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Introduction

Novel technologies in vaccinology are necessary to tackle today’s 
major diseases, such as AIDS, malaria and tuberculosis. Reverse 
genetics permits the designing of viruses, to be used as vectors, 
in order to deliver foreign antigens to the body.1-3 Due to its size, 
Measles virus (MV) is a an excellent vector candidate since its 
genome allows the incorporation of up to 40% of additional 
foreign nucleotides.4 The live MV vaccine has a long record of 
safety and efficacy, especially since the reversion to pathogenic-
ity has never been observed with this vaccine. The live vaccine 
is injected subcutaneously or dispensed as an aerosol for adults, 
children and infants.2,10-12,22 Since the manufacturing and pro-
duction of MV vaccine is well established, an MV-based vac-
cine vector would be easily manufactured and thus affordable. 
These characteristics prompted us and others to design and pro-
duce several MV vectors carrying diverse antigens derived from 
human pathogens, including Hepatitis B,5 Dengue,6 HIV-1,4,7,28 
SARS8 and Malaria.9 For the rescue of recombinant measles 
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viruses (rMV), a helper-cell based system had to be developed. 
The uniqueness of the rescue of these rMV viruses, using a 
human cell line, represents an additional advantage in terms of 
vaccine safety.

The measles vaccine has also been extensively used as an 
aerosol vaccine in children.2,9-12 Generally, aerosolized measles 
vaccine appeared to be more immunogenic than subcutaneous 
measles vaccines in children aged 10 mo and older. Aerosol appli-
cations have the advantage to be distributed over a significant 
surface, e.g., humans lungs represent around 50m2.1,2 In addi-
tion, the pulmonary, nasal and oral immune system comprise 
the mucosal-associated lymphoid tissues, which are responsible 
for the activation of approximately 80% of all immunocytes.13 
Mucosal immunity is often the first line of defense against patho-
gens and is therefore of utmost importance. Many studies indicate 
that systemic immunization produce strong anti-viral systemic 
responses, while mucosal immunization can stimulate both the 
mucosal and systemic response and confer long-term immu-
nological memory. However, the magnitude of these immune 
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Results

Passive infusion of MV neutralizing antibodies and its effect on 
the induction of humoral immune responses against MV and 
the SIVgag transgene. In order to investigate the impact of a MV 
pre-existing immunity prior immunization with a recombinant 
measles vector (rMV); 500, 2,000 or 5,000 mIU of MV neu-
tralizing antibodies (nAb), respectively, were administered intra-
venously (i.v.) to mice. The following day, blood samples were 
taken and mice were immunized either intramuscularly (i.m.) or 
intranasaly (i.n.) with 1 × 105 pfu rMV-SIVgag, and the devel-
opment of the humoral immune response against MV and the 
transgene was monitored.

Humoral IgG responses against MV. Figure 1 shows the fold 
increases of median MV-IgG titers between day 1 and week 2 
after i.m. immunization. As expected, the group of animals that 
did not receive any MV-nAb induced the highest fold increase of 
all groups, which implies that even the lower dose (500 mIU) of 
MV-nAb had some inhibitory effect on the development of the 
anti-MV humoral immune response. Interestingly, the group of 
mice that received 5,000 mIU of MV-nAb had a fold increase 
similar to the group that was immunized with UV-inactivated 
rMV. These results suggest that the reduced antibody response 
in these animals was due to an inhibition of viral replication. 
Indeed, the median fold increase between day one and week 2 
was inversely correlated with the amount of MV-nAb received, 
with R2 equal to 0.86.

The experiment was then repeated using either an i.m. or an 
i.n. prime, and the results are shown in Figure 2. After 4 weeks, 
mice that received 500 mIU of MV-nAb followed by an i.m. 

responses is often somewhat reduced, as seen with immuniza-
tions using adenovirus vectors.14-16,26

We constructed a MV-based vector containing various 
HIV-1 and SIV antigens with the ultimate goal of using it as 
pediatric vaccine against MV and HIV-1 infections. The pos-
sibility to dispense it as an aerosol is ideal for resource-limited 
countries where refrigeration and needle use are problematic. 
However, adults could also benefit of such an rMV-HIV-1 vac-
cine, since it could be used as an additional tool among HIV-1 
therapeutics.

Certain questions arose as to whether such a vaccine would 
still be efficacious in the presence of a MV pre-immunity, which 
can be expected in a large number of an adult population. As seen 
in the STEP and Phambili study, the presence of an anti-vector 
pre-immunity can have a detrimental impact on the development 
of an immune response and on the potential of a vaccine to pro-
tect against new infections.17-19 However, other studies showed 
that Ad5-based vaccines given by mucosal routes can circum-
vent the effect of pre-existing immunity and induce significant 
immune response against the transgene.20 Similarly, other studies 
described the possibility to circumvent a measles pre-immunity 
using immunization by aerosol.21,22

We studied the effect of pre-existing anti-MV immunity on 
the magnitude of immune response against MV and transgene 
after immunization with a rMV vector expressing SIV-gag in 
immune competent hCD46 transgene mice.31 We show that at 
a limited MV pre-immunity (up to 500mIU), a prime-boost 
regimen can circumvent and maximize the induction of a spe-
cific humoral and cellular immune response against MV and 
the transgene.

Figure 1. hCD46tg mice were given 0, 500, 2,000 or 5,000 mIU MV-nAb i.v., respectively, one day prior i.m. immunization with 1 × 105 pfu rMV-SIVgag. 
UV-inactivated virus and mice that did not receive measles nAb prior immunization served as controls. Measles antibody titers were determined by 
endpoint titration at day one and week 2. Fold increase of the median titers between these two time-points are shown in the different groups.
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antibodies against SIVgag upon an i.n. prime (Fig. 4B) in the 
absence or presence of a MV pre-immune status. At week 4, only 
few animals generated SIVgag antibodies with titers not exceed-
ing 1:100 after immunization by the i.n. route. Interestingly, 4 
weeks after the i.m. boost, both i.n.-i.m. groups, with or with-
out anti measles preimmunity, showed a significant increase of 
anti SIVgag antibodies. No significant differences were detected 
between the naive control animals and the pre-immune animals. 
However, the i.n.-i.m. prime-boost group induced significantly 
more anti-SIVgag antibodies (p = 0.008) as compared with the 
i.m.-i.m. group, with titers reaching up to 1:1,280.

Effect of MV neutralizing antibodies on the induction of 
cellular immune response against MV and the SIVgag trans-
gene. To assess the impact of pre-existing anti-MV antibodies 
on the induction of cellular immune response against the vector 
(MV) or the transgene (SIVgag), transgenic hCD46 mice were 

immunization showed an increase of anti MV-IgG titers 2 weeks 
post immunization (panel A). The i.n. group showed a some-
what delayed response with increased anti MV-IgG titers at week 
4 (Fig. 2B). The groups that were given 2,000 or 5,000 mIU 
MV-nAb prior immunization did not show any increase in the 
development of anti-MV antibody (not shown), and were there-
fore excluded from further experiments. We conclude that mice 
pretreated with 500 mIU MV-nAb still experience viral replica-
tion but at a reduced degree after either i.m. or i.n. prime.

To determine whether the specific humoral immune response 
could be improved even in the presence of 500 mIU of MV-nAb, 
the same animals were then boosted i.m. at week 4 with 1 × 105 
pfu of rMV-SIVgag. The results show that the i.m-i.m. immu-
nization route significantly increased anti-MV antibodies by 
8-fold (median titer from 1:120 to 1:960, Fig. 2A). On the other 
hand, mice immunized by an i.n.-i.m. regimen showed an 11-fold 
increase of anti-MV antibody titers, with maximal titers reach-
ing 1:1280 (Fig. 2B). Control animals (naive without MV-nAb) 
induced also quite a homogeneous MV antibody titers which 
increased steadily after the boost, up to median titers of 1:5,120 
for i.m. prime-boost and 1:1,280 for i.n.-i.m. prime-boost at 
week eight.

Next, we assessed the capacity of the induced humoral response 
to neutralize the cognate antigen by determining MV-nAb. 
Pooled sera were used for this purpose. A positive development of 
MV-nAb could only be seen in the control group of mice and in 
the mice pre-treated to 500 mIU of MV-nAb (i.m. or i.n. prime). 
The naive control group had a mean MV-nAb titer of 1,153 mIU 
at 4 weeks post i.m. prime, which was increased to reach a mean 
titer of 15,124 mIU after boost (Fig. 3A, white bars). The pre-
immune mice (with 500 mIU of MV-nAb) showed generally less 
MV-nAb, but a boost could triple the amount of MV-nAb to 
reach 600 mIU (Fig. 3A, gray bars). In comparison, the control 
mice primed via i.n. route generated less MV-nAb, reaching only 
2,900 mIU after boost (Fig. 3B, white bars). However, when pre 
immune mice (having 100 mIU or 500 mIU of MV-nAb) were 
subject to i.n.-i.m. prime-boost, a marked increase in the anti 
MV-nAb, reaching 2,400 mIU and 770 mIU, respectively was 
observed (Fig. 3B, gray bars). Mice that were given 2,000 mIU 
or 5,000 mIU of MV-nAb prior to i.m. or i.n. immunization did 
not show any increase in MV-nAb after the boost (not shown).

Taken together, these results indicate that a persistent MV 
IgG and neutralizing antibodies (MV-nAb) could be induced in 
the presence of up to 500 mIU of MV-nAb by i.m. or i.n. immu-
nization. In addition, we show that a prime-boost schedule, i.n.-
i.m or i.m.-i.m. could significantly increase the magnitude of MV 
antibody responses.

Humoral immune responses against SIVgag. The humoral 
immune response against the transgene, SIVgag, was determined 
under the same conditions mentioned above (i.e., either an i.m. 
or i.n. prime, followed by an i.m. boost at week 4) (Fig. 4). The 
presence of 500 mIU MV-nAb did not affect the induction of 
anti-SIVgag antibodies, whether immunized by i.m. or i.n. 
Similar endpoint anti-SIVgag antibodies were measured in both 
control animals and pre-immune animals, upon i.m.-i.m. prime-
boost (Fig. 4A). However, we observed a delayed induction of 

Figure 2. Humoral response against MV. hCD46tg mice were given 500 
mIU MV-nAb one day prior to immunization i.m. (panel A) or i.n. (panel 
B) with 1 × 105 pfu rMV-SIVgag. Development of MV antibody titers over 
time is shown as median values in lines. The i.m. boost was performed 
at week 4 with 1 × 105 pfu rMV-SIVgag. Arrows show the time points of 
immunization.
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mIU of MV-nAb prior to i.n. immunization, however, did not 
significantly affect the magnitude of cellular immune responses. 
An equivalent cellular response against MV-N or SIVgag as com-
pared with untreated mice was observed (Fig. 5C and D).

In conclusion, the ability to mount a cellular immune 
response against MV and the transgene was negatively affected 
by the pre-existing anti MV-nAb only when immunization was 
performed i.m. In contrast, no inhibitory effect was observed 
upon i.n. immunization, although the magnitudes of cellular 
immune responses were relatively lower as compared with i.m. 
immunization.

Discussion

New concepts and strategies are nowadays necessary for finding 
solutions toward a vaccine against Human Immunodeficiency 
Virus 1 (HIV-1), malaria and tuberculosis. Ideally, a vaccine 
should be safe, efficacious, and affordable; conditions that are all 
fulfilled in the commercial measles vaccine. In the case of HIV-1, 
the correlates of protection are not known; therefore, a protec-
tive vaccine may need to follow multiple strategies to optimize 
the breadth, quality, magnitude and effectiveness of the immune 
response,26 e.g., working with new antigen concepts,23 heterolo-
gous prime-boost regimens and/or heterologous delivery systems. 
One of these options is antigen delivery through viral vectors, 
such as measles, adenovirus, vaccinia, and canarypox. The disad-
vantage using viral vectors lies often in a pre-existing immunity 
status against the vector that can hamper the efficacy of these 
vectors.

Recent clinical studies demonstrated the negative impact of a 
pre-existing immunity against the vector used for immunization. 
In the STEP trial, that used a recombinant Adenovirus 5 (rAd5) 
vector-based vaccine, the vaccine failed to protect against HIV-1 
or to reduce viral loads after infection because of the pre-existing 
immunity against the natural adenovirus.17-19

A similar situation may be expected with rMV vectors, thus 
it was pertinent to examine the effect of MV pre-immunity on 
the immune response against the vector as well as against the 
transgene. In humans, MV-nAb titers of > 200 mIU are con-
sidered protective;27 persons vaccinated against measles have 
usually MV-nAb titers of around 300 mIU, and the natu-
rally infected persons induce higher MV-nAb titers of up to 
3,000 mIU. To mimic such MV pre-immunity, we chose to 
work with an immune competent mice model expressing the 
human CD46 receptor, and which reflect more closely a natu-
ral immune response. In the context of a MV pre-immunity, 
the optimal route of immunization had to be defined and its 
effect on the humoral and cellular immune response had to be 
determined. We therefore administered MV-nAb intravenously 
at different concentrations prior to i.m. or i.n. immunization 
with rMV-SIVgag. The presence of MV-nAb had a direct impact 
on the replication of the recombinant measles viruses that were 
administered i.m. as seen by the inverse correlation between 
quantity of injected MV-nAb and measles antibody induction, 
as well as the reduced MV-nAb or cellular immune responses. 
The administration of 500 mIU MV-nAb prior immunization 

given 500 mIU of MV-nAb i.v. prior to i.m. or i.n. immunization 
with rMVSIVgag.

ELISpots were performed using 106 splenocytes of hCD46tg 
mice extracted 2 weeks post i.m. or i.n. immunization. The 
results are shown in Figure 5. By the i.m. immunization route, 
naive control animals reached median values of 440 anti-measles 
specific INFgamma secreting spot forming cells (SFC), whereas 
animals that received 500 mIU MV-nAb had median values of 
180 anti-measles SFC (p = 0.018, Fig. 5A). Similarly, SIVgag-
specific IFNγ-secreting cells were reduced from a median value 
of around 1,100 SFC, in naive animals, to 380 SFC in animals 
that received 500 mIU of MV-nAb (p = 0.0089, Fig. 5B). As 
expected, the group of animals immunized by UV-inactivated 
rMV-SIVgag did not induce cellular immune responses as mea-
sured by IFNγ Elispot assay (Fig. 5A and B).

In the group of mice immunized i.n., we could observe that 
the cellular response against MV or SIVgag was generally lower 
as compared with i.m. immunization. The administration of 500 

Figure 3. Induction of neutralization antibodies against MV in pre-
immune hCD46tg mice by an i.m.-i.m or i.n.-i.m. prime-boost scenario. 
Transgenic mice were given MV-nAb (i.v.) one day prior to immunization 
with 1 × 105 pfu rMV-SIVgag. The concentration of antibodies are shown 
on panel (A) i.m.-i.m., and panel (B) i.n.-i.m. The i.m. boost of all mice 
groups was performed at 4 weeks post the prime. Neutralization anti 
MV antibodies were determined at week 4 (prior to boost) and 8 (after 
boost) are shown.
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also in different animal models such as non-human primates to 
draw definitive conclusions concerning this issue.

Material and Methods

Virus and recombinant measles vector (rMV). The commercial 
MV vaccine strain was used to construct the MV vector used in 
this study.3 Different sequences were introduced in the vector to 
enable the expression of SIVgag, HIVenv, or others.4 All viruses 
have been produced on human fetal lung fibroblasts called MRC5 
cells and reached titers of 5 × 105 to 2 × 106 pfu. Most experi-
ments used the original vaccine or the empty vector as control.

rMV virus batches were controlled for correct sequences of the 
vector and the transgene. Stability of transgene expression and 
the replication performance was monitored by serial cell culture 
passages of the virus. For these analyses, methods such as western 
blots, immunofluorescence, growth curve, sequencing of the pas-
saged viruses were applied.

seemed to minimally affect mounting a humoral or cellular 
immune response against MV or SIVgag. This group had the 
highest capacity to induce antibodies against MV, the antibod-
ies titers were persistent, and the increase in titers after a boost 
was homogeneous. A single intramuscular immunization, how-
ever, failed at inducing a strong humoral immunity against the 
transgene. Similarly, a single intranasal immunization was not 
able to induce a systemic immune response in the presence of 
MV-nAb. Therefore, we explored the effect of a homologous 
and heterologous prime-boost immunization using the intra-
muscular and the intranasal routes. Significantly higher titers of 
SIV antibodies were induced when the mice were primed intra-
nasally and boosted intramuscularly. In contrast, the cellular 
response against MV and SIVgag was quite well developed with 
i.m. immunization and less developed with the i.n. immuniza-
tion. Interestingly, when 500 mIU MV-nAb were injected prior 
i.m. or i.n. immunization, the cellular response was affected in 
the i.m. but not i.n. immunization route, although the magni-
tude of the responses were higher by the i.m. route. However, 
it appears that an intranasal immunization route has some 
advantages over the intramuscular route since higher levels of 
SIVgag antibodies could be induced with an i.n.-i.m. prime-
boost regimen as compared with a i.m.-i.m. regimen. We did 
not measure any loss of cellular responses even in the presence 
of 500 mIU MV-nAb. Previous studies proposed that aerosol 
vaccines could circumvent a pre-existing immunity against the 
vector.21,22 Our results corroborate that a MV pre-immunity can 
be circumvented by an i.n. or aerosol immunization, although 
only in a heterologous immunization regimen. In contrast, the 
cellular immune response was less developed after an i.n. immu-
nization, but can probably be optimized by an additional boost. 
We also performed broncho-alveolar lavages (BAL) after i.m. or 
i.n. immunization, and the highest amount of IFNγ-producing 
T-cells were observed after an i.m-i.n. prime-boost regimen, 
with 550 SFC per 106 cells for MV and 125 SFC per 106 cells 
for SIVgag (data not shown). As compared with an i.m. prime 
(which was undetectable in BAL), the i.m.-i.n. regimen seem 
to be optimal for a local cellular response induction, but not 
for a systemic response. Damjanovic et al. showed that after i.n. 
immunization with rAd5, the transgene was expressed after 1–3 
d in the trachea and lungs.29 In addition, Bolton et al., showed 
that after an aerosol administration of rAd5 in rhesus macaques, 
local immune responses were persistent and of high quality, but 
the systemic responses were transient.30

In summary, this study provides evidence that MV pre-immu-
nity with neutralization titers up to 500 mIU does not preclude 
MV replication and can induce significant humoral and cellular 
immune responses against the vector and the transgene. Applying 
an i.n.-i.m. prime-boost regiment increases the humoral and cel-
lular immune responses specifically against the transgene. By 
extrapolation of the results, it seems possible to use a recombinant 
measles virus vector even in persons who were vaccinated against 
MV. However, the use of MV vectors in a population where natu-
rally occurring infections are dominant does not seem to be very 
promising. However, further tests have to be performed, perhaps 

Figure 4. Induction of humoral immune responses against SIVgag. 
hCD46tg mice were given 0 or 500 mIU MV-nAb prior to i.m. or i.n. 
immunization with 1 × 105 pfu rMVSIVgag. Samples were collected at 4 
weeks post prime i.m. (panel A) or i.n. (panel B) and 4 weeks post i.m. 
boost with 1 × 105 pfu rMV-SIVgag. The median values are shown as 
lines.
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For producing measles neutralizing antibodies, we immu-
nized IFNARCD46tg mice several times with our rMV empty 
vector. The animals were euthanized, and sera were collected 
and pooled. Before determining the neutralization titers, the sera 
were concentrated using a Vivaspin column (Sartorius Biotech). 
The sera were then diluted in PBS to reach the desired concentra-
tion before intravenous injection in the mice.

ELISA assays. Anti-MV antibody IgG titers were deter-
mined according to a standard ELISA protocol.3 SIVgag IgG 
analysis was performed using the Bio Rad Genetic System HIV-2 
ELISA detection kit using HRP anti-mouse detection antibodies 
(BioConcept) and OPD as substrate (Fluka). Cut-offs were set as 
three times the mean of negative sera. Titers are represented as 
log10 of the reciprocal end-dilution.

Measles neutralization antibody assay. Plaque neutraliza-
tion assays were performed to determine the amount of measles-
specific neutralizing antibodies. Sera were pre-diluted 1:32 in 
culture medium (MEM with 5% FBS, L-glutamine and genta-
mycin) before heat-inactivation at 56°C for 30 min. As con-
trols, a WHO serum standard, a measles-positive serum and a 

Antigens. The SIVgag was kindly provided by M. Feinberg, 
Emory University, Atlanta, USA and is not optimized for human 
codon usage.

Mice. Many studies on measles virus have used immuno-
deficient mice (IFNARhCD46tg) to control for the immune 
response potential of the vaccine. We chose to use immune 
competent mice that express human CD46 - the measles recep-
tor-, named hCD46tg [B6.FVB-Tg(CD46)2Gsv]24,31 in order to 
ensure a more natural immune response.

The animals were kept at the Animal Facility under speci-
fied pathogen-free conditions during the experiment. The Swiss 
Federal Veterinary Office for Animal Experimentation reviewed 
and approved the mouse experiments.

Mice were immunized intramuscularly (i.m.) or intranasally 
(i.n.) at the age of 6 to 12 weeks with parental or recombinant 
measles virus (rMV) expressing the Simian Immunodeficiency 
Virus (SIV) gag protein (rMVb-SIVgag). The immunization 
dosage was mostly of 1 × 105 pfu or as indicated. Venous blood 
was collected via the retroorbital venous sinus at different time 
points.

Figure 5. Cellular immune response against MV and the transgene, SIVgag. hCD46tg mice were given 0 or 500 mIU MV-nAb, one day prior to either 
i.m. or i.n. immunization with 1 × 105 pfu rMV-SIVgag. ELISPOTs were performed 2 weeks post immunization. Panels A and B represent the intramuscu-
lar (i.m.) immunization and the measurement of cellular immune response against MV-N (Panel A) and SIVgag (Panel B). Panels C and D represent the 
intranasal (i.n.) immunization and the measurement of cellular immune responses against MV-N (Panel C) and SIVgag (Panel D). The lines represent the 
median values.
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whole N-protein region and were synthesized by Anawa. Peptides 
for HIVenv or SIVgag re-stimulation were obtained from the 
NIH AIDS Research and Reference Reagent Program and cov-
ered the whole HIVenv or SIVgag region, respectively.

ELISPOT development was performed according to AEC 
Substrate Reagent Set (BD Biosciences PharMingen). ELISpot 
plates were evaluated on an AID Viruspot Reader (Pharma 
Consulting). Values three times above background were consid-
ered positive. Test was considered valid with medium negative 
controls lower than < 50 spots per million splenocytes.
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measles-negative serum were taken with each experiment. Sera 
were serially diluted in culture medium and incubated with 
measles virus for one hour before transferring them to a Vero 
cell monolayer. The cells were then kept at room temperature 
for 1h in a humid chamber and a pre-warmed overlay medium 
(MEM with 1% methylcellulose, 5% FBS, L-glutamine, genta-
mycin) was added for an incubation period of 1 week. Plates 
were washed twice with PBS before staining with crystal violet. 
Neutralization antibody titers were calculated by the method of 
Reed and Muench.25

ELISpot assays. Spleens were collected two weeks post immu-
nization and splenocytes were extracted. Shortly, spleens were 
meshed through a 70μm cell strainer (BD Falcon) in PBS 2% 
FCS. The erythrocytes were lyzed using 1.5ml BD Pharm Lyse 
(BD Biosciences PharMingen) for SIVgag. IFN-γ ELISPOT 
assay was performed according to manufacturer’s instructions 
(BD PharMingen). Duplicates of 0.2 × 106 or 0.5 × 106 spleno-
cytes per 96 well plate were subsequently re-stimulated for 17–18 
h at 37°C in 5% CO

2
 with either an equal volume of medium 

(negative control), medium containing peptide pools, or medium 
containing 20ng/ml PMA and 1μM Ionomycine (both Sigma) as 
positive control. Peptides for measles re-stimulation covered the 
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