 5 were
etected by luciferase transgene expression inhibition as previ-
usly described [36]. Briefly, heat inactivated serum samples were
wofold serially diluted in medium (Dulbecco’s modified Eagle’s

edium containing 10% FBS) and in duplicate. Serum dilutions
anged from 1/16 to 1/32,768 in an end volume of 50 �l of medium
n a 96-well plate. Fifty �l of a fixed amount of Adenovirus (Ad5

dapt Luc, 1 × 108 PU/ml) was added to each serum dilution and

ncubated for 30 min  at room temperature. Then 104 A549 cells
n 100 �l were added to every well and plates were incubated for
4 h at 37 ◦C and 10% CO2. The medium was discarded, 50 �l of
0 (2012) 5991– 5998

phosphate-buffered saline (PBS) was added and one freeze-thaw
cycle was made. Next, 50 �l of Steady-Lite luciferase assay system
reagent (PerkinElmer) was  added to every well and incubated for
15 min  at room temperature. Fifty �l from each well was  trans-
ferred to a black and white isoplate and luminescence counts were
measured on a 1450 MicroBeta Trilux. As negative control, no serum
was added resulting in the maximum luciferase activity. The min-
imum luciferase activity was  obtained from wells where no virus
was added. As positive control, serum from immunized mice was
used. The 90% neutralizing titers were calculated by a non-linear
curve fit through the sample data using the minimum luciferase
activity control (no virus) as baseline (0%), and the maximum
luciferase activity control (no serum) as plateau (100%).

4.4. Measles virus antibody responses

Enzyme immunoassays were used to measure MV-specific
IgG in Study A as previously described with some modifications
[37]. Briefly, sera were diluted 1:100 and incubated overnight
at 4 ◦C with MV-infected Vero cell lysate (1.1 �g/well; Advanced
Biotechnologies) coating a Maxisorp 96-well plate (Nalge Nunc
International). Plates were washed 4 times with PBS containing
0.05% Tween-20 (PBST). Alkaline phosphatase-conjugated rabbit
anti-monkey IgG (BIOMAKOR; Accurate Chemicals) was  added to
each well (1:1500, 100 �l/well) and plates were incubated for 2 h at
37 ◦C followed by four washes in PBST. Plates were developed using
the substrate para-nitrophenyl phosphate (SIGMAFAST, Sigma) and
the absorbance was read at 405 nm (SoftMax Pro Software v3.1.1,
Molecular Devices) with the average of the three samples reported
as optical density. Three negative controls using plasma from naïve
monkeys were included in this assay (negative if average optical
density ≤0.565).

In Study B, anti-MV IgG antibodies were measured using Fisher-
brand high protein-binding microtiter plates coated for 5 h at room
temperature with 60 ng/well of beta-propiolactone-inactivated
measles virus (Edmonston strain ATCC VR-24; Virion-Serion,
Wurzburg, Germany) in 0.05 M carbonate buffer, pH 9.4. Plates
were washed with PBST, then blocked for 30 min  with 2%
Goat Serum (GS) in PBST. Pooled serum from 3 MV-immunized
macaques was  arbitrarily assigned 1000 units/ml of anti-MV IgG
antibody and used as a standard. Individual serum samples were
tested at eight serial 3-fold dilutions using a starting dilution of
1/100. After an overnight reaction at 4◦C, the plates were washed
with PBST and treated with 20 ng/well biotinylated goat anti-
human IgG (SouthernBiotech, Birmingham, AL) for 1 h at 37◦C.
Plates were washed, then reacted for 30 min  at room temperature
with 50 ng/well of streptavidin-peroxidase (Sigma). Final develop-
ment was with tetramethylbenzidine (SouthernBiotech) for 30 min
and 2 N sulfuric acid stop solution. Absorbance was recorded at
450 nm in a SpectraMax M5  plate reader (Molecular Devices, Sun-
nyvale, CA). Serum was considered positive for IgG antibody if the
post-immune level was  3.4-fold greater than the pre-immune level.

Plaque reduction neutralization assay was used to measure neu-
tralizing antibody titer following immunization [38]. The monkey
serum samples were two-fold serially diluted from 1:4 to 1:16,384
and standardized to the 3rd WHO  international anti-measles stan-
dard serum (1.0 IU/ml, NIBSC code 97/648, NIBSC, Potters Bar
Hertfodshire EN6 3QG, UK) serially diluted 1:8 to 1:256. Two
hundred �l of each serum dilution was incubated with 200 �l of
a fixed amount of rMVb2EZ (approximately 70 pfu/ml) for 1 h at
37 ◦C. Vero cells seeded in 6-well plates were infected with 200 �l of
the serum-MV mix  in a humid chamber for 1 h at 25 ◦C then overlaid

with a semi-solid medium (MEM and 1.2% Methocel) and incubated
for 6 days at 35 ◦C and 5% CO2. Cells were fixed and stained (7.4%
formaldehyde and 0.4 g/L crystal violet in PBS pH 7.4) and plaques
counted. The 50% neutralizing end-point titers were calculated
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sing the Spearman and Kärber method. One hundred % neutral-
zation was defined as no plaques and 0% as the geometric mean
laque count of the no serum negative control. Normalized titer
as calculated as the ratio between the estimated 50% neutraliz-

ng end-point and the WHO  standard multiplied by the WHO  titer
1 IU/ml): 10(log sample–log WHO) × 1 IU/ml. Fifty % neutralizing end-
oint values less 4 (i.e. first dilution) were considered to be negative.
iters ≥120 mIU/ml were considered protective [39].

.5. SIV Gag antibody measurements

Pre-immune and post-immunization serum, BAL and rectal
ponge eluates were analyzed for humoral responses by ELISA as
reviously described [40]. Rectal secretions were sampled by a
odified wick method using Weck-Cel Spears (Windsor Biomed-

cal, Newton, NH) as previously described [41]. SIV-specific IgA
nd IgG antibodies to Gag were measured using microtiter plates
oated respectively with SIVmac251 viral lysate (125 ng total pro-
ein/well, Advanced Biotechnologies Inc, Columbia, MD). Total IgA
r IgG was measured using plates coated with goat anti-monkey
gA (Rockland, Gilbertsville, PA) or IgG (MP  BioMedicals, Solon, OH).
ooled macaque serum containing previously calibrated amounts
f the relevant antibody or immunoglobulin was  used for the stan-
ards. Plates were developed with biotinylated goat anti-monkey

gA (25 ng/ml, OpenBiosystems, Huntsville, AL) or anti-human IgG
s described above. For secretions, the concentration of antigen-
pecific IgA was divided by the concentration of total IgA in each
ample to obtain the specific activity. Results were considered to
ontain significant antibody if the specific activity was  ≥mean + 3
tandard deviations of negative controls and 3.4-fold above the
re-immune specific activity.

.6. T cell intracellular cytokine staining

Peripheral blood and BAL were collected from animals follow-
ng immunization. Single cell suspensions were stimulated with
verlapping peptide pools of MV  N-protein or SIV Gag at 2.0 �g/ml
or 16 h. Following stimulation, cells were labeled with cell sur-
ace markers (CD4-Alexa700APC and CD8-QDot655; unconjugated

onoclonal antibodies from Becton Dickenson; conjugations in
ouse) and ViViD (LIVE/DEAD® stain, Invitrogen), then fixed and
ermeabilized (BD Cytofix/Cytoperm, Becton Dickenson) for intra-
ellular cytokine staining with IFN�-FITC, TNF�-Cy7PE, IL-2-PE, and
D3-Cy7APC (Becton Dickenson). Background from co-stimulation
lone (anti-CD28 and anti-CD49d) was subtracted to determine
ntigen-specific responses.

.7. T cell ELISpot measurements

Multiscreen ninety-six well plates were coated overnight with
00 �l per well of 5 �g/ml anti-human interferon-� (IFN-�) (B27;
D Pharmingen) in endotoxin-free Dulbecco’s-PBS (D-PBS). The
lates were then washed three times with D-PBS containing 0.1%
ween-20, blocked for 1–4 h with RPMI containing 10% FBS to
emove the Tween-20, and incubated with peptide pools at 1 �g/ml
nd 2 × 105 PBMCs in triplicate in 100 �l reaction volumes. Fol-
owing an 18 h incubation at 37 ◦C, the plates were washed nine
imes with D-PBS containing 0.1% Tween-20 and once with distilled
ater. The plates were then incubated with 2 �g/ml biotinylated

abbit anti-human IFN-� (Biosource) for 2 h at room tempera-
ure, washed six times with D-PBS containing 0.1% Tween-20 and

ncubated for 2.5 h with a 1:500 dilution of streptavidin-AP (South-
rn Biotechnology). After five washes with D-PBS containing 0.1%
ween-20 and one with D-PBS, the plates were developed with
BT/BCIP chromogen (Pierce), stopped by washing with tap water,

[

[
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air dried, and read with an ELISpot reader using Immunospot soft-
ware (version 5.0) (Cellular Technology Ltd., Shaker Heights, OH).
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