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Measles is an acute, highly contagious viral disease character-
ized by a generalized maculopapular eruption (rash).2,59 Measles 
virus (MV) is an enveloped, single-stranded RNA virus in the 
family Paramyxoviridae which, along with the closely related 
canine distemper virus, the Rinderpest virus, Peste des Petits Ru-
minants virus of ungulates, and some newly identified viruses of 
marine mammals, comprises the genus Morbillivirus.22,42

Humans and NHP are the only hosts susceptible to MV.2,33 In-
fection in NHP can range from asymptomatic to rapidly fatal. 
New World species are especially susceptible to MV.3,30,31 Clinical 
illness is characterized by a 2- to 3-d prodrome consisting of fever 
(which may exceed 105 °F), malaise, and anorexia followed by 
coryza, keratoconjunctivitis, and dry cough. In addition, general-
ized lymphadenopathy and splenomegaly are frequent findings 
at this stage, and the pathognomonic ‘Koplik spots’ may appear 
on the buccal mucosa. The measles rash usually appears from 
3 to 5 d after the onset of clinical signs, developing first on the 
head and face. The rash becomes maculopapular and spreads 
rapidly down the neck, trunk, and extremities over several days. 
In late stages, the rash becomes a deep reddish-purple in color 
and may be associated with edema of the skin. After this stage, 
fever decreases and systemic manifestations begin to resolve. The 
rash fades in the same top-down sequence as it appeared and may 
be associated with fine powdery desquamation.7,20,32,36 Primary 

MV pneumonia, encephalitis, and enteropathy are all possible 
complications of acute infection. In addition, MV is highly immu-
nosuppressive, causing dysfunction of both the humoral and cell-
mediated immune systems that may last from weeks to months, 
thus predisposing infected subjects to several common complica-
tions of secondary bacterial infections, including bacterial pneu-
monia, bacterial enteritis, and systemic bacteremia.35,48,53

Although no true carrier state is recognized, humans with sub-
clinical infections and marginal immunity can potentially serve 
as a source of MV introduction.10,60 The primary portal of entry 
of MV is the respiratory and conjunctival mucosae. MV is spread 
by direct contact, fomites, and aerosol. Transmission is highly 
efficient. Herd immunity levels exceeding 94% are required to 
prevent transmission in human populations.17,18 The period of 
communicability lasts from 1 d prior to the onset of the prodrome 
to 5 to 6 d after the appearance of the rash.41

Humans are the only reservoir host species of MV.2,33 Measles 
is endemic only in high-density human populations. There is a 
density threshold below which MV cannot be maintained in a 
population due to very efficient transmission and rapid exhaus-
tion of susceptible hosts. However, apes and both Old World and 
New World monkeys are susceptible to MV infection. Because 
wild NHP do not live in populations large enough to exceed the 
endemic maintenance threshold, measles is not a naturally occur-
ring infection.33

Historically, measles was a common infectious disease problem 
in NHP, primarily during capture and transport from the wild. 
In addition, many outbreaks in NHP colonies have been descri
bed.3,11,14,24,30,33,38,39,44,47,58,59 There are documented cases of measles 
epizootics brought by personnel into high-density NHP facilities. 
In 1986 to 1987 a large measles outbreak occurred at the Califor-
nia National Primate Research Center, with 147 recognized NHP 
cases (Macaca mulatta and M. fascicularis) and 28% mortality (not 
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situations. We compared 5 study groups and followed them for 
a maximum of 15 mo after vaccination (Figure 1): group 1, single 
vaccination at 0 mo (time 0); group 2, primary vaccination at time 
0 with a boost at 6 mo; group 3, unvaccinated contact controls 
cohoused with vaccinated NHP; group 4, unvaccinated noncon-
tact controls; and group 5, a pilot group of 5 monkeys (already 
destined for tissue collection and distribution) that were vacci-
nated and monitored daily for any adverse effects for 14 d prior to 
their prescheduled necropsy and tissue collection. Daily cageside 
monitoring assessed appetite, hydration, stool and urine, pos-
ture and attitude, respiration, skin, activity, and potential seizure 
events. All animals were monitored daily by trained animal care 
and veterinary technical staff, with abnormalities reported imme-
diately to a veterinarian. Measurements included body condition 
scores, physical examination, complete blood counts, chemistry 
panels and urinalysis according to the standard protocols in place 
at each center. Blood samples for antibody testing were collected 
prior to vaccination and at regular intervals for a maximum of 15 
mo (Figure 2).

MVax product. A monovalent measles vaccine derived from 
live Edmonston–Zagreb strain, which had been attenuated after 
22 passages on human diploid cells (MRC5 human lung fibro-
blasts) was purchased from the Serum Institute of India.51 This 
vaccine has been licensed by the World Health Organization for 
use in humans. Each lyophilized dose (0.5 mL) contained more 
than 1000 CCID50 virus particles per dose.51 The route of admin-
istration was subcutaneous on the dorsum between or medial to 
the shoulders.

IgG antibody. Reactivity to measles viral lysate and recom-
binant nucleocapsid antigens was measured on a liquid bead-
based array platform (Luminex, Austin, Tx) by using multiplex 
microbead reagents (Charles River Laboratories, Wilmington, 
MA).26 Reactivity to the 2 types of MV antigen-coupled beads was 
assayed simultaneously in parallel, with reactivity to uninfected 
baculovirus, human IgG, and antihuman IgG antigen-coupled 
beads to function as internal negative and positive controls. In ad-
dition, beads coupled with the lysate from the vaccine-production 
cell line MRC5 were added to the panel as an additional negative-
cell control. In this immunoassay, antigen-coupled microbeads 
of defined spectral properties were incubated with 1:100-diluted 
serum to capture the specific antibodies. After washing, the beads 
were reacted with antihuman (validated to crossreact with NHP) 
IgG biotinylated antibodies (Jackson Immunoresearch, West 
Grove, PA). After additional washing, the beads were reacted 
with Streptavidin-R-Phycoerythrin (Charles River Labs). After 
a final washing to remove all unbound material, the beads were 
analyzed spectrophotometrically. By measuring the spectral prop-
erties of the beads and the amount of associated Streptavidin-
R-Phycoerthrin, the median fluorescence index for each specific 
antigen was determined. The sample median fluorescence index 
was compared against a previously validated known positive–
negative cutoff value to determine qualitatively the presence or 
absence of antibody. This assay also was used to quantitate titers 
on a subset of samples.

Neutralization titers. A plaque reduction–microneutralization 
assay was used to detect functional neutralizing antibodies in 
a subset of 122 serum samples (group 1 sites D and E; group 2 
site D).21 The assay was performed in a 96-well microtiter plate 
containing DMEM with 2% fetal calf serum. Briefly, 50 μL serum 
(serially diluted from 1:20 to 1:640) was incubated with 50 μL of 

including stillbirths). The cost to treat infected animals was ap-
proximately US$187,000, not including animal loss due to second-
ary infection or abortion. During this same time period, 5 human 
cases among human contacts were documented. Epidemiologic 
evidence suggests instances of NHP-to-human MV transmission 
in this outbreak, raising occupational health concerns.49

The morbidity and mortality associated with measles infec-
tion in captive NHP populations is considerable. Appropriate 
quarantine practices, restricted access, immunization of all per-
sonnel in contact with NHP, and wearing of protective clothing 
including face masks, reduces the risk. Measles immunization 
further reduces the infection risk. Many primate facilities include 
measles vaccination as a component of their preventive medicine 
programs as part of an overall effort to enhance animal health, 
preserve research, and protect personnel.

To our knowledge, Attenuvax (Merck, Rahway, NJ) was the first 
commercial measles vaccine administered to NHP colonies. This 
live attenuated vaccine licensed for use in humans was moder-
ately expensive and, after several years of usage, alternative vac-
cines were researched. In the mid1990s, scientists at the California 
National Primate Research Center performed a vaccine study to 
compare the Attenuvax vaccine with a modified live combination 
canine distemper virus–MV vaccine, Vanguard DM (Exter, PA). 
The Vanguard DM product achieved measles antibody titers that 
exceeded those of Attenuvax-immunized NHP and was deemed 
a cost-effective vaccine alternative.12 In light of these study results 
and lower costs, many NHP programs implemented the use of 
the Vanguard DM vaccine. In 2007, Pfizer altered the Vanguard 
DM vaccine by removing the measles component. This change in 
vaccine composition and the unavailability of Attenuvax resulted 
in the discontinuation of measles vaccination as part of routine 
preventive medicine programs for NHP at several institutions. 
Given the lack of a viable, domestic-source, monovalent measles 
vaccine and alternatives, a collaborative effort was established 
among the United States NIH P51-supported National Primate 
Research Centers to investigate the safety and efficacy of MVac, 
a live attenuated measles vaccine that is licensed by the World 
Health Organization for use in humans and produced by the Se-
rum Institute of India.51 Here we report the results from our mul-
ticenter trial to assess the safety and immunogenicity of the MVac 
vaccine for NHP.

Materials and Methods
Animals. Rhesus macaques (Macaca mulatta) and pigtailed ma-

caques (M. nemestrina) from the National Primate Research Center 
colonies located at Emory University, Texas Biomedical Research 
Institute, Tulane University of Louisiana, University of California 
at Davis, University of Washington, and University of Wisconsin 
were included in this study. Each center is a fully AAALAC-ac-
credited facility, and all animals were maintained in accordance 
with the Animal Welfare Act, Regulations, and the Guide for the 
Care and Use of Laboratory Animals.4,5,23 All procedures involving 
animals used in this study were approved by each institution’s 
IACUC. Experimental groups included male and female NHP 
from 1 to 30 y of age and housed in various configurations rang-
ing from indoor pairs to small indoor groups (3 to 5 animals) and 
large (as many as 80 animals) outdoor groups housed in half-acre 
field cages. The inclusion of multiple sites with varying standard 
conditions and protocols allowed for the measurement of vac-
cine safety and immunogenicity across a range of normal colony 
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from groups 3, 4, and 5 were all monitored daily by trained ani-
mal care and veterinary technical staff. Measurements includ-
ing body condition scores, physical examination, CBC, serum 
chemistry panels, and urinalysis performed in accordance with 
standard protocols at each center revealed no remarkable condi-
tions or clinical abnormalities that potentially might be related to 
vaccination.

Immunogenicity.  All but 2 of the 288 vaccinated rhesus ma-
caques had seroconverted after primary immunization by the 
time of their first sample collection at 2, 3, or 6 mo after immuni-
zation. The macaques that were seronegative at their first post-
vaccination sampling point were seropositive when retested at 
the next time point. At 12 or 15 mo, antibody had waned below 
detectable limits in 7 of the group 1 monkeys that received only 
a single dose of vaccine. In contrast, all of the group 2 animals, 
which received an initial dose at 0 mo and a booster dose at 6 mo, 
were antibody-positive.

We found that 30 of the 35 pigtailed macaques that received 
a single vaccination were seropositive when tested at 2 mo after 
vaccination. Only 18 of the 29 macaques that were positive at 2 
mo were still seropositive when retested at 7 mo. The remaining 
6 NHP were lost to follow-up.

Immunogenicity data are summarized in Figure 2. Antibody 
titers were measured in a subset comprising 40 rhesus macaques 
from group 1 and 40 rhesus macaques from group 2. The titers at 
3, 6, and 12 mo after initial vaccination with and without a second 
dose of vaccine, ranged from 1:2 to 1:16 of the initial 1:100 dilution 
used for qualitative screening. The range, median (1:2 or 1:4), and 
mode (1:2) titers did not vary by more than one two fold dilution 
factor in either single- or double-dose groups at all time points 
(Figure 3). Antibody was detected in the initial serum collected 
from 11 of the rhesus macaques and one pigtailed macaque at the 
time of vaccination. The reactivity for these time-0 samples was 
low, close to the positive–negative cutoff value, and increased at 
the next postvaccination time point.

Neutralizing antibody titers were determined in a subset of 122 
sera from vaccinated rhesus macaques (group 1, site D; Figure 4). 
At 6 mo after vaccination, neutralizing antibody was detected in 
79 of 86 samples. At 12 mo, neutralizing antibody was detectable 
in 42 of 45 sera from the NHP that received a single dose of vac-
cine and in 35 of the 40 samples from macaques that also received 
a booster dose at 6 mo after the initial vaccination. The titers were 
low, ranging from 1:20 to 1:320, as compared with that for the 

approximately 50 CCID50 MV MVvac2GFP, a molecular clone 
of the Moraten vaccine strain that expresses green fluorescent 
protein,16 at 37 °C, 95% humidity, and 5% CO2. After 1 h, 2 × 104 
low-passage Vero cells were added to each well and incubated 
for 3 d. The wells were observed microscopically (magnification, 
10×) and scored for the presence (no neutralization) or absence 
(neutralization) of fluorescence.16 Negative controls to assess cell 
confluence and toxicity and plaque-positive (30% to 75%) virus 
controls were run in addition. The data were analyzed by using 
the Reed Muench equation46 to compute a reciprocal titer for each 
sample. To standardize and compare results, a neutralizing anti-
body score [(sample titer / rhesus measles immune globulin con-
trol titer tested in parallel) × 100] was calculated for each sample.

Results
Safety. Overall, 6 rhesus macaques from group 1, site D (single 

vaccination) and the 5 pigtailed macaques previously assigned 
for necropsy were vaccinated with MVax and monitored daily, 
with particular attention paid to the skin, dermis, and subcutis at 
the injection site. No adverse signs were noted. Health scores for 
all body systems were normal throughout. The rhesus macaques 
continued on the study as members of group 1, site D. The pig-
tailed macaques were euthanized at day 14, and no abnormalities 
were noted on gross necropsy. Results of CBC counts and serum 
chemistry panels were unremarkable. NHP in groups 1 (single 
dose) and 2 (2 doses: primary and boost) and the control animals 

Figure 1. Description of the study population. All subjects were rhesus macaques, except for those at site E, which were M. nemastrina.

Figure 2. Seroconversion. All macaques were sampled at time 0. Subsets 
of rhesus macaques were sampled at 2, 3, 6, 12, and 15 mo after vaccina-
tion. Pigtailed macaques were sampled at 2 and 7 mo after vaccination.
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variable along a continuum of clinical illness, humans with sub-
clinical infections and marginal immunity can serve as sources 
of virus introduction.10,60 Recent human measles outbreaks in 
the United States demonstrate the need for establishing im-
munity in NHP breeding and research colonies to decrease the 
risk to these populations from infected humans.63 Therefore, the 
goal of the current study was to test the efficacy of an economi-
cal measles vaccine (MVac) in NHP to provide the protection 
needed for valuable animal resources, decrease occupational 
health concerns for personnel, and prevent variables in ongoing 
research studies.

Safety concerns regarding attenuated vaccines include the pos-
sibilities of viral replication and associated disease and of viral 
shedding after immunization. In the current study, all vaccinated 
and control monkeys were observed and monitored regularly 
after immunization with MVac. Monitoring tools included rou-
tine health checks, observation of the immunization site, CBC, 
and serum chemistry values. No remarkable events emerged. No 
gross lesions, histologic findings, or other pathology were noted, 

measles immune globulin control, which was 1 to 2 logs higher, 
ranging from 1:2032 to 1:10,240. In the pigtailed macaques, neu-
tralizing antibody was detectable in only 7 of the 35 sera at 2 mo 
and in 3 of the 28 sera at 7 mo after a single vaccination at time 0. 
No indication of vaccine virus shedding was demonstrated, given 
that no antibodies to MV were detected in the serum collected 
from the unvaccinated (group 3) contact controls at 3, 6, or 12 mo 
during the course of the study.

Discussion
Measles is a vaccine-preventable disease in both humans and 

NHP. Unfortunately, the high costs of immunization and imple-
mentation programs may deter the vaccination of NHP popula-
tions. Instead, facilities rely heavily on appropriate quarantine 
practices, restricted access, the immunization of all personnel in 
contact with NHP, and the wearing of personal protective equip-
ment. These practices can still leave large, susceptible, MV-naïve 
NHP populations at risk. Because the immunity to measles is 

Figure 3. IgG antibody titers at (A) 3, (B) 6, and (C) 12 mo after vaccination with MVac determined for a subset of 40 rhesus macaques from group 1 
site D that received a single vaccination and 40 rhesus macaques from group 2 site D that received 2 doses of vaccine. Because animals in both groups 
each had received only 1 dose of vaccine at the 3- and 6-mo time points, the groups are combined for those time points. The 2nd dose of vaccine was 
not admininistered to group 2 until after the collection of the 6-mo sample.
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time point after immunization (2, 3, or 6 mo).12 Although the 
median and mean titers were one dilution higher in the boosted 
compared with single-dose animals, both the highest and lowest 
titers occurred in the single-dose group. A 1-dilution variation is 
not considered to be biologically relevant. At the 2nd postvac-
cination time point, antibody levels had waned in the serum of a 
small group of 8 vaccinated rhesus macaques. There was no cor-
relation with number of doses, age, or sex, given that the group 
included both male and female macaques.28,57 Macaques were not 
prescreened to determine antibody status prior to inclusion in 
this study, and antibody was detected in 1 pigtailed and 11 rhesus 
macaques on the day of immunization. This antibody reactivity 
was weak, with raw values within 20% of the positive–negative 
cutoff value. None of these sera reacted excessively to the internal 
cell controls as compared to other study samples. Further review 
of the animal histories revealed that 6 macaques had been vac-
cinated with other measles vaccines more than 5 to 7 y previous; 
histories for the other 6 animals were either unavailable or did not 
reveal any explanation for the reactivity. Routine measles vaccina-
tion is not an uncommon practice in some NHP production facili-
ties.1 Because the specificity of a single assay never exceeds 100%, 
we speculate that some of these initial scores are false-positive 
scores from an undetermined cross reactivity.

The neutralizing antibody levels detected in the MVac ma-
caques all were low compared with titers in measles immune 
globulin and in the sera from macaques infected with WT MV. 
However, these levels were in the same range as those in 2 ma-
caques that previously received a similar live attenuated vaccine 
(Attenuvax) and that were protected from challenge.12 Without 
an MV challenge study, we lack sufficient data to determine the 
minimal antibody level required for protection; therefore we can-
not judge the efficacy of this vaccine.

We recommend further studies, including infectious challenge 
to determine the minimal protective antibody titer and a longer 
follow-up period to ascertain the efficacy and optimal time inter-
val of booster vaccination to maintain that titer. The completion 
of such studies is necessary before implementing a measles vac-
cination program utilizing MVac. The most appropriate age at 
which to vaccinate should also be determined. Young animals 
may have circulating maternal antibodies. Geriatric NHP may 
have low antibody titer, given that measles antibody titers tend 
to wane with age.13,28,57 This situation might be a cause of concern, 
because what constitutes a protective MV antibody titer in NHP 
is unknown.52 In addition, the immunosuppressive nature of MV 
affects an animal’s immune response to other antigens. One NHP 
study found that 20 to 40% of animals (depending on the attenu-
ated measles vaccine used) had intradermal tuberculin skin test 
values that were below baseline at 14 d after vaccination.52 Medi-
cal literature indicates that in humans, anergy or unresponsive-
ness to tuberculin skin testing can develop relatively slowly and 
last for as long as 14 d after measles vaccination.8,37,55 These results 
indicate the immunologic effects of measles immunization with 
a live attenuated vaccine and suggest that tuberculin skin testing 
should be deferred temporarily after MV vaccination.

Alternate strategies for inducing immunity to measles might 
include vaccination for other morbilliviruses, such as canine dis-
temper virus. Adequate attenuation of live canine distemper vi-
rus for use in species other than those for which it originally was 
developed and intended is always a source of concern. In one 
study, canine distemper virus was inoculated intramuscularly and  

either generally or at the injection site in tissues collected from the 
subset of pilot group 5 animals prescheduled for necropsy.

The lack of detectable antibody in any of the unvaccinated con-
tact controls (group 3) provides evidence against viral shedding. 
Although these findings support vaccine safety, they also preclude 
a strategy of vaccinating several animals in a social group to build 
group immunity through viral shedding. In addition, antibody was 
not detected in the noncontact control NHP (group 4), as expected.

MVac demonstrated immunogenicity, as evidenced by serocon-
version in all of the vaccinated rhesus macaques (groups 1 and 
2) and in at least one serum sample collected after vaccination 
from 30 of the 35 pigtailed macaques. Published serologic stud-
ies have shown a lower prevalence of measles antibody in pig-
tailed compared with rhesus macaques.25 In SIV studies, pigtailed 
and rhesus macaques show different susceptibilities and disease 
features.25 In addition, these 2 species have shown differential 
immune responses to SIV vaccination, perhaps related to differ-
ences in the structure of the peptide-binding pockets in the MHC 
molecules.6,19,27,43 We speculate that these differences might affect 
MV replication.29

Similarly to previous studies, most vaccinees seroconverted 
quickly in the current study, with antibody present at the first 

Figure 4. Neutralization scores (ratio of sample to measles immune 
globulin control titer) at (A) 6 mo or (B) 12 mo after vaccination with 
MVac to a subset of 40 rhesus macaques from group 1 site D that re-
ceived a single vaccination and 40 rhesus macaques from group 2 site 
D that received 2 doses of vaccine. Because animals in both groups each 
had received only 1 dose of vaccine at the 6-mo time point, the data are 
combined for that time points. The 2nd dose of vaccine was not admin-
istered to group 2 until after the collection of the 6-mo sample.
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1000 CCID50.

51 It is theoretically possible that the MVac vaccine 
might carry some human antigen inadvertently, especially given 
that measles is an enveloped virus. The live measles–mumps–ru-
bella virus vaccine (MMR II) vaccine would have the same issue.56 
Contamination with human cell antigen might affect an animal’s 
immune response to other antigens, an outcome that could be 
important for research studies requiring characterization of im-
mune responses. Some SIV experiments have been affected by the 
sensitization of macaques to human antigens.9

Professionals managing NHP colonies continue to discuss and 
evaluate the costs and benefits of measles vaccination for main-
taining colonies of healthy animals. This discussion includes the 
determination of methods to reduce the cost of a measles vaccina-
tion program yet still provide sufficient protection. The importa-
tion of nondomestically produced pharmaceuticals is complicated 
and time-consuming. It is prudent to identify efficacious and safe 
alternative products for use in protecting NHP production and re-
search colonies. This study demonstrates the practical efficiency, 
economic advantages, scientific values, and other benefits of a 
multicenter collaborative study to evaluate alternative vaccines 
for measles protection of NHP.
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