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ABSTRACT

Although live-attenuated measles virus (MV) vaccines have been used successfully for over 50 years, the target cells that sustain
virus replication in vivo are still unknown. We generated a reverse genetics system for the live-attenuated MV vaccine strain Ed-
monston-Zagreb (EZ), allowing recovery of recombinant (r)MVEZ. Three recombinant viruses were generated that contained the
open reading frame encoding enhanced green fluorescent protein (EGFP) within an additional transcriptional unit (ATU) at var-
ious positions within the genome. rMVEZEGFP(1), rMVEZEGFP(3), and rMVEZEGFP(6) contained the ATU upstream of the N
gene, following the P gene, and following the H gene, respectively. The viruses were compared in vitro by growth curves, which
indicated that rMVEZEGFP(1) was overattenuated. Intratracheal infection of cynomolgus macaques with these recombinant vi-
ruses revealed differences in immunogenicity. rMVEZEGFP(1) and rMVEZEGFP(6) did not induce satisfactory serum antibody
responses, whereas both in vitro and in vivo rMVEZEGFP(3) was functionally equivalent to the commercial MVEZ-containing
vaccine. Intramuscular vaccination of macaques with rMVEZEGFP(3) resulted in the identification of EGFP� cells in the muscle
at days 3, 5, and 7 postvaccination. Phenotypic characterization of these cells demonstrated that muscle cells were not infected
and that dendritic cells and macrophages were the predominant target cells of live-attenuated MV.

IMPORTANCE

Even though MV strain Edmonston-Zagreb has long been used as a live-attenuated vaccine (LAV) to protect against measles,
nothing is known about the primary cells in which the virus replicates in vivo. This is vital information given the push to move
toward needle-free routes of vaccination, since vaccine virus replication is essential for vaccination efficacy. We have generated a
number of recombinant MV strains expressing enhanced green fluorescent protein. The virus that best mimicked the nonrecom-
binant vaccine virus was formulated according to protocols for production of commercial vaccine virus batches, and was subse-
quently used to assess viral tropism in nonhuman primates. The virus primarily replicated in professional antigen-presenting
cells, which may explain why this LAV is so immunogenic and efficacious.

The causative agent of measles is a negative-sense, single-
stranded enveloped virus with an RNA genome. Disease

caused by infection with the virus is characterized by a latent pe-
riod of 10 to 14 days, a short prodromal phase of fever, cough,
coryza, and conjunctivitis, followed by the appearance of a char-
acteristic maculopapular skin rash (1). Rash onset coincides with
the development of immune responses and initiation of virus
clearance. Infection with wild-type virus provides lifelong immu-
nity to disease (2). Much of the more detailed knowledge of patho-
genesis and sites of viral replication has come from studies in
nonhuman primates (3). Monkeys experimentally infected with
wild-type strains of measles virus (MV) develop a similar disease
to humans (4, 5). Significant progress has been made in under-
standing viral pathogenesis by harnessing wild-type recombinant
MVs (rMVs) expressing fluorescent proteins and the measles
monkey model (6–9).

MV was first isolated in cell culture in 1954 (10) from a boy
named David Edmonston. This wild-type MV strain was passaged
multiple times in primary human kidney and amnion cells and
adapted to embryonated hen’s eggs and chicken embryo fibro-
blasts to produce the live-attenuated Edmonston-B vaccine virus
(11). This was later replaced by further attenuated MV strains,
including Edmonston-Zagreb (EZ) (12). These vaccines were

shown to be safe and effective, and two-dose regimens combined
with high coverage have successfully interrupted endemic MV
transmission in large geographic areas (13).

In the developed world, vaccination has led to a dramatic de-
crease in the number of measles cases and a concomitant reduc-
tion in associated morbidity and mortality. However, it is still the
leading vaccine-preventable disease, causing an estimated 122,000
deaths in 2012 (14). The immunosuppression associated with MV
infection increases susceptibility to opportunistic infections exac-
erbating morbidity and mortality (9). Deaths mainly occur in Af-
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rica, India, and South East Asia, where vaccination rates are lower;
contributing factors include the need to maintain the cold chain
and the requirement to vaccinate �95% of susceptible individuals
due to the highly infectious nature of MV (15).

Despite the huge accomplishments achieved by using live-at-
tenuated measles vaccines, surprisingly little is known about what
makes them so effective. Although previous studies have at-
tempted to identify an “attenuation signature,” a definitive mech-
anism has not been elucidated. In order to induce protective im-
mune responses, vaccine virus replication in the host is pivotal.
However, nothing is known about the cells in which the vaccine
virus replicates in vivo. With renewed interest in developing alter-
native vaccination routes, particularly aerosol vaccination (16,
17), this information is of crucial importance.

To address this gap in knowledge, we set out to identify the cells
targeted by MV vaccine after injection. To this end, we generated
a reverse genetics system for the World Health Organization
(WHO)-approved EZ vaccine, which allowed us to generate and
subsequently assess viruses containing an additional transcription
unit (ATU) encoding enhanced green fluorescent protein (EGFP).
The presence of EGFP was necessary to guide sample collection to
the small number of virus-infected cells. Viruses expressing EGFP
from different positions in the MVEZ genome were assessed, iden-
tifying rMVEZEGFP(3) as the one which retained all of the char-
acteristics of the nonrecombinant parent. Virus stocks were pro-
duced in the human diploid cell line MRC-5 and formulated with
excipients based on protocols provided by the Serum Institute of
India (SII), the largest MV vaccine producer in the world. Intra-
muscular (i.m.) vaccination of cynomolgus macaques with
rMVEZEGFP(3) revealed macrophages and dendritic cells
(DCs) as the predominant target cells for MV vaccine virus
replication in vivo.

MATERIALS AND METHODS
Cells. MRC-5 and Vero-hCD150 cells were kind gifts from SII and Yusuke
Yanagi, respectively. Both were grown in Advanced minimal essential
medium, supplemented with 10% (vol/vol) fetal bovine serum (FBS) and
1% (vol/vol) GlutaMAX (Invitrogen). The Vero-hCD150 cells were peri-
odically passaged in the presence of Geneticin (400 �g/ml) to ensure all
cells contained the expression plasmid encoding hCD150.

Generation of recombinant vaccine MV expressing EGFP. A vial of
M-VAC vaccine was supplied by SII. The freeze-dried powder was recon-
stituted in 0.5 ml of sterile water according to the manufacturer’s instruc-
tions and used directly to isolate viral RNA. The complete consensus
genomic sequence was determined following reverse transcription-PCR
(RT-PCR) and RACE (rapid amplification of cDNA ends). A full-length
cDNA which expressed the MVEZ anti-genome (pMVEZ) was constructed
based on a modified pBluescript vector. Replacement of NotI/SacII, SacII/
PacI, or PacI/PspXI fragments was used to generate pMVEZEGFP(1),
pMVEZEGFP(3), and pMVEZEGFP(6), respectively. The ATU consisted
of the EGFP open reading frame (ORF) and MV gene end and gene start
specific sequences to allow expression from the viral genome. Plasmid
sequences are available on request. Recombinant viruses were recovered
from MVA-T7-infected Vero-hCD150 cells transfected with the full-
length plasmids along with plasmids expressing MV N, P, and L. Virus
stocks were grown in MRC-5 cells and tested negative for contamination
with Mycoplasma species. Virus titers were determined by endpoint titra-
tion in Vero-hCD150 cells, and expressed in 50% tissue culture infectious
dose (TCID50) units.

Multistep growth analysis. MRC-5 or Vero-hCD150 cells in suspen-
sion were infected with each virus in triplicate at a multiplicity of infection
(MOI) of 0.02 for 2 h at 37°C. The cells were spun out of the inoculum at

700 � g for 5 min, the pellet was resuspended, and the cell suspension was
divided into aliquots in 36-mm-diameter wells (5 � 105 cells/well). For
MRC-5 cells, at each indicated time point, the medium was removed from
the well and replaced with 1 ml of medium. For Vero-hCD150 cells, at
each indicated time point the cells and medium were combined into a
tube and subjected to one freeze-thaw cycle to release total virus. Virus
present in the sample for each time point was determined by endpoint
titration in Vero-hCD150 cells, and quantities are expressed in TCID50

units.
Growth and formulation of vaccine viruses. Protocols for the growth

and formulation of recombinant vaccine viruses were kindly provided by
SII. Briefly, MRC-5 cells were seeded into roller bottles along with recom-
binant virus at an MOI of 0.01. The cells were observed for up to 8 days,
and viruses were harvested when the cytopathic effect was maximal. To
formulate the stock, stabilizers were added, and the preparation was fil-
tered and subsequently frozen in aliquots at �80°C. At this point the
formulation of the recombinant viruses was comparable to the reconsti-
tuted M-VAC vaccine as licensed by SII.

Ethics statement. Animal experiments were conducted in compliance
with European guidelines (EU directive on animal testing 86/609/EEC)
and Dutch legislation (Experiments on Animals Act, 1997). The protocols
(EMC2218 and EMC2646) were approved by the independent animal
experimentation ethical review committee DCC in Driebergen, The Neth-
erlands. Animals were housed in groups prior to MV vaccination, received
standard primate feed and fresh fruit on a daily basis, and had access to
water ad libitum. In addition, their cages contained several sources of
environmental enrichment, for example, hiding places, hanging ropes,
tires, and other toys. During the vaccination study animals were housed in
HEPA-filtered, negatively pressurized BSL-3 isolator cages. Animal wel-
fare was observed on a daily basis, and all animal handling was performed
under light anesthesia using ketamine and medetomidine (50/50 [vol/
vol], 0.2 ml per kg of body weight [bw], i.m. injection). After handling,
atipamezole was administered to antagonize the effect of medetomidine
(0.05 ml per kg bw, i.m. injection).

Animal study design. For each of the evaluation studies, 12 subadult
male, MV-seronegative cynomolgus macaques (Macaca fascicularis) were
infected via intratracheal (i.t.) inoculation with 104 TCID50 of M-VAC
(reformulated according to the manufacturer’s instructions), rMVEZ,
rMVEZEGFP(1), rMVEZEGFP(3), or rMVEZEGFP(6). For the virus tro-
pism study, six macaques (as described above) were vaccinated via i.m.
injection with 104 TCID50 of rMVEZEGFP(3). The injection site was
marked to allow collection of the necessary tissue during necropsy on 3
(n � 2 animals), 5 (n � 2 animals), or 7 (n � 2 animals) days postvacci-
nation (d.p.v.).

Samples. Small-volume EDTA blood samples were collected in Vacu-
ette tubes containing K3EDTA as an anticoagulant 0, 3, 6, 9, 13, 17, 24, 35,
45, and 85 d.p.i. Plasma was separated from the blood by centrifugation,
heat inactivated (30 min; 56°C), and stored at �20°C. Peripheral blood
mononuclear cells (PBMC) were isolated from EDTA blood 0, 3, 6, 9, and
13 d.p.i. by density gradient centrifugation, resuspended in complete
RPMI 1640 medium (Gibco Invitrogen, Carlsbad, CA) supplemented
with l-glutamine (2 mM), 10% (vol/vol) FBS, penicillin (100 U/ml), and
streptomycin (100 �g/ml), and used for virus isolation. A BAL was per-
formed 3, 6 and 9 d.p.i. by i.t. infusion of 10 ml of phosphate-buffered
saline (PBS) through a flexible catheter. Bronchoalveolar lavage (BAL)
cells were resuspended in culture medium with supplements as described
above and used directly for virus isolation or virus detection by real-time
RT-PCR (18). Throat and nose swabs were collected 0, 3, 6, and 9 d.p.i. for
virus detection by real-time RT-PCR. For the virus tropism study,
animals were euthanized by exsanguination under deep anesthesia us-
ing ketamine and medetomidine. After necropsy, injection site skin
and muscle were collected in PBS, directly processed and screened for
the presence of EGFP by UV microscopy. EGFP� samples were either
transferred to 4% (wt/vol) paraformaldehyde in PBS (to preserve
EGFP autofluorescence) for direct imaging or to 10% neutral buffered
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formalin for further processing. Direct imaging was performed by con-
focal laser scanning microscopy with a LSM700 system fitted on an
Axio Observer Z1 inverted microscope (Zeiss), and images were gen-
erated using Zen software.

Virus detection. Isolation of MV was performed on Vero cells using
an infectious-center test as previously described (19, 20). Virus isolations
were monitored for cytopathic effect and/or fluorescence on day 6 after
isolation. Real-time RT-PCR for BAL samples, and throat and nose swabs
were performed as described previously (18). The results are expressed as
“�”, indicating virus/genome was isolated/detected (regardless of load),
or “–”, indicating no virus was isolated/detected.

MV IgG ELISA. An in-house indirect enzyme-linked immunosorbent
assay (ELISA) was used to measure levels of MV IgG in macaque serum
samples. Plates were coated with �-propiolactone-inactivated MV as an-
tigen and then incubated with 1:100-diluted plasma samples. Bound an-
tibodies were detected using anti-human IgG-peroxidase conjugate, and
the results are expressed as optical density at 450 nm (OD450) measure-
ments (means of duplicate measurements).

MV neutralizing antibody quantification. Serial dilutions (2�2 to
2�9) of heat-inactivated plasma samples were incubated with 102 TCID50

of MV for 1 h at 37°C. Vero cells were added, and the plates were cultured
for 7 days at 37°C. Complete inhibition of infection, due to the presence of
virus-neutralizing (VN) antibody in the plasma samples, was scored. The
results are expressed in international units (IU) per ml, based on the
WHO second international standard serum for measles provided by Na-
tional Institute for Biological Standards and Control, Potters Bar, United
Kingdom. The detection limit was 0.06 IU/ml.

MV glycoprotein-specific immunofluorescence. Plasma antibody
levels to MV-F or MV-H glycoproteins were detected by using a fluores-
cence-activated cell sorting (FACS)-measured immunofluorescence assay
as previously described (21). Cells were examined using a FACSCanto
flow cytometer, and results were determined by measuring the median
fluorescence signal of the fluorescence-1 histogram. The data points for
each animal are the means of duplicate measurements, expressed in arbi-
trary fluorescence units (AFU).

Immunohistochemical and immunofluorescence analyses of for-
malin-fixed tissues. Samples were treated as previously described (7).
Dual-labeling indirect immunofluorescence was performed using poly-
clonal rabbit anti-EGFP (Invitrogen) or rabbit anti-MV (Novus Biologi-
cals) antibodies and monoclonal mouse antibodies to the muscle marker
desmin (Novocastra; cloneDER11), the myeloid (macrophage/DC)
marker CD11c (Novocastra; clone 5D11), the T-lymphocyte marker CD3
(Dako; clone F7.2.38), the B-lymphocyte marker CD20 (Dako; clone
L26), the macrophage marker CD68 (Dako; clone KP1), or the DC marker
DC-SIGN (R&D Systems; clone 120507). Antigen binding sites were de-
tected with a mixture of anti-mouse Alexa 568 and anti-rabbit Alexa 488
(Invitrogen). Sections were counterstained with DAPI hard-set mounting
medium (Vector). Fluorescently stained slides were examined at �100,
�200, �400, and �1,000 magnifications on a fluorescence imaging mi-
croscope (Leica Microsystems).

RESULTS
Generation and characterization of recombinant viruses. A vial
of the commercial M-VAC vaccine (SII) containing the Edmon-
ston-Zagreb (MVEZ) strain of MV was reconstituted according to
the manufacturer’s instructions. RNA was extracted and used to
obtain a consensus sequence of the complete viral genome,
including the 3= and 5= ends, which were sequenced following
RACE. The sequence was identical to the previously published
MVEZ master and working seed stock sequences (GenBank acces-
sion numbers AY486083.1 and AY486084.1 (22). Subsequently, a
full-length anti-genomic plasmid (pMVEZ) was constructed. The
plasmid was modified by the addition of an ATU encoding EGFP
at the promoter-proximal position [pMVEZEGFP(1)], after the P

gene [pMVEZEGFP(3)], or after the H gene [pMVEZEGFP(6)].
Recombinant viruses, rMVEZ (Fig. 1A), rMVEZEGFP(1) (Fig. 1B),
rMVEZEGFP(3) (Fig. 1C), and rMVEZEGFP(6) (Fig. 1D) were re-
covered after transfection of Vero-hCD150 cells (Fig. 1E to H) and
passaged exclusively on human diploid MRC-5 cells (Fig. 1I to L),
the same cells used to produce the commercial vaccine prod-
uct. Examination by fluorescence microscopy revealed that
rMVEZEGFP(1) and rMVEZEGFP(3) produced a high level of
EGFP expression associated with single infected cells and multi-
nucleated syncytia, while rMVEZEGFP(6) produced a lower level,
consistent with the promoter-distal positioning of the EGFP-con-
taining ATU (23). Growth analysis of rMVEZ, rMVEZEGFP(1),
rMVEZEGFP(3), and rMVEZEGFP(6) in MRC-5 cells over a pe-
riod of 3 days, simulating the commercial procedure used to gen-
erate the M-VAC vaccine product, demonstrated that the viruses
replicated to similar maximum titers by 60 h postinfection (Fig.
1M). There was a small lag in rMVEZEGFP(1) growth at early time
points. Further growth analysis of the viruses in Vero-hCD150
cells, which cannot produce interferon (24), demonstrated that
rMVEZEGFP(1) was potentially impaired in replication and also
that rMVEZEGFP(6) may have a slight replicative advantage in
these cells (Fig. 1N). rMVEZEGFP(3) replicated similarly to un-
modified rMVEZ in both cell types. Large pools of each virus were
prepared, formulated, and divided into aliquots for use in the
animal vaccination studies.

rMVEZEGFP(3) is functionally equivalent to M-VAC. We
evaluated the immune responses (MV-specific IgG and virus-neu-
tralizing antibody responses) and viral load (genome detection
from throat swabs, nose swabs, and BAL samples and virus isola-
tion from BAL and PBMC samples) after i.t. administration of the
different recombinant viruses to macaques. This evaluation was
carried out in two parts (studies 1 and 2). Both studies were per-
formed in the same way; male, subadult, MV-seronegative cyno-
molgus macaques were infected with 104 TCID50 of the respective
viruses by i.t. inoculation.

In the first study animals were infected with M-VAC, rMVEZ,
rMVEZEGFP(1), or rMVEZEGFP(3) (n � 3 animals per group).
All animals mounted an MV-specific IgG response by 17 days
postinfection (d.p.i.), which peaked by 35 d.p.i. (Fig. 2A). How-
ever, the animals infected with rMVEZEGFP(1) showed a delayed
response. With the exception of one animal infected with M-VAC
(animal EZ02), the genome could be detected in the BAL samples
collected from all animals at 3 and 6 d.p.i. (Table 1). Animal EZ02
did not contain detectable genome at any time point examined,
but did mount robust MV-specific IgG and virus neutralizing an-
tibody responses by 17 and 35 d.p.i., respectively. MV genome
could not be detected in any animal at any time point in nose or
throat swabs. Even though genome was detected in the BAL sam-
ples of all animals infected with rMVEZEGFP(1) at 3 and 6 d.p.i,
virus could not be isolated from any of those samples. This was in
contrast to the animals infected with the other three viruses where
virus could be isolated from the BAL samples from at least two
animals at 3 d.p.i. (Table 1). Virus could not be isolated from
PBMC samples from any animal at any time point. Recombinant,
unmodified rMVEZ yielded equivalent data to M-VAC for all pa-
rameters assessed.

rMVEZEGFP(3) induced more similar responses to the un-
modified M-VAC than rMVEZEGFP(1), so it was compared to
rMVEZEGFP(6) in the second study. As a further control for
rMVEZEGFP(3), the virus was re-rescued, and a new stock was
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generated and formulated as before. Three macaques were i.t. in-
fected with M-VAC or the new stock of rMVEZEGFP(3), and six
macaques were i.t. infected with rMVEZEGFP(6), bringing the to-
tal number of animals infected with these viruses to six per group.
All animals infected with M-VAC and rMVEZEGFP(3) mounted a
MV-specific IgG response by 13 d.p.i., which peaked by 24 d.p.i.
(Fig. 2B). Although all animals infected with rMVEZEGFP(6)
mounted an IgG response, it was lower and delayed. Apart from
one animal infected with rMVEZEGFP(6) (EZ22), genome was
detected in the BAL samples collected from all animals on 3 and 6
d.p.i. (Table 1). Genome could be detected in the BAL sample
from animal EZ22 by 9 d.p.i. MV genome could not be detected in
any animal at any time point in nose or throat swabs. Virus could
be isolated from BAL samples for all animals infected with M-
VAC and rMVEZEGFP(3) at 3 d.p.i. but from only two-thirds of
the animals infected with rMVEZEGFP(6) (Table 1). Virus could
not be isolated from PBMC samples from any animal at any time
point.

rMVEZEGFP(1) and rMVEZEGFP(6) were impaired in their

ability to induce satisfactory MV-specific IgG responses and com-
parable viral loads in infected animals. Since the only fluorescent
protein-expressing, recombinant virus to behave comparably to
M-VAC was rMVEZEGFP(3), the data from both studies were
combined for these two viruses (n � 6 animals per virus). The
levels of MV-specific IgG (Fig. 2C) and neutralizing antibodies
(Fig. 2D) generated in response to the viruses were not signifi-
cantly different at any of the time points sampled. Further, all
animals infected with either virus produced MV-specific anti-F
and anti-H antibodies (Fig. 2E and F). Genome could be detected
in the BAL samples from all animals at equivalent levels (except
animal EZ02, as noted above), and virus could be isolated from
BAL samples for five of the six animals infected with each virus
at 3 d.p.i. (Table 1). All the data combined indicate that
rMVEZEGFP(3) induced equivalent responses to the M-VAC vac-
cine in vivo.

DCs and macrophages are target cells for rMVEZ after i.m.
vaccination. To identify the target cells infected by the EZ vaccine
strain of MV, we vaccinated six MV-seronegative cynomolgus

FIG 1 A vial of vaccine containing MVEZ was obtained from the commercial producer SII. The vial was reconstituted, the viral RNA was extracted, and a
full-length clone was generated. (A) Virus rescued from this clone is rMVEZ. An ATU encoding EGFP was inserted at three positions within the full-length clone
of rMVEZ to generate the recombinant viruses rMVEZEGFP(1) (B), rMVEZEGFP(3) (C), and rMVEZEGFP(6) (D). Genomes are drawn to scale. (E to L) Phase (E
and I) or EGFP fluorescence (F to H and J to L) images in monolayers of Vero-hCD150 (E to H; primary syncytia at 6 days posttransfection) and MRC-5 (I to L;
at 36 h postinfection at an MOI of 0.02) cells infected with rMVEZ (E and I), rMVEZEGFP(1) (F and J), rMVEZEGFP(3) (G and K), and rMVEZEGFP(6) (H and
L). Scale bars: 100 �m, E to H; 200 �m, I to L. (M and N) Multistep growth analysis of rMVEZ, rMVEZEGFP(1), rMVEZEGFP(3), and rMVEZEGFP(6) in MRC-5
(M) or Vero-hCD150 (N) cells over 72 h. Error bars represent one standard error of the mean for all curves (n � 3 for each virus). Symbols for curves in panel
N are identical to those in panel M.
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macaques with 104 TCID50 of rMVEZEGFP(3) by i.m. injection. At
3, 5, and 7 d.p.v., two animals were euthanized, and a relatively
large piece of muscle tissue was collected from the injection site
(10 by 10 by 20 mm). The skin was removed, and the muscle was
processed into very thin slices (10 by 3 by 1 mm), which were each
screened for fluorescence. The removed skin was also screened
separately.

EGFP� cells were detected in the muscle at the injection site of
all animals and in the dermis and/or subcutus of the skin of four of
the six animals (one at 3 and 5 d.p.v. and two at 7 d.p.v.) (Table 2)
by direct confocal scanning laser microscopy visualization (Fig.
3A and B) and immunohistochemistry (Fig. 3C and D). Some of
these had the morphology of DCs. Areas could be identified con-
taining large numbers of EGFP� cells (Fig. 3B to D), in close
association with the striated muscle cells, and many of the cells had

clearly visible, long processes (Fig. 3A). Dual immunofluores-
cence in formalin-fixed sections indicated that the EGFP� cells
were not desmin� muscle cells, and they localized in the perimy-
sium outside the fascicles (Fig. 4A and B). Staining for MV antigen
indicated that the cells were productively infected with MV and
were not just EGFP� (Fig. 4C and D). MV� cells were not
desmin� and localized outside the fascicles.

Further dual immunofluorescence indicated that EGFP did
not colocalize with the CD3� T cells or CD20� B cells present
in this peripheral tissue (data not shown). However, a number
of the EGFP� cells were found to be CD68� (Fig. 4E), CD11c�

(Fig. 4F), or DC-SIGN� (Fig. 4G and H). Collectively, the
panel of markers demonstrated vaccine virus replication in
macrophages and DCs, whereas muscle cells were not produc-
tively infected.

FIG 2 Measles virus specific immune responses in macaques after i.t. inoculation of M-VAC, rMVEZ, or one of the rMVEZEGFP derivative viruses. Levels of
MV-specific IgG (expressed as OD450 readings, y axes) detected 0, 9, 13, 17, 24, 35, 45, and 85 d.p.i. (x axes) with viruses in study 1 (A) or study 2 (B). Levels of
MV-specific IgG (expressed as OD450 readings, y axis [C]), virus-neutralizing (VN) antibody (expressed as IU/ml, y axis [D]), MV-F-specific IgG (expressed as
AFU, y axis [E]), and MV-H-specific IgG (expressed as AFU, y axis [F]) detected 0, 9, 13, 17, 24, 35, 45, and 85 d.p.i. (x axes) with M-VAC or rMVEZEGFP(3),
when all data from studies 1 and 2 are combined (n � 6 animals for each virus). Error bars represent one standard error of the mean for all curves. Symbols for
curves in panels C to F are identical to those in panels A and B.
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DISCUSSION

In the present study, we evaluated the immunogenicity of recom-
binant MVEZ-based measles vaccine viruses compared to the bio-
logical parental virus in the macaque model and identified the in
vivo target cells of the vaccine virus after i.m. injection. To our
knowledge, this is the first study to examine the in vivo tropism of
live-attenuated measles vaccine virus.

Although MV vaccination has been used for nearly 50 years
(11), little is known about the attenuation profile of the vaccine
virus or what cells it targets upon vaccination. It is also not clear
whether those target cells are specific to the route of administra-
tion, even though regulatory authorities license a vaccine and its
route of administration as a single entity (3). In 2002, the WHO
established the Measles Aerosol Project, which aimed to achieve

licensure for respiratory delivery of currently licensed measles
vaccines. The EZ strain of MV is one such licensed MV vaccine
and is the most widely used strain in developing countries (25).
Currently, the EZ vaccine is predominantly administered by sub-
cutaneous injection. We sought here to identify the target cells of
the EZ vaccine when administered by injection with a view to
comparison with cells targeted after respiratory administration.

We used our experience from previous studies of MV tropism
and pathogenesis, wherein we used viruses expressing EGFP to
guide sample collection to regions where the virus was present at
early time points when there are relatively small numbers of in-
fected cells present in the animals (6). This necessitated the gen-
eration of a reverse genetics system for MVEZ that could be mod-
ified to produce a virus encoding EGFP.

We needed to achieve the correct balance of immunogenicity
and detection sensitivity. The ATU had to be placed such that it
would not perturb replication of the virus and yet produce enough
EGFP for sensitive detection of infected cells in vivo. The level of
EGFP produced from a particular morbillivirus is dependent on
the position of the EGFP-containing ATU within the genome.
Most EGFP is produced by promoter-proximal insertion, with
less EGFP being produced as the ATU is moved further down the
genome distal from the single promoter for gene transcription
(23). However, based on observations from canine distemper vi-
ruses in the ferret model, it is commonly assumed that a promot-
er-proximal ATU will have a more attenuating effect on a recom-
binant virus than a promoter-distal ATU (26). We decided to test
three ATU insertion positions. Insertion upstream of the N ORF

TABLE 1 Overview of cynomolgus macaques in studies 1 and 2a

Virus Macaque

Result (3/6/9 d.p.i.)a

Virus isolated Genome detected

Study 1
M-VAC EZ01 �/�/– �/�/�

EZ02 –/–/– –/–/–
EZ03 �/�/– �/�/�

rMVEZ EZ04 �/–/– �/�/�
EZ05 �/�/– �/�/�
EZ06 �/–/– �/�/�

rMVEZEGFP(1) EZ07 –/–/– �/�/�
EZ08 –/–/– �/�/–
EZ09 –/–/– �/�/�

rMVEZEGFP(3) EZ10 �/–/– �/�/�
EZ11 �/–/– �/�/�
EZ12 –/–/– �/�/�

Study 2
M-VAC EZ13 �/–/– �/�/�

EZ14 �/–/– �/�/�
EZ15 �/�/– �/�/�

rMVEZEGFP(3) EZ16 �/–/– �/�/�
EZ17 �/–/– �/�/–
EZ18 �/–/– �/�/�

rMVEZEGFP(6) EZ19 –/–/– �/�/–
EZ20 �/–/– �/�/–
EZ21 �/–/– �/�/�
EZ22 �/–/– –/–/�
EZ23 �/�/– �/�/�
EZ24 –/–/– �/�/�

a BAL samples were tested at various times postinfection. d.p.i., days postinfection.

TABLE 2 Overview of cynomolgus macaques in study 3 following
vaccination with rMVEZEGFP(3)

Macaque (d.p.v.)a

Result

EGFP� cells in skin EGFP� cells in muscle

EZ25 (3) – �
EZ26 (3) � �
EZ27 (5) – �
EZ28 (5) � �
EZ29 (7) � �
EZ30 (7) � �
a Fluorescence was screened at various times postvaccination. d.p.v., days
postvaccination.

FIG 3 Target cells of rMVEZEGFP(3). EGFP distribution in macaque tissues
after administration of rMVEZEGFP(3), detected directly by EGFP fluores-
cence (green) and confocal microscopy (A, skin from animal EZ26 at 3 d.p.v.;
B, muscle tissue from animal EZ28 at 5 d.p.v.) and indirectly by immunode-
tection of EGFP protein (brown) in formalin fixed muscle tissue sections (C,
animal EZ26 at 3 d.p.v.; D, animal EZ30 at 7 d.p.v.). Scale bar, 50 �m (for all
images).
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has historically been used since it leads to high expression levels of
the fluorescent protein from the ATU (27, 28). The rationale for
insertion after the P gene was that the N and P proteins are pre-
dicted to be required in large amounts, while this location can
retain balanced levels of envelope associated M, F, and H proteins.
Insertion after the H gene has been successful in previous morbil-
livirus studies (26, 29, 30). We designed the constructs so that the
ATUs were identical in rMVEZEGFP(3) and rMVEZEGFP(6). It
was not possible to use the identical ATU for rMVEZEGFP(1),
since the region upstream of the N ORF contains replication
signals [the B box and (GN5)3 motif] which must be conserved
(31, 32).

The overattenuation of rMVEZEGFP(6) was a surprise, given
that equivalent viruses are apparently unperturbed in other sys-
tems (26, 29, 30). Also, in a previous study where IFN-	/� recep-
tor knockout mice expressing human CD46 were injected intra-
peritoneally with 5 � 106 TCID50 of Schwarz-based rMVs
containing an ATU, the position 3 and 6 viruses induced equiva-
lent immune responses at 28 d.p.i. (33). Similarly, subcutaneous
vaccination of macaques with 104 infectious units of Moraten-
based rMVs found that positions 3 and 6 induced equivalent im-
mune responses for the parameters examined (34). However, an-
other recent study showed that insertion of an ATU into positions
3 and 6 of a human parainfluenza virus 3 vaccine candidate caused
a temperature-sensitive phenotype, resulting in attenuation of the
virus in vivo (35). The lack of ability of rMVEZEGFP(1) to induce
comparable immune responses is in contrast to the situation with
wild-type MVs, which tolerate insertion of an ATU in the same
position upstream of the N ORF (6–8) and are pathogenic in ma-
caques. This suggests that the vaccine virus is on a narrow “fitness
peak” and as such is limited in the genome changes that it can
tolerate. Although intriguing, elucidation of the mechanisms of
debilitation for these viruses is beyond the scope of the present
study, especially since we were able to fulfill the objective of gen-
erating a virus which induced equivalent responses to the unmod-
ified biological vaccine with rMVEZEGFP(3).

We were successful in using the fluorescence generated by
rMVEZEGFP(3) to locate small numbers of infected cells in the
muscle of all six macaques after i.m. vaccination. The standard
route of MV vaccination in humans is subcutaneous injection, but
the vaccine can also effectively be administered i.m. (36–38). The
skin of macaques is much more loosely connected to the subcutus
than the skin of humans, and so to avoid redistribution of the
vaccine over a large surface area, which would restrict finding and
characterizing the target cells, we chose to use i.m. rather than
subcutaneous injection in this animal study.

The EGFP� cells observed 3, 5, and 7 d.p.v. were predomi-
nantly macrophages and DCs. We were unable to detect MV-
infected muscle cells, even though the infected myeloid cells were
in close association with them. Vaccine strains of MV, in contrast
to wild-type strains, are able to use CD46 as an entry receptor in
vitro (39). CD46 is ubiquitously expressed on nucleated cells (40)
and, as such, would be available on muscle cells to allow entry of
the vaccine virus. This lack of infection of non-CD150-expressing
cells is in keeping with our previous study of attenuated rMVrEdt

infection of macaques by aerosol and i.t. routes (7), where the
attenuated virus targeted the same CD150-expressing cells as the
wild type, and infection of CD46-expressing cells was observed at
a very low level. Another study where the H glycoprotein of a
wild-type strain of MV was replaced with that from an attenuated
strain, which could use CD46 as an entry receptor in vitro, found
that replacement of the H gene did not change the tropism of the
virus in macaques, where mainly CD150� infected cells were de-
tected after infection (41). It is also in accordance with our previ-
ous studies in macaques infected with the wild-type Khartoum-
Sudan (KS) strain of MV (6), where we identified alveolar
macrophages and DCs as the early target cells of wild-type MV
when administered via the aerosol route.

An interesting question is how long the fluorescent cells persist
at the site of injection. The cells also stain positive for MV antigen,
indicating that they are productively infected with MV. No gross
differences were noted in the numbers of fluorescent cells ob-

FIG 4 Target cells of rMVEZEGFP(3). Dual indirect immunofluorescence on formalin-fixed muscle tissue sections from a representative macaque infected with
rMVEZEGFP(3) (animal EZ26 at 3 d.p.i.). Green staining represents EGFP (A and B and E to H) or MV (C and D). Red staining represents desmin, a marker of
muscle cells (A to D), CD68, a marker of macrophages (E), CD11c, a marker of myeloid cells (F), or DC-SIGN, a marker of DCs (G and H). An inset representing
the red channel is included (E to H), with arrows marking the same representative double positive cells in the inset and main image. The marked area in panel
A is shown at a higher magnification in panel B. An asterisk marks a blood vessel in panel B. Scale bars: 100 �m, A; 50 �m, B to H.
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served at 3, 5, or 7 d.p.v. Further questions are whether the cells
that become infected are resident in the muscle at the time of
vaccination or whether they migrate there in response to a stimu-
lus, and where the infected cells are trafficked to; some cells were
located close to blood vessels (Fig. 4B), or they could be traveling
to lymph nodes draining the site of inoculation, recently shown to
be a site of virus replication for a rabies candidate vaccine after i.m.
vaccination (42). However, despite significant efforts, we were
unable to find EGFP� cells in draining lymph nodes, suggesting
limited migration of these MV-infected DCs. The identification of
DCs and macrophages as target cells may explain why subcutane-
ous injection is such an effective route for the administration of
live-attenuated MV vaccine, since these cells are found in high
concentrations in subcutaneous tissues, allowing the high sero-
conversion rates observed in humans immunized under optimal
conditions. Identification of the target cells of MV vaccine after
injection will now allow a comparative assessment with cells tar-
geted after vaccination by the respiratory route.
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