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Abstract The classic development of vaccines is lengthy,

tedious, and may not necessarily be successful as demon-

strated by the case of HIV. This is especially a problem for

emerging pathogens that are newly introduced into the

human population and carry the inherent risk of pandemic

spread in a naı̈ve population. For such situations, a con-

siderable number of different platform technologies are

under development. These are also under development for

pathogens, where directly derived vaccines are regarded as

too complicated or even dangerous due to the induction of

inefficient or unwanted immune responses causing con-

siderable side-effects as for dengue virus. Among platform

technologies are plasmid-based DNA vaccines, RNA

replicons, single-round infectious vector particles, or

replicating vaccine-based vectors encoding (a) critical

antigen(s) of the target pathogens. Among the latter,

recombinant measles viruses derived from vaccine strains

have been tested. Measles vaccines are among the most

effective and safest life-attenuated vaccines known.

Therefore, the development of Schwarz-, Moraten-, or

AIK-C-strain derived recombinant vaccines against a wide

range of mostly viral, but also bacterial pathogens was

quite straightforward. These vaccines generally induce

powerful humoral and cellular immune responses in

appropriate animal models, i.e., transgenic mice or non-

human primates. Also in the recent first clinical phase I

trial, the results have been quite encouraging. The trial

indicated the expected safety and efficacy also in human

patients, interestingly independent from the level of

prevalent anti-measles immunity before the trial. Thereby,

recombinant measles vaccines expressing additional anti-

gens are a promising platform for future vaccines.
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History of measles vaccine

The measles are a scourge of mankind since about 7000 to

8000 years [1] and accounted for millions of deaths each

year, in historic times [2]. Due to its extremely high trans-

mission rate with an R0 of 12-18 [3], the disease spreads like

wildfire among naı̈ve populations and usually is a childhood

disease. Pathogenic wild-type measles virus (MV) induces a

transient, albeit pronounced immune suppression in infected

patients rendering those susceptible to secondary infections

especially under low hygiene conditions. This is one cause

for the considerable mortality rate of the measles in low-

developed countries [4]. Nevertheless, even in industrial

countries, a mortality rate of about 1 in 1000 infections is

prevalent due to direct effects of the MV infection, such as

neurologic complications, i.e., primarymeasles encephalitis,

acute disseminated encephalomyelitis (ADEM), MV inclu-

sion-body encephalitis (MIBE), or subacute sclerotizing

pan-encephalitis (SSPE), which concur with increasing

fatality rates from 5% to 100% [5].

Therefore, the availability of first effective and safe

measles vaccine authorized in 1963 by the FDA has been a

blessing for mankind. The first vaccines have been derived

of a primary pathogenic wild-type virus isolate from a boy

named David Edmonston in 1954 [6]. This virus isolate
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was passaged many times on different primary cells and

cell lines. A total number of 52 passages on human and 28

passages on chicken cells [7] yielded an attenuated strain

named Edmonston seed B, which proofed attenuated in

macaques but protected those against infection with

pathogenic strains [8]. Also for human children, who have

to be vaccinated as early as possible after maternal anti-

bodies have gone, this vaccine showed efficacy in pro-

tecting against the measles, albeit a significant number of

children became febrile after immunization [9]. Therefore,

the vaccine strain was passaged another 48 times on

chicken embryonal fibroblast including 40 passages at

reduced temperature to give rise to even more attenuated

vaccine strains Moraten [10]. Other vaccine strains derived

from the Edmonston lineage by comparable passaging

history are Schwarz, Edmonston-Zagreb, or AIK-C

[7, 10, 11]. Edmonston-lineage vaccine strains are or have

been licensed vaccines in the US, the EU, or Japan, and

confer high efficacy accompanied by a remarkable safety

profile [12, 13]. Indeed, the measles vaccine is even rec-

ommended for otherwise compromised collectives, such as

HIV-infected patients, as long as immune suppression is

not severe, i.e., CD4? T lymphocyte counts are[ 200/

mm3 [12]. In parallel, other life-attenuated measles vaccine

strains, e.g., Leningrad 16 or CAM-70, have been devel-

oped independently and used [13, 14].

Therefore, MV vaccine strains can be regarded both in

terms of safety and efficacy as an ideal vector platform to

build recombinant vaccines on, which present antigens of

choice to the immune system in an extremely immune-

stimulatory context.

Reverse genetics of mononegavirales

To use a chosen vaccine as a vector platform, technologies

have to be available that allow genetic modification of the

vector platform such that an antigen of choice can addi-

tionally be expressed or presented by the recombinant vac-

cine. MV belongs to the order of mononegavirales, the

family of paramyxoviridae, and is the prototype of morbil-

liviruses. As such, the MV genome is a non-segmented,

single-stranded linear RNA with a total length of 15,894

nucleotides in negative sense orientation (-ssRNA), with the

different genes arranged in single cassettes, so called tran-

scription units [15]. The genome structure and especially the

negative-sense orientation of the RNA of mononegavirales

genomes renders the transcription of viral mRNAs and

replication of the virus genomes critically dependent on the

virus-encoded ribonucleoprotein complexes (RNPs) con-

sisting of the RNA genome complexed by the nucleocapsid

protein N, the phosphoprotein P, and the RNA-dependent

RNA-polymerase (RdRP) so called large protein L [16].

Therefore, the generation of recombinant mononegavi-

rales from (biotechnologically modified) plasmids

becomes complex, since not only the RNA genome, but

also all protein components of the viral RNP have to be

simultaneously present in a single cell to yield replicative

centers that release recombinant, infectious virus. This

process is even more complicated by the so-called ‘‘rule-

of-six’’ [17]. The viral nucleocapsid protein N tightly

covers viral RNAs, and the N-RNA complex is the tem-

plate for viral genome transcription and replication [18].

However, only genomes whose nucleotide number is a

multiply of six can be observed in naturally occurring

Paramyxoviridae or give rise to respective recombinant

viruses [17]. This implies on the one hand that each

modification of these viruses’ genomes has to take this

basic rule into account, but also that transcriptional start

and stop of the recombinant, plasmid-encoded RNA gen-

omes has to be on the spot. For this purpose, a T7 poly-

merase-driven expression system for all viral RNP-

complex proteins, i.e., N, P, and L, as well as for the viral

RNA antigenome has been set up, the latter additionally

flanked 30 by a Hepatitis delta virus ribozyme, respectively,

to ensure its correct length. Such a system was first

established for rabies virus and allowed generation, a so-

called rescue, of replicating rabies virus from plasmid

DNA [19].

Generation of recombinant measles virus

To generate recombinant MV, an Edmonston B vaccine-

derived laboratory strain was chosen, that had been pas-

saged multiple times on Vero cells, before. The complete

virus genome engineered to encode an additional tag

sequence was cloned into a pBluescript plasmid backbone

under the control of the T7 promoter and flanked 30 by the

hepatitis virus d-ribozyme. This plasmid could be used

after co-transfection together with an also T7-driven

expression plasmid encoding the MV polymerase into the

293-3-46 helper cell line, which expresses the T7 poly-

merase as well as MV N and P proteins (Fig. 1a), to rescue

infectious and replicating recombinant MV [20]. As an

alternative to the use of a stably transfected cell line, a

system using 4 plasmids encoding the MV genome, as well

as expression of MV N, P, and L proteins can be used

together with a replication-deficient vaccine-T7 vector,

MVA-T7 (Fig. 1b), to rescue infectious MV [21]. Finally,

it has been shown that recombinant MV can be generated

very efficiently using expression plasmids for MV genome

as well as RNP proteins driven by the PolII-dependent

CMVie-Promoter (Fig. 1c) to rescue MV with correct

genome length [22]. Due to the availability of the reverse

genetics system for MV, the respective genome was
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subsequently modified by essentially duplication of the

critical stretches of the intergenic region between the L and

H [23] or P and M gene cassettes [24]. These intergenic

regions are highly conserved and contain Stop-Start signal

sequences, which are recognized by the viral polymerase

complex during mRNA transcription [25]. Thereby, tran-

scription of singular viral mRNAs is realized. By dupli-

cation of this region, an additional Stop-Start signal is

introduced into the genome, giving rise to a Stop-Start-

Stop-Start signal sequence pattern. Thereby, an additional

transcription unit (ATU) is introduced, which can be used

to express additional cargo genes by introducing the

respective ORF after the first Start-signal. This renders the

possibility to mark recombinant MV by genes encoding

marker proteins such as GFP [26] or luciferase [27] that

allow tracking of the virus, but in principle any genes may

be encoded given that they do not interfere with viral

replication. In terms of payload, recombinant MV have

been generated that encoded up to three additional genes

[28] or a total extra size of 6 kb, thereby expanding the

genome size of nearly a factor 1.5. Usually, recombinant

MVs with extra gene cassettes reveal replication properties

very similar to the parental empty MV, both in kinetics and

titers. Sometimes, replication may be impaired, but this is

related not only to length, but also to the position and the

biology of the encoded protein. In general, extra genes next

to the 30 end may have a larger impact on replication, while

extra cytoplasmic proteins are less problematic than those

proteins targeted via the endoplasmic reticulum to the cell

membrane or for secretion [29]. The variability in genome

size has been attributed to the helical structure of the RNP

complex that can easily be expanded by the addition of

extra N protein residues in tandem with the pleomorphic

particle structure allowing the packaging of larger RNP

complexes. The latter was impressively visualized by the

demonstration of co-packaging of at least two genomes in

MV particles [30]. Thus, recombinant MV allows the

insertion of quite large additional coding sequences gen-

erally without losing efficient replicative capacity.

Measles virus-derived recombinant vaccines

While IL-12 encoding genes had been first to become

introduced into MV genomes [23], it was realized soon that

such an MV can be used as a vector to express and present

other pathogens’ critical antigens to the immune system in

the context of a highly immunogenic MV replication. First,

the Hepatitis B Virus surface and core antigens were

chosen to be expressed by a recombinant MV via an ATU

following the P gene cassette [24]. These recombinant

viruses were shown to express the desired additional anti-

gens, and the HBsAg-encoding MV provoked significant

humoral antigen-specific immune responses [24] in the

transgenic, MV-susceptible IFNAR-/--CD46Ge mouse

model [31].

To take optimal advantage of the vector platform also

with respect to regulatory issues, further MV genomes

were cloned that were identical to authorized MV vaccine

strains. Today, genomes encompassing the exact sequences

of the vaccine strains Schwarz [32], Moraten [33],

Edmonston-Zagreb [34], MVbv [35], or AIK-C [36] are

available to generate recombinant platform-based vaccines.

On this basis, a variety of recombinant MV has been

generated that mostly target viral pathogens, but also

bacterial antigens, namely such of Helicobacter pylori

Fig. 1 Schematic depiction of different MV rescue systems avail-

able. To generate infectious MV particles, the exact full-length RNA

genome or anti-genome has simultaneously to be available in a given

cell together with the viral ribonucleoprotein complex proteins N, P,

and L. For this purpose, the genomes were originally driven by T7

polymerase and ended with a delta ribozyme, yielding the need for

co-expression of the T7 polymerase, in addition. a For this purpose,

293-3-46 rescue cells stably expressing MV-N, MV-P, and the T7

polymerase are co-transfected with the MV genome plasmid of

interest, e.g., p(?)MV, and a T7 polymerase-driven expression

plasmid for MV-L, e.g., pEMC.La. b As an alternative, T7-driven

expression plasmids for the MV genome as well as for the other

components of the RNP can be co-transfected e.g., into 293T cells,

which are superinfected by a replication-deficient vaccinia vector,

e.g., MVA-T7. c Finally, successful rescue has been demonstrated

after co-transfection of DNA polymerase II driven expression

plasmids for the MV genome as well as for the other components

of the RNP complex. Hatched boxes promoter sequences; dark gray

boxes termination/polyadenylation signals; white boxes individual

genes
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[37], induce significant immunity when expressed from the

MV platform (Table 1).

Pre-clinical and clinical data

As depicted in Table 1, 11 out of 17 recombinant MV-

derived vaccines have been tested in the available mouse

model IFNAR-/--CD46Ge, transgenic mice with a type I

interferon receptor deficiency, but expressing the human

homologue of the MV vaccine strain receptor CD46 as

transgene with human tissue specificity [31]. For each of

the analyzed recombinant vaccines, the induction of sig-

nificant humoral immune responses has been found

(Table 1). The induction of these responses includes the

isotype switch from IgM to IgG, and the induced antibodies

can have neutralizing activity, as demonstrated e.g., for the

vaccines expressing soluble E protein of WNV [66],

CHIKV virus-like particles [38], or the unmodified or the

soluble version of the MERS-CoV Spike glycoprotein [59].

Reyes del Valle et al. have further shown that the amount

of expressed foreign antigen determines the strength of the

induced antibody response [46]. However, the most

effective vaccines may not necessarily be those with the

additional antigen encoded most up-front in the MV gen-

ome, but may be determined empirically by testing dif-

ferent positions for the ATU and the respective antigen. For

example, MERS-S expression is higher when encoded after

the H rather than the P cassette [59].

Furthermore, also powerful cellular immune responses

can be triggered by MV-derived vaccines against addi-

tionally encoded antigens. The induction of antigen-

specific T cell responses has been demonstrated against a

couple of MV-encoded antigens, including HIV-1 Env

[53], WNV-E [67], and, again, MERS-S [59].

The protective capacity of these responses has been

demonstrated first for the WNV-vaccine, when immunized

mice survived an otherwise lethal challenge with WNV

[66]. Meanwhile, protection by the respective recombinant

vaccines has been demonstrated for a number of other MV-

based vaccines (Table 1). While the mouse data may be

challenged due to the knock-out of the IFNAR, which is

necessary to allow basic replication of MV in receptor-

transgenic mice [31], 7 MV-based vaccines have pro-

gressed to the non-human primate (NHP) model, the only

other alternative to transgenic mice besides cotton rats,

which have been used to characterize 3 vaccines, due to

lack of other species for MV susceptibility [68]. Also in

NHPs or cotton rats, recombinant MV encoding foreign

antigens remained immunogenic and induced immune

responses against the latter (Table 1).

Based on these data, the MV-CHIKV and MV-F4 vac-

cines, which are Schwarz-strain MVs encoding CHIKV

VLPs and HIV-envelope glycoprotein, respectively, have

progressed into phase I clinical trials [39, 69]. While the

HIV-vaccine trial data are not available, yet [69], the

CHIKV-vaccine trial gave some interesting insights into

efficacy of MV-derived vaccines in man [39]: In a cohort

of 36 patients that were vaccinated with doses between

1.5 9 104 and 3 9 105 infectious particles with a booster

immunization at the same dose level 28 or 90 days after the

first shot, the vaccine induced immune responses in all

volunteers after two shots, in the high dose group even

without a booster immunization. Even more important, the

study revealed the expected excellent safety profile with no

serious and just 4 severe solicited adverse events (head-

ache, local erythema, local induration, local pain, and

pyrexia) recorded among all participants. Interestingly, the

strength of antibody responses hosted by individual

patients was independent from pre-formed anti-measles

immunity (due to previous measles infection or vaccina-

tion) as demonstrated by stratifying patient cohorts for

prevalent MV-neutralizing Ab-responses before the trial

and analyzing the induced CHIKV-immunity. Thus, clini-

cal trial data are with respect to the impact of pre-formed

anti-measles immunity in accordance with the results of the

preclinical animal models. The available pre-clinical data

also suggest an if at all minor impact of anti-measles

immunity on the efficacy of recombinant vaccines using

the MV platform technology [34, 38, 51, 56]. Thereby,

recombinant MV vaccine platform-derived vaccines should

also be suited for patients that already have acquired anti-

measles immunity.

Such pre-formed anti-measles immunity has to be

expected and therefore considerations of efficacy despite

immunity have to be regarded as quite important, since

anti-vector immunity has been considered to be associated

with unwanted effects on the efficacy of adenovirus-

derived vectors [70]. While gutless adenovirus vector

systems, but especially poxvirus vectors such as MVA,

could harbor larger genetic inserts than recombinant MV

[71]. Nevertheless, the 4–6 kb extra cargo allowed even in

separate expression cassettes in MV should be sufficient for

most antigens. Moreover, recombinant adenovirus-based

vaccine candidates have already progressed up to phase III

clinical trials [70], but there is in total much more clinical

experience with the MV vaccine backbone itself consid-

ering billions of doses of measles vaccine, which have been

used, yet. Looking at the MV vaccine platform and these

other currently available vaccine platforms such as MVA,

other poxviruses or adenoviruses in general, a direct side-

by-side comparison especially considering efficacy is yet to

be done, but most likely the effectiveness of the compared

vectors will in the end also depend on the nature of the

antigen to be expressed as well as on the immune responses

required for protection.
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Table 1 Recombinant vaccines derived from measles virus

Target Antigen ATUa Strainb Modelc Responsed Challengee Ref.

CHIKV C-E3-E2-6 k-E1 P Schwarz CD46-mice,

Human (Phase I)

ELISA, nAbs,

ELISpot

Yes [38, 39]

DENV E, M; EDIII P Schwarz,

Moraten

CD46-mice ELISA,

nAbs,

Cytokines,

Yes [40–43]

EBV gB350 N, P Edm-

Zagreb

Cotton rats,

Rhesus mac.

ELISA

ELISpot

n.t. [34]

FluV HA P Edm-

Zagreb

n.t. n.t. n.t. [44]

HBV sHBsAg P, H,

L

Edm-B,

Moraten

CD46-mice,

Rhesus mac.

ELISA, nAbs n.t.

(MV)

[24, 43, 45, 46]

HCV C, E1, E2; E1/Ft,

E2/Ft

P Edm-B,

Moraten

CD46-mice,

humanized mice

ELISA, nAbs n.t. [47, 48]

Helicobac-ter

pylori

NAP N Edm-B CD46-mice ELISA, ELISpot n.t. [37]

HIV-1 Env P Schwarz CD46-mice,

Rhesus mac.,

Cynomolgus mac., Human

(Phase I)

nAbs, ELISA,

IFNc-ICS
n.t. [49–55]

HPV L1 P Edm-

Zagreb

CD46-mice

Rhesus mac.

ELISA, nAbs n.t. [56, 57]

JEV prM-E P AIK-C Cotton rats ELISA, nAbs n.t. [58]

MERS-CoV S P, H Moraten CD46-mice ELISA, nAbs,

ELISpot

Yes [59]

MuV HN, F P Edm-B

Edm-

Zagreb

n.t. n.t. n.t. [44, 60]

NiV G N Edm-B,

(wtHL)

AGM, golden hamsters ELISA Yes [61]

RSV F, G, M2-1, NP N, P AIK-C,

Edm-

Zagreb

Cotton rats,

Rhesus mac.

ELISA,

nAbs,

ELISpot

Yes [34, 36, 44, 62]

SARS-CoV S, N P Schwarz CD46-mice ELISA, nAbs,

ELISpot

Yes [63, 64]

SIVmac Env (? Gag),

Gag, Pol

P, H Edm-B,

Edm-

Zagreb

CD46-mice,

Rhesus mac.

ELISA,

ICS,

ELISpot

n.t. [28, 60, 65]

WNV E P Schwarz CD46-mice,

Squirrel monkeys

ELISA

nAbs, ELISpot

Yes [66, 67]

a Genomic position of the additional transcription unit (ATU); N indicates first position in the genome, P, H, or L indicate position of the ATU

directly following P, H, or L gene cassettes, respectively
b Vaccine strain, the backbone of respective recombinant MV has been derived from
c Pre-clinical or clinical model organism to analyze induction of immunity; CD46-mice: IFNAR-/--CD46Ge Mice transgenic for MV vaccine

strain receptor CD46 and defect in innate Type I IFN responsiveness; humanized mice: immunodeficient mice transplanted with human

hematopoietic system; AGM: African green monkeys
d Antigen-specific immune responses triggered after immunization, which has been determined by measuring total antibodies (ELISA), neu-

tralizing antibodies (nAbs), or reactive T cells determined by ELISpot or intracellular cytokine staining (ICS)
e Protective capacity of vaccine-induced immune responses after challenge of the appropriate animal model determined by reduction of pathogen

load or attenuation of etiopathology
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Summary and outlook

Due to the advent of a reverse genetic system, the gener-

ation of recombinant, vaccine-strain-derived measles

viruses became possible that can be used as vectors to

stimulate effective humoral and cellular immune responses

against other pathogens including emerging infections.

These vectored vaccines proved to be effective against a

whole range of viral and also bacterial pathogens in a

number of animal models as well as in first clinical trials.

Most importantly, the extraordinary advantageous safety

profile of measles vaccines also applied to the recombinant

platform-based vaccines, which have been analyzed, yet.

Therefore, recombinant vaccine-strain-derived measles

viruses belong to the set of potential vaccine platforms that are

well suited to develop new, urgently needed vaccines, be it

against emerging infections or other diseases, where classic

vaccinedevelopment has not delivered effective vaccines, yet.

Future clinical trials will provide further insight into efficacy

and characteristics of the MV vector system, i.e., if the

immunity triggered in human patients will be protective to the

same extent as shown in the animalmodels, or if the longevity

of immune responses against themeasles vaccineswill also be

found in the responses triggered against the additional antigen.

In any case, the promising data available yet suggest that these

vaccines should be an excellent home-base for modern vac-

cine development to provide sharp weapons against current

and future challenges.
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