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The importance of understanding the human-animal interface: from early hominins to global citizens
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Ebola: Mobility data
UNDERSTANDING HUMAN movement and 

mobility is important for characterizing, 

forecasting, and controlling the spatial 

and temporal spread of infectious diseases. 

Unfortunately, the current West African 

Ebola outbreak is taking place in a region 

where mobility has changed considerably in 

recent years. Efforts must be made to better 

understand these mobility patterns. For 

example, mobile phone call records provide 

insight into how people move within coun-

tries, particularly if they move from hotspots 

of disease. Analyses of Orange Telecom data 

have produced initial maps of movement in 

Senegal and Ivory Coast (1, 2), and endeav-

ors are under way to obtain similar data for 

Sierra Leone, Guinea, and Liberia.

Additional sources are needed to gain a 

more complete picture of mobility and infer 

patterns of disease spread. For example, 

information on land border crossings would 

elucidate regional movement. Genomic 

surveillance data can genetically link cases 

across time and space (“Genomic surveil-

lance elucidates Ebola virus origin and 

transmission during the 2014 outbreak,” 

S. K. Gire et al., Reports, 12 September, p. 

1369; published online 28 August). More 

complete data are needed on the routes 

taken by trucks and buses, which have been 

implicated in disease spread. Quantifying 

recurrent seasonal migration in response to 

climate, harvest cycles, or cultural events is 

important for anticipating fluctuations in 

transmission rates (3).

All these types of data can be used in 

dynamic transmission models to provide 

case projections, help focus resources 

and interventions, and assess the success 

of interventions. However, modeling 

efforts are limited in the absence of good 

mobility data. Existing data sources for 

West Africa include air transportation 

data, which have been used to model the 

local, regional, and global spread of Ebola 

(4) and newly updated world population 

data sets (5). However, newer census data 

are vital to underpin the mobility data. 

Keeping this information up to date while 

developing more comprehensive mobility 

data sets will greatly benefit intervention 

planning and resource allocation. 

Such data should not necessarily lead 

to travel restrictions, such as flight route 

cancellations and border closures, which 

hamper relief efforts. Rather, the informa-

tion should be used to create more valid 

models of transmission, which can then 

be used to plan and evaluate potential 

interventions. Better quantification of the 

impact of potential interventions will be 

critical in the coming weeks as the out-

break continues to grow.
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Ebola: Public-private 
partnerships
ACCORDING TO THE World Health 

Organization, the current Ebola epidemic 

is unlikely to be controlled in the coming 

months (1). With the exception of the com-

passionate use of unregistered compounds 

(2), no specific medical interventions, 

including the use of antiviral drugs, anti-

bodies, or vaccines, are available. Some 

candidate compounds and vaccines have 

entered into limited clinical trials for safety 

and immunogenicity in healthy individu-

als. Most of these trials have been carried 

out by governmental organizations, such 

as the National Institute of Allergy and 

Infectious Diseases (NIAID), or by small or 

medium-size biotechnology companies with 

public funding. Private-sector investment 

has been very limited because past filovirus 

outbreaks were largely self-limiting and 

therefore believed to provide insufficient 

financial return on investment. We argue 

that this is a misconception of the very 

nature of emerging viruses.

Effective medical intervention strate-

gies against the Ebola and other emerging 

viruses should address the following 

needs: local or regional antiviral treatment 

or vaccination of a limited number of 

individuals, including health care workers, 

while prepandemic conditions continue 

to be observed; stockpiling of antiviral 

treatments or vaccines to address the 

potential threat of a large-scale epidemic 

or pandemic; and antiviral treatments or 

vaccines for travelers and humanitarian 

volunteers. These needs can be addressed 

Liberian health care workers collect 

the body of an Ebola victim.
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Past decades: zoonoses at the origin of major human disease outbreaks



The Microbial Agent The Human Host The Human 
Environment

Genetic adaptation and 
change

Human susceptibility to 
infection Climate and weather

Polymicrobial diseases Human demographics 
and behavior Changing eco-systems

International trade and 
travel

Economic development 
and land use

Intent to harm 
(bioterrorism) Technology and industry

Occupational exposures Poverty and social 
inequality

Inappropriate use of 
antibiotics

Lack of public / animal 
health services
Animal populations
War and famine
Lack of political will

Morens DM et al., PLoS Pathog. 2013 July; 9(7)

(Re-)emerging infectious diseases facilitated by

One Health approach to combat at th
e source 



The One Health Concept

• ONE HEALTH RECOGNIZES THAT THE HEALTH OF HUMANS, ANIMALS AND 
ECOSYSTEMS ARE INTERCONNECTED. 

• A COORDINATED, MULTIDISCIPLINARY AND CROSS-SECTORAL APPROACH TO 
ADDRESS RISKS THAT ORIGINATE AT ANIMAL-HUMAN-ECOSYSTEMS 
INTERFACES.



Animal contacts (bush meat consumption) 
Behaviour (changing taboos, mores, i.v. drug abuse)
Demography (urbanisation…)
Mobility (air travel, wars …)
Poverty (vs wealth)
Medical practices (iatrogenic transmission)
Virus adaptation (mutation, recombination) 

Complex mix of pre-disposing factors

The AIDS pandemic: started 30 years ago
>55 million infected, >20 million deaths, 1.8 million infected 

and about 1 million die annually.





Since smallpox eradication:
animal poxvirus infections

in humans!

Pelkonen et al. E.I.D. 2003; 9:1458-1461

ProMED-mail 9 Jan 2003

Wolfs et al. E.I.D. 2002

Zijlstra et al BMJ 2013

monkeypox

cowpox

cowpox

cowpox

Stittelaar et al., Nature, 2006
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additional reduction in plasma viral loads (cidofovir, P ¼ 0.002;
HPMPO-DAPy, P ¼ 0.007). This was further corroborated by com-
paring the area under the curves for the respective groups until day 13
after infection, when all animals from groups III–VI were still alive
(Fig. 3c; cidofovir, P ¼ 0.048; HPMPO-DAPy, P ¼ 0.026).
Antiviral treatment was stopped 13 days after infection, at which

point all surviving animals had MPXV-specific plasma IgG anti-
bodies, as measured by enzyme-linked immunosorbent assay
(ELISA), as well as MPXV-specific T cells in their peripheral blood
mononuclear cells, as measured by interferon-g ELISPOT assay
(Supplementary Information).
Taken together, our data show that post-exposure antiviral treat-

ment with cidofovir or the related analogueHPMPO-DAPy, initiated
24 h after lethal respiratory infection of monkeys with MPXV, is
more effective at reducing the mortality and number of cutaneous
monkeypox lesions than standard vaccination with a classical variola
vaccine administered 24 h after infection. Although mortality is a
relevant read-out parameter, it should be noted that this is influenced
largely by factors related to individual variation in pathogenesis and
pathology. Given the relatively low numbers of animals that can be
tested in non-human primate experiments, we also used other read-
out criteria, including clinical, virological and immunological
parameters. Of these, the number of cutaneous monkeypox lesions
observed and the viral load data in the respective groups are probably
the most relevant.
As the experimental compound HPMPO-DAPy was at least as

effective as cidofovir in reducing numbers of cutaneous monkeypox
lesions and viral loads, the potential usefulness of this compound

warrants further study. In this study, the monkeys received cidofovir
or HPMPO-DAPy doses equivalent to those of cidofovir treatments
given to humans, as well as the necessary supportive treatment with
probenecid and extra hydration. We are therefore confident that the
experimental conditions closely mimicked those for treatment of
man after poxvirus infection29.
In conclusion, this proof-of-concept study indicates that, in an

outbreak situation, the use of cidofovir or a related nucleotide
analogue with an improved bioavailability and toxicity profile,
should be seriously considered an alternative or additional strategy
for vaccination of individuals who may have been exposed to
smallpox or other poxvirus infections such as monkeypox. Our
study emphasizes the potential of cidofovir in the short-term treat-
ment of acute poxvirus infections. For use against such infections in
man, the treatment schedules used in this experimental model will
require further optimization. Clinical experience with cidofovir is
mainly based on long-term treatment of herpesvirus infections.

METHODS
Animals, MPXV infection, vaccination, antiviral treatment and sampling.
The studies were carried out in 34 captive-bred subadult (2–4 yr) healthy
cynomolgus macaques (Macaca fascicularis) in accordance with the institutional
guidelines for care and use of laboratory animals, which comply with legal
requirements in The Netherlands. MPXV strain MSF#6, which was obtained
from a fatally infected human in Congo, was provided by H. Meyer30. The virus
was passaged in African green monkey kidney cells: twice in MA104 cells and
twice in Vero cells. The challenge virus stock had a titre of 2 £ 108 p.f.u. per ml in
Vero cell monolayers. Monkeys were inoculated intratracheally with 107 p.f.u. of
the virus in a volume of 5ml PBS. Animals died naturally (animals 2, 3, 8, 9, 10,

Figure 3 | Viral load profiles after infection with MPXV. a, Plasma MPXV
loads of monkeys treated as described in Figs 1, 2. b, Plasma MPXV loads of
monkeys (treated as described in Fig. 1) 5 or 7 days after infection. Data show
average ^ s.e.m. Statistical analysis of the pairwise comparisons of survival

rates between groups is also shown. NA, not applicable. c, Area under the
curve (AUC) measurements of plasma MPXV loads between days 0 and 13
after infection of monkeys treated as described in Fig. 1. Data show
average ^ s.e.m.
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Antiviral treatment is more effective than smallpox
vaccination upon lethal monkeypox virus infection
Koert J. Stittelaar1, Johan Neyts3, Lieve Naesens3, Geert van Amerongen1,4, Rob F. van Lavieren5, Antonin Holý6,
Erik De Clercq3, Hubert G. M. Niesters1, Edwin Fries1, Chantal Maas1, Paul G. H. Mulder2,
Ben A. M. van der Zeijst4 & Albert D. M. E. Osterhaus1

There is concern that variola virus, the aetiological agent of
smallpox, may be used as a biological weapon. For this reason
several countries are now stockpiling (vaccinia virus-based) small-
pox vaccine. Although the preventive use of smallpox vaccination
has been well documented, little is known about its efficacy when
used after exposure to the virus. Here we compare the effectiveness
of (1) post-exposure smallpox vaccination and (2) antiviral treat-
ment with either cidofovir (also called HPMPC or Vistide) or with
a related acyclic nucleoside phosphonate analogue (HPMPO–
DAPy) after lethal intratracheal infection of cynomolgus monkeys
(Macaca fascicularis) with monkeypox virus (MPXV). MPXV
causes a disease similar to human smallpox1 and this animal
model can be used to measure differences in the protective
efficacies of classical and new-generation candidate smallpox
vaccines2. We show that initiation of antiviral treatment 24 h
after lethal intratracheal MPXV infection, using either of the
antiviral agents and applying various systemic treatment regi-
mens, resulted in significantly reduced mortality and reduced
numbers of cutaneous monkeypox lesions. In contrast, when
monkeys were vaccinated 24 h after MPXV infection, using a
standard human dose of a currently recommended smallpox
vaccine (Elstree-RIVM), no significant reduction in mortality
was observed. When antiviral therapy was terminated 13 days
after infection, all surviving animals had virus-specific serum
antibodies and antiviral T lymphocytes. These data show that
adequate preparedness for a biological threat involving smallpox
should include the possibility of treating exposed individuals
with antiviral compounds such as cidofovir or other selective
anti-poxvirus drugs.
The eradication of variola virus by a worldwide vaccination

campaign led by the World Health Organization (WHO) in the
1970s (ref. 3), together with the subsequent discontinuation of mass
smallpox vaccination with vaccinia virus, have resulted in low or
non-existent smallpox immunity in today’s human population4. The
possible introduction of variola virus or MPXV as a biological
weapon, or the zoonotic spread of MPXV3,5, is of growing concern.
Given the relatively high rate of severe side effects associated with
classical smallpox vaccination, reintroduction of general preventive
smallpox vaccination has not been recommended6. Current plans do
not envisage mass vaccination with classical smallpox vaccines until
after an outbreak has been detected.
Although the effectiveness of classical smallpox vaccination when

used preventively has been well documented, and post-exposure
vaccination is part of the WHO eradication strategy, little is known
about its efficacy when used after exposure to variola virus. There-
fore, treatment with antiviral drugs such as cidofovir or related

compounds that have long-lasting antiviral activity should be con-
sidered as an alternative or additional strategy for the prevention or
post-exposure treatment of smallpox.
Cidofovir, a nucleotide analogue that is licensed for the treatment

of cytomegalovirus retinitis in patients with HIV infection, has been
shown to be active against a number of poxviruses, including
vaccinia-, variola-, monkeypox- and cowpox virus, and has shown
efficacy in immunodeficient patients with severe molluscum con-
tagiosum virus and orf virus infections7. Concern that the virulence
of variola virus and other poxviruses could be increased by genetic
modification would be another reason for developing antiviral

LETTERS

Figure 1 | Kaplan–Meier plot showing the effect of different post-exposure
treatments on the survival of monkeys. Survival expressed as percentages
after intratracheal MPXV infection. After virus exposure, macaques were
sham-treated (group I), vaccinated with smallpox vaccine Elstree-RIVM
(group II), treated with 5 doses of cidofovir (group III), with 6 doses of
cidofovir (group IV), with 5 doses of HPMPO-DAPy (group V) or with 6
doses of HPMPO-DAPy (group VI). Arrowheads indicate times of
vaccination and antiviral treatment. *The control group is supplemented
with 11 animals from previous experiments. Statistical analysis of survival
rates between groups is shown. NA, not applicable.

1Department of Virology and 2Department of Epidemiology and Biostatistics, Erasmus MC, 3000 DR Rotterdam, The Netherlands. 3Rega Institute for Medical Research, K.U.
Leuven, B-3000 Leuven, Belgium. 4Netherlands Vaccine Institute, 3720 AL Bilthoven, The Netherlands. 5ViroClinics B.V., 3000 DR Rotterdam, The Netherlands. 6Institute of
Organic Chemistry and Biochemistry, Academy of Sciences of the Czech Republic, 16610 Prague 6, Czech Republic.
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additional reduction in plasma viral loads (cidofovir, P ¼ 0.002;
HPMPO-DAPy, P ¼ 0.007). This was further corroborated by com-
paring the area under the curves for the respective groups until day 13
after infection, when all animals from groups III–VI were still alive
(Fig. 3c; cidofovir, P ¼ 0.048; HPMPO-DAPy, P ¼ 0.026).
Antiviral treatment was stopped 13 days after infection, at which

point all surviving animals had MPXV-specific plasma IgG anti-
bodies, as measured by enzyme-linked immunosorbent assay
(ELISA), as well as MPXV-specific T cells in their peripheral blood
mononuclear cells, as measured by interferon-g ELISPOT assay
(Supplementary Information).
Taken together, our data show that post-exposure antiviral treat-

ment with cidofovir or the related analogueHPMPO-DAPy, initiated
24 h after lethal respiratory infection of monkeys with MPXV, is
more effective at reducing the mortality and number of cutaneous
monkeypox lesions than standard vaccination with a classical variola
vaccine administered 24 h after infection. Although mortality is a
relevant read-out parameter, it should be noted that this is influenced
largely by factors related to individual variation in pathogenesis and
pathology. Given the relatively low numbers of animals that can be
tested in non-human primate experiments, we also used other read-
out criteria, including clinical, virological and immunological
parameters. Of these, the number of cutaneous monkeypox lesions
observed and the viral load data in the respective groups are probably
the most relevant.
As the experimental compound HPMPO-DAPy was at least as

effective as cidofovir in reducing numbers of cutaneous monkeypox
lesions and viral loads, the potential usefulness of this compound

warrants further study. In this study, the monkeys received cidofovir
or HPMPO-DAPy doses equivalent to those of cidofovir treatments
given to humans, as well as the necessary supportive treatment with
probenecid and extra hydration. We are therefore confident that the
experimental conditions closely mimicked those for treatment of
man after poxvirus infection29.
In conclusion, this proof-of-concept study indicates that, in an

outbreak situation, the use of cidofovir or a related nucleotide
analogue with an improved bioavailability and toxicity profile,
should be seriously considered an alternative or additional strategy
for vaccination of individuals who may have been exposed to
smallpox or other poxvirus infections such as monkeypox. Our
study emphasizes the potential of cidofovir in the short-term treat-
ment of acute poxvirus infections. For use against such infections in
man, the treatment schedules used in this experimental model will
require further optimization. Clinical experience with cidofovir is
mainly based on long-term treatment of herpesvirus infections.

METHODS
Animals, MPXV infection, vaccination, antiviral treatment and sampling.
The studies were carried out in 34 captive-bred subadult (2–4 yr) healthy
cynomolgus macaques (Macaca fascicularis) in accordance with the institutional
guidelines for care and use of laboratory animals, which comply with legal
requirements in The Netherlands. MPXV strain MSF#6, which was obtained
from a fatally infected human in Congo, was provided by H. Meyer30. The virus
was passaged in African green monkey kidney cells: twice in MA104 cells and
twice in Vero cells. The challenge virus stock had a titre of 2 £ 108 p.f.u. per ml in
Vero cell monolayers. Monkeys were inoculated intratracheally with 107 p.f.u. of
the virus in a volume of 5ml PBS. Animals died naturally (animals 2, 3, 8, 9, 10,

Figure 3 | Viral load profiles after infection with MPXV. a, Plasma MPXV
loads of monkeys treated as described in Figs 1, 2. b, Plasma MPXV loads of
monkeys (treated as described in Fig. 1) 5 or 7 days after infection. Data show
average ^ s.e.m. Statistical analysis of the pairwise comparisons of survival

rates between groups is also shown. NA, not applicable. c, Area under the
curve (AUC) measurements of plasma MPXV loads between days 0 and 13
after infection of monkeys treated as described in Fig. 1. Data show
average ^ s.e.m.
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CDV: Serengeti lions
Vaccine 1994

PDV: European Harbour seals
Nature 1988 / Science 2002

CDV: Baikal seals
Nature 1988

CDV: Caspian seals
EID 2000 

DMV:
Med. monk seals

Nature 1997
CDV: 

Rhesus macaques
China, EID 2011

DMV: 
Fin Whale Denmark 

JWD 2016

Morbilliviruses crossing species barriers
A pandemic risk after measles eradication?

Should we continue 
measles vaccination for ever?



MV is predominately lymphotropic in vivo

13.02.19 12

spleen

CD150 is the primary morbillivirus 
entry receptor

de Vries RD, et al., PLoS Pathog. 2012



infection with rMVKSEGFP(3): buccal mucosa and tongue
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DAPI/CYK/EGFP
Inner cheek
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PVRL4 is the morbillivirus receptor 
on epithelial cells

de Vries RD, et al., PLoS Pathog. 2012
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Long-term measles-induced
immunomodulation increases overall
childhood infectious disease mortality
Michael J. Mina,1,2* C. Jessica E. Metcalf,1,3 Rik L. de Swart,4

A. D. M. E. Osterhaus,4 Bryan T. Grenfell1,3

Immunosuppression after measles is known to predispose people to opportunistic
infections for a period of several weeks to months. Using population-level data, we show
that measles has a more prolonged effect on host resistance, extending over 2 to 3 years.
We find that nonmeasles infectious disease mortality in high-income countries is tightly
coupled to measles incidence at this lag, in both the pre- and post-vaccine eras. We
conclude that long-term immunologic sequelae of measles drive interannual fluctuations in
nonmeasles deaths. This is consistent with recent experimental work that attributes the
immunosuppressive effects of measles to depletion of B and T lymphocytes. Our data
provide an explanation for the long-term benefits of measles vaccination in preventing
all-cause infectious disease. By preventing measles-associated immune memory loss,
vaccination protects polymicrobial herd immunity.

M
easles vaccines were introduced 50 years
ago andwere followed by striking reduc-
tions in child morbidity and mortality
(1, 2). Measles control is now recognized
as one of themost successful public health

interventions ever undertaken (3). Despite this,
in many countries vaccination targets remain
unmet, and measles continues to take hundreds
of thousands of lives each year (3). Even where
control has been successful, vaccine hesitancy
threatens the gains that have been made (1, 4).
The introduction of mass measles vaccination
has reduced childhood mortality by 30 to 50%
in resource-poor countries (5–8) and by up to
90% in themost impoverished populations (9, 10).
The observed benefits cannot be explained by the
prevention of primary measles virus (MV) infec-
tions alone (11, 12), and they remain a central mys-
tery (13).
MV infection is typified by a profound, but

generally assumed to be transient, immunosup-
pression that renders hosts more susceptible to
other pathogens (14–17). Thus, contemporaneous
reductions in nonmeasles mortality after vacci-
nation are expected. However, reductions in in-
fectious diseasemortality aftermeasles vaccination
can last throughout the first 5 years of life (5–10),
which is much longer than anticipated by tran-
sient immunosuppression, which is generally con-
sidered to last for weeks to months (16, 17).

Proposed mechanisms for a nonspecific bene-
ficial effect of measles vaccination range from
suggestions that live vaccinesmay directly stimu-
late cross-reactive T cell responses or that they
may train innate immunity to take on memory-
like phenotypes (13, 18–21). Althoughwell described
by Aaby (11, 12) and others (22) in observational
studies, primarily in low-resource settings, these
effects may not fully explain the long-term ben-
efits observed with measles vaccination and can-
not explain the pre-vaccination associations of
measles and mortality we describe below. The
World Health Organization (WHO) recently ad-
dressed this issue (22) and concluded that mea-
sles vaccination is associatedwith large reductions
in all-cause childhood mortality but that there is
no firm evidence to explain an immunological
mechanism for the nonspecific vaccine benefits.
Recent work (17, 23) invoked a different hypo-

thesis that a loss of immunememory cells afterMV
infection resets previously acquired immunity,
and vaccination prevents this effect. de Vries et al.
(17) reproduced transient measles immune sup-
pression in macaques, characterized by systemic
depletion of lymphocytes and reduced innate im-
mune cell proliferation (24). Although peripheral
blood lymphocyte counts were restored within
weeks as expected (25), the authors hypothesized
that rapid expansions of predominantly measles-
specific B and T lymphocytes masked an ablated
memory-cell population (17). In other words,MV
infection replaced the previous memory cell rep-
ertoire with MV-specific lymphocytes, resulting
in “immuneamnesia” (17) tononmeaslespathogens.
Previous investigations of virus-induced memory-
cell depletion suggest that recovery requires re-
stimulation, either directly or via cross-reactive
antigens (26–29).

We propose that, if loss of acquired immuno-
logicalmemory after measles exists, the resulting
impaired host resistance should be detectable in
the epidemiological data collected during periods
when measles was common and [in contrast to
previous investigations that focus on low-resource
settings (5–12)] shouldbe apparent inhigh-resource
settings where mortality from opportunistic in-
fections during acute measles immune suppres-
sion was low. Relatively few countries report the
necessary parallel measles and mortality time se-
ries to test this hypothesis. National-level data
from England, Wales, the United States, and
Denmark [ F1Fig. 1, A to C; see supplementary
materials (SM) 1 for details], spanning the dec-
ades surrounding the introduction of mass mea-
sles vaccination campaigns, meet our data criteria.
To assess the underlying immunological hypo-

thesis (Fig. 1D) using population-level data, we
required that first, nonmeasles mortality should
be correlated with measles incidence data, espe-
cially because the onset of vaccination reduces
the latter. Second, an immunememory lossmecha-
nism should present as a strengthening of this
associationwhenmeasles incidence data are trans-
formed to reflect an accumulation of previous
measles cases (a measles “shadow”). For example,
if immune memory loss (or more broadly, immu-
nomodulation) lasts 3 years, the total number
of immunomodulated individuals (S) in the nth
quarter can be calculated as the sum of the mea-
sles cases (M) over the previous (and current)
12 quarters: Sn =Mn–11 +Mn–10 +…+Mn–1 +Mn.
In practice, we weighted the quarters using a
gamma function. Dividing S by the total popula-
tion of interest thus provides the prevalence of
immunomodulation (see SM 2, fig. S1, andmovie
S1 for detailed methods). Third, the strength of
this association should be greatest when themean
duration over which the cases are accumulated
matches the mean duration required to restore
immunologicalmemory afterMV infection. Fourth,
the estimated duration should be consistent both
with the available evidence of increased risk of
mortality after MV, compared with uninfected
children, and with the time required to build a
protective immune repertoire in early life (Fig. 1D,
fig. S2, and SM).
To explicitly address whether the observed

nonspecific benefits of vaccination can be attri-
buted to the prevention of MV immunomodula-
tion, evidence for the four hypotheses must be
present separately within the pre-vaccine eras.
Reductions in nonmeasles infectious disease

mortality (SM 1) are shown in Fig. 1, for children
aged 1 to 9 years in Europe and aged 1 to 14 years
in the United States, shortly after the onset of
mass vaccination in each country. The fall in mor-
tality was later inDenmark, corresponding to the
introduction of measles vaccination in the 1980s,
as compared to the late 1960s for the United
Kingdom and United States. In all locations,
measles incidence showed significant (P < 0.001)
associations with mortality (Fig. 1, E to G). How-
ever, effect sizes varied (fig. S3A), reflecting low
reporting in the United States [fig. S3B and (30)]
and changes in health care practice between eras.
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Long-term measles-induced
immunomodulation increases overall
childhood infectious disease mortality
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A. D. M. E. Osterhaus,4 Bryan T. Grenfell1,3
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generally assumed to be transient, immunosup-
pression that renders hosts more susceptible to
other pathogens (14–17). Thus, contemporaneous
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12 quarters: Sn =Mn–11 +Mn–10 +…+Mn–1 +Mn.
In practice, we weighted the quarters using a
gamma function. Dividing S by the total popula-
tion of interest thus provides the prevalence of
immunomodulation (see SM 2, fig. S1, andmovie
S1 for detailed methods). Third, the strength of
this association should be greatest when themean
duration over which the cases are accumulated
matches the mean duration required to restore
immunologicalmemory afterMV infection. Fourth,
the estimated duration should be consistent both
with the available evidence of increased risk of
mortality after MV, compared with uninfected
children, and with the time required to build a
protective immune repertoire in early life (Fig. 1D,
fig. S2, and SM).
To explicitly address whether the observed

nonspecific benefits of vaccination can be attri-
buted to the prevention of MV immunomodula-
tion, evidence for the four hypotheses must be
present separately within the pre-vaccine eras.
Reductions in nonmeasles infectious disease

mortality (SM 1) are shown in Fig. 1, for children
aged 1 to 9 years in Europe and aged 1 to 14 years
in the United States, shortly after the onset of
mass vaccination in each country. The fall in mor-
tality was later inDenmark, corresponding to the
introduction of measles vaccination in the 1980s,
as compared to the late 1960s for the United
Kingdom and United States. In all locations,
measles incidence showed significant (P < 0.001)
associations with mortality (Fig. 1, E to G). How-
ever, effect sizes varied (fig. S3A), reflecting low
reporting in the United States [fig. S3B and (30)]
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Arbovirus vaccines: most are still lacking
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Identification of viral pathogens 
ErasmusMC / RIZ TiHo

13.02.19 22

1995 CDV as the cause of mass mortality in Serengeti lions
1996 g-herpesvirus in seals (phocid herpesvirus-2)

1997 monk seal morbilliviruses (MSMV-WA/G)

1997 influenza A (H5N1) virus in humans

1998 lentivirus from Talapoin monkeys (SIVtal)
1999 influenza B virus in seals

2000 human metapneumovirus (hMPV)

2002 re-emerging PDV in Europe

2003 SARS CoV cause of SARS in humans (Koch`s postulates)
2003 influenza A (H7N7) virus in humans

2004 fourth human coronavirus (CoV NL)

2005 H16 influenza A viruses (new HA!) in black headed gulls

2008 dolphin herpesvirus
2009 deer astrovirus

2010 human astrovirus, human picobirnavirus

2011 ferret coronavirus, ferret HEV, porcine picobirnavirus, stone marten anellovirus.

influenza A (H1N1) virus in dogs
2012 human calicivirus, MERS CoV, boa arenaviruses

2013 seal parvovirus, seal anelloviruses, deer papillomavirus, fox hepevirus, fox parvovirus, turtle herpesvirus

2014 canine bocavirus, porcine bocavirus, python nidovirus, camel circovirus, phocid herpes virus-7

2015 influenza A (H10N7) virus seals

2017… morbillivirus fin whale, hepadnavirus Tinamou, rec.canine circovirus, rec.canine bocavirus, herpesvirus sperm
whale, Batai virus seal, avian metapneumovirus, novel pestivirus…

novel molecular techniques

EU:   EMPERIE; ANTIGONE; 
PREPARE; COMPARE…

NL:    VIRGO-FES…
DFG: N-RENNT

Funding:



Press conference of 
SARS etiology

network

Official declaration of 
SARS-CoV as the 

etiologic agent

Short- and mid-term objectives:
- clarification of transmission routes and natural history
- establishment and evaluation of diagnostic tools

April 16, 2003
WHO Geneva

Fouchier et al.,Nature 2003
Kuiken et al., Lancet 2004



Zaki et al NEJM 2012

MERS-CoV
KoreaKSA

Other countries

To date: estimated >2260 cases in
27 countries with >800 deaths

Saudi Arabia, Malaysia, Jordan, Qatar, Egypt, the United Arab 
Emirates, Kuwait, Oman, Algeria, Bangladesh, the Philippines, 

Indonesia (none confirmed), UK, and USA



Dromedary camels: carriers of MERS-CoV
(Haagmans et al., Lancet ID 2013)

Antibodies in dromedary camels 
(Reusken et al Lancet ID 2013)

Identification of the CD 26 MERS-CoV receptor
(Raj et al., Nature 2013)





MVA expressing the MERS-CoV
spike protein

Haagmans et al., Science 2016

Fei Song et al. JV 2013



MVA expressing the MERS-CoV
spike protein

Haagmans et al., Science 2016

Fei Song et al. JV 2013

MVA MERS-S vaccine now in human trials

(HCW’s, camel handlers, immune-compromised
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• Plasmid DNA vaccine (Innovio/GeneOne)
• Plasmid DNA vaccine (NIAID, VRC)
• Virus like particles (Novavax)
• MVA vaccine (Sutter / Jenner Institute)
• Adenovirus based vectors (Jenner institute)
• RBD vaccine (Jiang)

MVA expressing the MERS-CoV
spike protein

MERS-CoV vaccine candidates
preclinical development and phase 1 trials



Induction of antibodies that neutralize 
MVA but also camel pox virus

Camel pox virus neutralization

Haagmans et al.,Science 2016

PRNT90 MERS-CoV virus neutralization titers

MERS-CoV MVA vaccination: ‘one stone - two birds’ approach



§ I

IMI-ZAPI



square kilometre increased, the number of campaigns requi-
red for permanent control also increased (table 3). For all
the models, the Cox-Snell Pseudo R2 values were relati-
vely low (R2¼ 0.28 for control, R2¼ 0.37 for permanent
control, R2¼ 0.48 for elimination, table 3).

The cumulative area vaccinated and therefore the
approximate expenditure by different countries to eliminate
rabies varied considerably. Poland and Germany were
amongst those that spent most on ORV, whereas rabies elim-
ination in Switzerland was relatively inexpensive (table 1).
For countries that eliminated rabies, a significant linear
relationship was found between cumulative area vaccinated
and loge rabies incidence (figure 4). Although the exponential
decline in incidence with increasing expenditure was evident
for all these countries, considerable variation was evident
from the random effects coefficients (see the electronic sup-
plementary material, figure S2). This pattern indicated that
increasing cumulative expenditure resulted in progressively
smaller reductions in rabies incidence until elimination
was achieved, albeit with high variation between countries
(see the electronic supplementary material, figure S2). Cumu-
lative effort to reduce initial incidence by 50 per cent followed
an almost linear increase, whereas disproportionally greater
effort was required in the final phase of elimination (figure 4).
The approximate expenditure required to reduce initial

incidence (N0) to N0/x was estimated as: c1/x¼ loge(x)/
20.9257 (see equation (2.3), figure 4).

4. Discussion
The elimination of fox rabies from Europe represents possibly
the most extensive and successful example of a vaccination
programme targeting wildlife to date. In recent decades sub-
stantial progress in rabies control has been made in many
parts of the world. Mass dog vaccination eliminated canine
rabies from Europe and much of the Americas [10,50],
almost exclusively relying upon parenteral delivery. The
development of ORV has made the elimination of disease
from wildlife reservoirs a reality. Over a period of three dec-
ades, vaccine baits have been distributed across nearly
1.9 million km2 of Europe, with nine previously endemic
countries now being rabies-free (figures 1, 2 and table 1;
electronic supplementary material, figure S1,). Previous evalu-
ations of ORV in Europe have focused on individual countries
[19,20,23,26–28], with only one descriptive study assessing ter-
ritorial differences and factors contributing to ORV success,
including vaccine strains, and bait density. The latter covered
the period from 1978 until 1994 when ORV was considered a
work in progress as no countries had yet achieved rabies

20101983

(a)

1

50

(c)(b)

Figure 2. ORV effort and rabies cases. (a) Spatial extent of ORV area and the total number of ORV campaigns conducted in each country between 1978 and 2010.
Reported rabies cases in (b) 1983 and (c ) 2010.

rstb.royalsocietypublishing.org
PhilTransRSocB368:20120142

7

parts of Europe and North America using oral vaccination has been a milestone in the global
fight against rabies raising hope for controlling rabies also in other wildlife reservoirs in the
near future [10, 35]. Compared to 2010, the area ever vaccinated increased by six hundred
thousand km2 in 2014, with ten previously endemic or re-infected countries now being rabies-
free [13] (Fig 1). Other countries are close to eliminating rabies and will achieve a rabies-free
status in the near future. Just recently, Latvia applied for recognition as a rabies free country at
the World Organization for Animal Health (OIE) [Oļševskis, personal communication].

Previous descriptive studies on oral rabies virus vaccines in Europe had mainly focused on
two vaccine strains and limited time periods, i.e. SAD B19 (1983–1998) and SAG2 (1994–
2014) [29, 30]. There had been only one comprehensive attempt to list the number of vaccine
baits used for SAD B19, SA1/SAG2, SAD Bern, Vnukovo 32 and V-RG in ORV campaigns in
16 European countries for the years 1978 to 1999. For many countries, however, information
for the entire observation period could not be obtained [7]. Here, we provide the first exhaus-
tive analysis to document and analyze the spatio-temporal use of different vaccines during the
period of ORV in Europe (1978–2014). The quality of data obtained in this study depended on
the willingness of responsible authorities to submit complete sets of data and related informa-
tion to the European database of the Rabies Bulletin Europe. However, no other substantial
and comprehensible database on rabies in Europe is available. Although submission of data
and other rabies related information has been entirely relying on voluntary contribution since
the beginning, the database is well established and enjoys a very high level of reporting compli-
ance [36, 37]. Like in a previous study, it was difficult to obtain historical information on early
field trials with locally developed vaccine strains and baits for Eastern European countries
including Belarus, Latvia, Lithuania, Russia, and Ukraine [7]. The use of strain EVMTI

Fig 3. Number of individual vaccine doses disseminated in ORV programmes in Europe between 1978 and 2014. Approximate calculation of the
numbers of vaccine doses of different oral vaccine strains against rabies over the past four decades (x axis) based on the cumulative area ever vaccinated
with a single vaccine bait (y axis) and an assumed average bait density of 20 baits/km2.

doi:10.1371/journal.pntd.0003953.g003

Oral Rabies Vaccines in European Fox Rabies Elimination Programmes

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003953 August 17, 2015 8 / 16Müller et al PLoS Negl Top Dis., 2015



Last four pandemics

A(H1N1) A(H2N2) A(H3N2)

1918

“Spanish Flu”

1957

“Asian Flu”

1968

“Hong Kong Flu”

>40 million deaths 1-4 million deaths 1-4million deaths

Credit: US National Museum of Health and   Medicine

A(H1N1)

2009

“Mexican flu”

0.2-0.3 million deaths



Subtype

H7N7
H5N1
H9N2
H5N1
H7N7
H7N2
H7N3
H5N1

H7N9
H9, H10, H6..  Asia…

Country

UK
Hong Kong
SE-Asia
Hong Kong
Netherlands
USA
Canada
SE-Asia/M-East/
Europe/W-Africa
PR Chinahina

Year

1996
1997
1999
2003
2003
2003
2004
2003-18*

2013-18
ongoing

*CFR ~ 55%

# Cases

1
18
>2
2?
89
1
2

>840

# Deaths

0
6
0
1
1
0
0

>450*

>1500
<5

>600
<5

(increasing)

Recent zoonotic transmissions
from birds

-confirmed human cases-



Most H5N1 outbreaks in European wild birds 
occurred where surface temperatures were 
just above freezing

# 
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Reperant et al. 2010 PLoS Path.



Avian Influenza: Asia



HPAI H5N1 virus passaging in ferrets 
- toward transmissibility -

Published by AAAS

Five substitutions are sufficient for 
airborne transmission between ferrets Munster et al., Science 2009

Herfst et al., Science 2012
Russel et al., Science 2012
Linster et al., Cell 2014



Low and highly pathogenic 
avian influenza A viruses H7N9

Laboratory confirmed:  1584
Deaths: 612
Recoveries: 972

Source: FAO, as of 23 Aug. 2017

2013 2014 2015 2016 2017

Gao t al., 2013 Richard M. et al., Nature. 2013. 



Highly pathogenic avian influenza A 
virus in poultry/wild birds

Source: FAO, as of 24 Aug. 2017

H5N1
H5N2
H5N5
H5N6
H5N8
H7N3
H7N9



Syndrome surveillance in humans & animals
Pathogen discovery / identification platforms for humans & animals 

Diagnostics development and distribution platforms
Mathematical modeling capacity

Animal models capacity (BSL3/4)
Pathogenesis study platforms for new infections (transmission…!)

Preventive intervention platforms (societal, vaccination, antiviral)
Therapeutics discovery platforms (antivirals, antibiotics, BRM’s...)

Communication strategies

Crucial ‘peace time’ 
preparedness elements

International collaboration and coordination
v using all available technology (classical and novel!!!)
v are of key importance for their future control !!!   
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Combatting emerging infections 

at the source in a One Health Approach

Crucial ‘peace time’ 
preparedness elements
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