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Measles virus (MV) infection causes an acute childhood disease that can include infection of the central nervous system and can
rarely progress to severe neurological disease for which there is no specific treatment. We generated potent antiviral peptide in-
hibitors of MV entry and spreading and MV-induced cell fusion. Dimers of MV-specific peptides derived from the C-terminal
heptad repeat region of the MV fusion protein, conjugated to cholesterol, efficiently protect SLAM transgenic mice from fatal
MV infection. Fusion inhibitors hold promise for the prophylaxis of MV infection in unvaccinated and immunocompromised
people, as well as potential for the treatment of grave neurological complications of measles.

Measles virus (MV) is one of the most infectious microorgan-
isms known and continues to cause extensive morbidity and

mortality worldwide. Despite the availability of a vaccine and the
measles initiative launched by WHO, UNICEF, and their partners
to increase vaccine coverage, MV has not been eradicated and has
caused 140,000 deaths globally as recently as 2010 (1), making it
one of the top causes of death among vaccine-preventable dis-
eases. The measles incidence in North America has increased in
recent years, with hundreds of confirmed cases in 2011. European
eradication of MV is also far behind the expected deadlines, and
numerous outbreaks have occurred during the last few years (2,
3). While vaccination is a priority for the control of measles, it
alone may not be sufficient (2, 4) and should be complemented by
the use of antiviral therapy to restrict virus dissemination (4).

MV infection causes an acute febrile respiratory illness with a
skin rash and may cause acute, profound suppression of the im-
mune system. The neurological sequelae of measles can occur
within days to years after acute MV infection, often resulting in
severe disability and death (5, 6). Acute postinfectious encephalo-
myelitis occurs primarily in older children and adults during or
shortly after acute measles, and subacute sclerosing panencepha-
litis (SSPE) is a late neurodegenerative complication associated
with the persistent infection of brain cells (7).

MV belongs to the Paramyxoviridae family, and its lipid enve-
lope carries the two glycoproteins directly involved in viral entry
and pathogenesis: a fusion protein (F) and a receptor-binding
protein (H). The MV fusion (F) protein, like other paramyxovirus
F proteins belonging to the group of “class I” fusion proteins (8–
14), is synthesized as a precursor protein that is proteolytically
processed posttranslationally to form a trimer of disulfide-linked
heterodimers. This cleavage event exposes a new N terminus,
called the fusion peptide, which is essential for membrane fusion
activity. To initiate infection, the receptor-binding protein (H)
binds to cellular surface receptors and activates the viral F protein
to undergo the required conformational changes leading to fu-
sion. The F protein passes through a transient extended interme-
diate form and inserts its fusion peptide into the target cell mem-
brane before refolding upon itself to attain its postfusion
conformation in a series of steps that drive membrane merger (8,
9, 15, 16).

Several cell surface receptors have been shown to interact with
MV: CD46 in laboratory MV strains, CD150 (or SLAM) in both
wild-type (WT) and laboratory MV strains, and nectin-4, which
promotes viral egress from the respiratory tract (17, 18). It is not
yet known how MV enters the brain. It has been suggested that
specific MV H receptors may not be necessary for the MV-induced
central nervous system (CNS) manifestations, since the virus
seems to spread without budding, implicating direct cell-to-cell
and transsynaptic transmission (19–21). The presence of F protein
and alterations of its fusion phenotype have been associated with
severe CNS infections (22); if F-mediated membrane fusion is
blocked, viral spread between neurons is halted (23). These find-
ings suggest that it may be possible to halt CNS infection by tar-
geting the F protein and its function.

Peptides derived from either N- or C-terminal heptad repeat
(HR) regions (HRN and HRC, respectively) of paramyxovirus F
proteins can interfere with the structural rearrangements required
for viral fusion during infection (24–28). The current paradigm
for the mechanism of HR-derived peptide action is that HRC pep-
tides bind to the postulated extended intermediate state of F, after
the fusion peptide has been inserted into the target membrane,
and prevent the transition to the postfusion conformation (15). The
efficacy of peptide inhibition depends on both the strength of
the interaction of the peptide with the target fusion protein and
the temporal window of access to the target sequence (29, 30). We
used structure-based design to improve the strength of the pep-
tide-target interaction, and we conjugated a cholesterol group to
the peptides to increase the inhibitor concentration at the location
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of receptor binding (30, 31); in this way, we obtained a potent
fusion inhibitor that prevented and treated lethal Nipah virus
(NiV) encephalitis in vivo (30). Recently, we showed that peptide
efficacy against NiV, human parainfluenza virus type 3 (HPIV3),
and human immunodeficiency virus type 1 (HIV-1) can also be
improved by combining cholesterol conjugation with dimeriza-
tion of the HRC peptide (32). Here, we report that cholesterol-
conjugated dimeric HRC peptides derived from MV F can effec-
tively inhibit MV fusion, block viral spread, and prevent MV
infection both ex vivo in brain explants and in vivo in an estab-
lished animal model of MV encephalitis.

MATERIALS AND METHODS
Plasmids and reagents. The genes for the WT MV G954 H and F proteins
were codon optimized, synthesized, and subcloned into the mammalian
expression vector pCAGGS.

Peptide synthesis. All peptides were produced by standard 9-fluore-
nylmethoxy carbonyl solid-phase methods. The cholesterol moieties were
attached to the peptides via chemoselective reaction between the thiol
group of an extra cysteine residue added C terminally to the sequence and
a bromoacetyl derivative of cholesterol or a bis-maleimide (bis-MAL)-
functionalized cholesterol core as previously described (30–32).

Transient expression of genes for H and F proteins. Transfections of
293T cells were performed according to the Lipofectamine 2000 manu-
facturer’s protocols (Invitrogen).

Cells and viruses. 293T (human kidney epithelial) cells and Vero-
SLAM (African green monkey kidney) cells were grown in Dulbecco’s
modified Eagle’s medium (GIBCO; Invitrogen) supplemented with 10%
fetal bovine serum (FBS) and antibiotics in 5% CO2. The Vero-SLAM
culture medium was supplemented with Geneticin. WT MV strain G954
(genotype B3.2) was isolated in Gambia in 1993 (33). Recombinant MV

IC323 expressing enhanced green fluorescent protein (EGFP), MV-
IC323-EGFP (34), was kindly provided by Y. Yanagi (Kyushu University,
Fukuoka, Japan). Both virus strains were propagated and titrated on
Vero-SLAM cells.

Viral entry assay. Vero-SLAM monolayer cells were incubated with
WT MV G954 in the presence of various concentrations of peptides. After
90 min, 2� minimal essential medium containing 10% FBS was mixed
with 1% Avicel and added to the dishes. The plates were then incubated at
37°C for 72 h. After removal of the medium overlay, the cells were immu-
nostained for plaque detection. The plaques in the control (no peptide)
and experimental wells were counted under a dissecting stereoscope.

Viral spread assay. Vero-SLAM monolayer cells were incubated with
WT MV-IC323-EGFP. After 90 min, the virus was aspirated and medium
with various concentrations of peptides was added. After 72 h, fluores-
cence was read with a SpectraMax M5 plate reader (35).

�-Gal complementation-based fusion assay. The �-galactosidase (�-
Gal) complementation-based fusion assay was performed as described
previously (36, 37). Briefly, 293T cells transiently transfected with SLAM
and the omega reporter subunit were incubated with cells coexpressing
MV glycoproteins H and F and the alpha reporter subunit (30).

Preparation of brain explants, peptide treatment, and MV infection.
Organotypic slices were obtained from SLAM transgenic (TG) murine
hippocampi as previously described (38). Briefly, the hippocampi were
isolated from the brains of 7- to 10-day-old mice and cut with a McIlwain
tissue chopper (WPI-Europe) to obtain 350-�m-thick progressive slices.
The brain slices were then dissociated in cold Hanks balanced salt solution
buffer and deposited on Millipore cell culture insert membranes (Millicell
cell culture insert, 30 mm, hydrophilic polytetrafluoroethylene). They
were subsequently cultured in GlutaMAX minimal essential medium sup-
plemented with 25% horse serum, 5 g/liter of glucose, 1% HEPES, and 1
mg/ml of human recombinant insulin at 37°C in 5% CO2 in a humidified
atmosphere. The medium was changed 24 h later and then every 2 days.

FIG 1 Sequences and structures of the MV HRC peptides. (A)The peptides consist of the MV HRC (amino acids 450 to 485 of MV F) with a GSGSG spacer, either
dimerized (HRC3 and HRC4) or monomeric (HRC1 and HRC2). Specific peptides are linked to a PEG spacer (HRC2, HRC3, and HRC4) and modified by
cholesterol (Chol) conjugation (HRC2 and HRC4). Ac, acetyl. (B) Schematic representation of MV peptides HRC2 and HRC4.
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Infection of organotypic brain explants was performed after 2 days of
culture by placing 104 PFU of MV-IC323-EGFP on the center of the hip-
pocampal slices. Medium containing HRC peptides at the indicated con-
centrations was added 5 h before infection. Time-lapse progression of the
infection was followed with an inverted fluorescence microscope (Zeiss)
and camera (AxioCam; Zeiss).

Immunofluorescence. Hippocampal slices infected with MV-IC323-
EGFP for 3 days as described above were stained with the indicated anti-
bodies (Abs) and analyzed by confocal microscopy. Briefly, after being
blocked and permeabilized in phosphate-buffered saline (PBS)– 4% FBS–
0.3% Triton X-100, sections were sequentially incubated with a primary
Ab overnight at 4°C and with a secondary Ab for 2 h at room temperature
(RT). The primary Abs used were anti-glial fibrillary acidic protein
(GFAP) rabbit polyclonal serum (Z0334; Dako), anti-microtubule-asso-
ciated protein 2 (MAP-2) rabbit polyclonal IgG (H300/sc-20172; Santa
Cruz), and an anti-MV F-specific monoclonal Ab (clone Y503) (39).

For the biodistribution study, 7-day-old suckling SLAM TG mice were
injected subcutaneously (s.c.) with a monomeric or dimeric peptide. After
8 h, their brains were harvested and frozen with cold isopentane on dry
ice. The cryosections were dried for 30 min and fixed in a 4% formalin
solution. After multiple washes in PBS, saturation was performed with
PBS– 4% FBS (30 min at RT) before incubation with a specific rabbit

anti-MV HRC Ab (overnight at 4°C) in PBS– 4% FBS. After multiple
washes, tissue sections were incubated with the secondary goat anti-rabbit
Ab conjugated with Alexa 488 in PBS– 4% FBS (2 h, RT). The nuclei
were counterstained with 4=,6-diamidino-2-phenylindole (DAPI). After
multiple washes in PBS, mounting was performed with Fluoroprep
(bioMérieux).

Brains of infected suckling mice were harvested when neurological
signs of infection were observed. Brain hemispheres were separated and
fixed in a 4% formalin solution for 48 h at 4°C, embedded in a 30%
sucrose solution overnight, and frozen with cold isopentane on dry ice.
The cryosections were dried for 30 min and fixed with a 4% formalin
solution. After multiple washes in PBS, the tissue sections were saturated
and permeabilized in PBS– 4% FBS– 0.3% Triton X-100 (30 min at RT)
and then incubated with an anti-nucleocapsid Ab conjugated with biotin
(clone 120-biotin) (40, 41) in PBS– 4% fetal calf serum– 0.3% Triton
X-100 (overnight at RT). After multiple washes, tissue sections were in-
cubated with Alexa 647-conjugated streptavidin in PBS– 4% FBS (at RT
for 2 h). The nuclei were counterstained with DAPI. After multiple washes
in PBS, mounting was performed with Fluoroprep (bioMérieux).

Brain sections were analyzed with an Axioplan 2 imaging microscope
(Zeiss) and a confocal spectral SP5 microscope (Leica) on the imagery
platform PLATIM (IFR128 BioSciences Lyon-Gerland).

Viral load quantification by reverse transcription-qPCR. Brain ex-
plants were harvested 3 days after infection. RNA extraction and reverse
transcription-quantitative PCR (qPCR) were performed as previously de-
scribed (42). The MV N-specific forward and reverse primers used were
GTG ATC AAA GTG AGA ATG AGC and GCT GAC CTT CGA CTG
TCC T, respectively, as described before (43, 44), and the glyceraldehyde
3-phosphate dehydrogenase forward and reverse primers used were
GCAT GGC CTT CCG TGT CC and TGT CAT CAT ACT TGG CAG GTT
TCT, respectively. Calculations were performed as previously described
(42).

Biodistribution analysis. Suckling SLAM TG mice (three per group)
were injected s.c. with 6 mg/kg of MV HRC2, MV HRC4, or the vehicle in
50 �l of water (Aguettant). After 8 h, their brains were collected, frozen in
isopentane, and kept at �80°C until cryosection and staining. In further
experiments, to obtain more material for analysis, 3- to 5-week-old mice
(3 animals per group) received MV HRC4 (6 mg/kg) in 200 �l of water
(Aguettant) s.c. or intranasally (i.n.) in 20 �l of diluent. At each time
point, blood was collected by intracardiac puncture in EDTA Vacutainer
tubes and sera were conserved at �20°C until their use in enzyme-linked
immunosorbent assays (ELISAs). Organs were collected from each animal
and conserved at �80°C. The protocol was approved by the Regional
Ethical Committee (CECCAPP protocol ENS-2012-041).

ELISA. Each organ was weighed and mixed in PBS (1:1, wt/vol) with
an Ultra-Turrax homogenizer. Samples were then treated with acetoni-
trile–1% trifluoroacetic acid (1:4, vol/vol) for 1 h on a rotor at 4°C and
then centrifuged for 10 min at 8,000 rpm. Supernatant fluids were col-
lected and tested in an ELISA for determination of the peptide concentra-

FIG 2 Inhibition of MV entry and spread. (A) Inhibition of MV entry by MV
HRC peptides. Vero-SLAM cell monolayers were infected with WT MV G954
in the presence of the indicated concentrations of MV HRC peptides. Viral
entry was assessed by plaque reduction assay (multiplicity of infection [MOI],
2 � 10�4). Results are presented as percent reductions (y axis) in the number
of plaques compared to that in the absence of treatment, as a function of the
compound concentration (x axis). Each point represents the mean of four
experiments (� the standard error). MV HRC4 is significantly more efficient
at inhibiting entry than MV HRC2 is (P � 0.0016, F test). (B) Inhibition of MV
spread by MV HRC peptides. Vero-SLAM cell monolayers were infected with
WT MV-IC323-EGFP. After 90 min, medium with the indicated peptide con-
centrations was added. Viral spread was assessed by using a readout of EGFP
fluorescence after 72 h (MOI, 2 � 10�4). Results are presented as percent
reductions in fluorescence (y axis) compared to that in the absence of treat-
ment, as a function of the compound concentration (x axis). Each point rep-
resents the mean of a representative experiment (� the standard deviation).

TABLE 1 IC50s and IC90s obtained with different in vitro assays

Assay

IC50
a/IC90

b (nM)

P value
for MV
HRC2 vs
MV
HRC4MV HRC1 MV HRC2 MV HRC3 MV HRC4

Plaque reduction 6,941/�10,000 2.03/26.6 285/2,837 	1/2.7 0.0016
Spreading 
2,132 56.91 
2,286 56.71
Fusion at 2 h 58.44 	1 68.57 	1
Fusion at 4 h 1,992 15.57 381.5 	1
Fusion at 6 h 2,088/�10,000 580/2,259 2,305/2,768 1.05/3.2 	0.0001
Ex vivo culture ND 9.38 ND 10.07

a The IC50s of MV HRC1, HRC2, HRC3, and HRC4 were determined by entry,
spreading, fusion, and ex vivo assays.
b The IC90 was calculated when the IC50 could not be determined. Statistical
comparisons of MV HRC2 and HRC4 fits were performed with the F test.
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tion. MaxiSorp 96-well plates (Nunc) were coated overnight with purified
rabbit anti-MV F HRC Abs (5 �g/ml) in carbonate/bicarbonate buffer,
pH 7.4. Plates were washed twice with PBS and then incubated with 3%
BSA in PBS (blocking buffer) for 30 min. The blocking buffer was replaced
with 2 dilutions of each sample in PBS–3% BSA in duplicate and incu-
bated for 90 min at RT. After multiple washes in PBS, the peptide was
detected with a horseradish peroxidase (HRP)-conjugated rabbit custom-
made anti-MV F HRC Ab (1:1,500) in blocking buffer for 2 h at RT. HRP
activity was measured by reading absorbance at 492 nm on the Sigmafast
o-phenylenediamine dihydrochloride substrate system (Sigma-Aldrich,
France). Standard curves were established for each peptide under the
same ELISA conditions as for the test samples, and the detection limit was
determined to be 0.15 nM.

Infection of mice. SLAM TG mice (45) were bred at the institute’s
animal facility (PBES, ENS-Lyon) and used as heterozygotes for SLAM
transgenes. One-week-old mice were infected i.n. by the application of 10
�l of MV G954 to both nares (500 PFU of MV/mouse). To evaluate the
effect of HRC peptides, the SLAM TG mice were treated with peptide i.n.
at 6 mg/kg 24 h before and on the day of infection and the treatment was
then continued with daily s.c. injections of peptide at 4 mg/kg up to 7 days
postinfection. The control mice received the same number of administra-
tions/injections of the diluent. All animals were observed daily for clinical
signs (neurological symptoms, ataxia, lethargy) and euthanized once clin-
ical signs were observed. The protocol was approved by the Regional Eth-
ical Committee (CECCAPP protocol ENS-2011-003).

Statistical analysis. Data are expressed as means and standard devia-
tions. Statistical analyses were performed with the F test, the unpaired t
test, the Mantel-Cox test, and GraphPad Prism software.

RESULTS
Design of MV F-derived fusion inhibitors. The antiviral activity
of peptides derived from the HRC region of the fusion protein
differs considerably among enveloped viruses (15, 32, 46, 47). Po-
tency, especially for weak inhibitors, can be increased by peptide
engineering strategies. On the basis of our previous experience
with optimization of the antiviral properties of HRC-specific pep-
tides (30, 32), we applied cholesterol conjugation and dimeriza-
tion strategies to the design of MV F-derived fusion inhibitors.

The peptide sequence was derived from the HRC region (resi-
dues 450 to 485) of MV F, from a previously identified MV HRC
peptide by Lambert et al. (24), and extended with a C-terminal
GSGSG linker/spacer sequence and a cysteine residue to allow
conjugation to cholesterol via thiol-reactive reagents (Fig. 1). This
core amino acid sequence was used for the subsequent modifica-
tions. The control peptide sequence (MV HRC1) featured the cys-
teine residue alkylated with iodoacetamide. Similar to the previ-
ously reported NiV, HPIV3, and HIV inhibitors (32), reaction of
the core sequence with a bromoacetyl derivative of cholesterol
featuring a four-unit polyethylene glycol spacer (PEG4) produced
the cholesterol-conjugated monomer (MV HRC2), while reaction
with bis-MAL-functionalized PEG11 produced the HRC dimer
(MV HRC3) and reaction with bis-MAL-functionalized PEG4

produced the cholesterol-conjugated dimer (MV HRC4) (32).
Inhibition of WT MV entry by MV F-derived peptides. The

inhibitory activities of MV HRC1, HRC2, HRC3, and HRC4 (Fig.
1A and B) against WT MV G954 were assessed in plaque reduction
assays (Fig. 2A). Both peptides containing the cholesterol moiety
(MV HRC2 and HRC4) performed better than their unconju-
gated counterparts (MV HRC1 and HRC3). While the 50% inhib-
itory concentrations (IC50s) of the unconjugated peptides were

7,000 nM (MV HRC1) and 
300 nM (MV HRC3), the choles-
terol-conjugated peptide IC50s were only 
2 nM (MV HRC2) and

	1 nM (MV HRC4) and the IC90s were 26.6 and 2.7 nM, respec-
tively (Table 1). The dimeric peptide with cholesterol outper-
formed the other peptides over a wide range of concentrations and
was significantly more efficient than the corresponding monomer
(P � 0.0016, F test). Dimerization and cholesterol conjugation
independently improve the overall efficacy of the entry inhibitor
against MV (Fig. 2A), and the effects of cholesterol and of
dimerization are additive. Similar results were obtained with the
MV-IC323-EGFP WT strain (data not shown).

Spread of virus is curtailed by the dimeric cholesterol-conju-
gated peptides. For clinical utility, an antiviral agent should pre-

FIG 3 Inhibition of cell fusion. Fusion of MV H- and F-coexpressing cells with
SLAM-bearing cells in the presence of the indicated compound concentrations
was quantitated at 2 h (A), 4 h (B), and 6 h (C) with a �-Gal complementation
assay. Results are presented as percent reductions in luminescence (y axis)
compared to that in the absence of treatment, as a function of the compound
concentration (x axis). Each point is the mean result of three experiments (�
the standard error). MV HRC4 is significantly more efficient at inhibiting
fusion than MV HRC2 is (P 	 0.0001, F test).
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vent multiple rounds of infection (48). A multicycle replication
assay we have used in the past (35) was adapted to assess the effect
of the cholesterol-conjugated peptides on viral infection in Vero-
SLAM cells, with an MV carrying the gene for EGFP, MV-IC323-
EGFP (34). Vero-SLAM cells were infected with MV-IC323-
EGFP, and after a 90-min adsorption period to permit viral entry,
the medium was replaced with fresh medium containing the con-
centrations of peptides indicated on the x axis in Fig. 2B. The
fluorescence level, which reflects the amount of infection by the
EGFP-producing virus, was quantitated after 72 h as previously
described (35). Under these conditions, when viral entry had al-
ready occurred, only the cholesterol-conjugated peptides were ef-
fective inhibitors. The unconjugated peptides prevented 90% of
viral spread only at the highest concentration and thus failed to
completely block the spread of infection. At 3 days postinfec-
tion, neither HRC1 nor HRC3 reduced MV infection (Fig. 2B);
the fluorescence in the presence of these peptides was the same
as that in untreated control wells. At the same time point, the
IC50 of the MV HRC2 peptide was 
57 nM, similar to that of
the MV HRC4 dimeric peptide (
57 nM under the same con-
ditions) (Table 1), indicating that the conjugated peptides pre-
vent MV from spreading.

Cell-to-cell fusion is inhibited by MV F-derived peptides.
While the two unconjugated peptides completely lost their inhib-
itory efficacy versus viral spreading as described above (Fig. 2B),
they inhibited simple viral entry (Fig. 2A). The cholesterol-conju-
gated peptides inhibited both spread and entry at 1,000 nM. To
investigate the reasons for this difference, we performed a quan-
titative fusion assay based on �-Gal complementation, in which
the expression of �-Gal results from the fusion of cells expressing
viral envelope glycoproteins (MV G954 H and F) with cells ex-
pressing the MV receptor SLAM. The indicated concentrations of
MV HRC peptides were present during the entire fusion process,
allowing peptides to act at the stages of triggering/activation of the
fusion protein, as well as during subsequent fusion. Fusion was

quantitated by measuring �-Gal complementation after 2, 4, and
6 h as done previously (37) (Fig. 3). Fusion was inhibited by all of
the peptides after 2 h; however, the dimeric cholesterol-conju-
gated peptide (MV HRC4) remained fusion inhibitory at the 6-h
time point.

Cholesterol-conjugated, MV-derived peptides inhibit MV
infection in brain explants. To analyze the effect of MV-derived
peptides on brain MV infection, hippocampal slices from neona-
tal SLAM TG mice (41, 45, 49, 50) were used to establish an ex vivo
infection model. Infection with MV-IC323-EGFP is monitored in
this model by fluorescence microscopy (Fig. 4 and 5). In agree-
ment with the data from infected human brain tissue (7), neurons
are the main target of MV infection in these TG murine organo-
typic cultures (Fig. 4A). MV infection was not detected in astro-
cytes (Fig. 4B). The virus did not induce syncytia, as shown by
time-lapse analysis (see Movie S1 in the supplemental material).
Staining of the ex vivo cultures with anti-MV F protein Abs
showed MV F expression during virus replication in neurons (Fig.
4A), confirming that F expression correlates with spreading (51)
and that F is available as a target for MV F-specific peptides.

The brain explants were infected with MV-IC323-EGFP in the
presence of the various peptide concentrations to test antiviral
potency ex vivo. Viral replication was reduced in the presence of
MV HRC2 and HRC4 (Fig. 5). Only a few cells were positive for
EGFP fluorescence in brain explants treated with the highest pep-
tide concentration (Fig. 5A), and the expression of the gene for
MV nucleoprotein (N) was significantly lower than in the un-
treated cultures (Fig. 5B). The concentration of peptide required
for an antiviral effect ex vivo was similar to the concentration that
inhibited spread and fusion after 6 h in vitro (Fig. 2 and 3). These
two peptides penetrated the brain explants and retained their an-
tiviral efficacy.

Inhibition of MV infection in vivo by the cholesterol-conju-
gated dimer peptide. We have previously shown that i.n. MV
infection of suckling mice expressing the human SLAM transgene

FIG 4 MV infection of SLAM TG organotypic brain explants. Hippocampal slices obtained from SLAM TG murine brains were infected with MV-IC323-EGFP
at 104 PFU/slice of for 3 days, stained with the indicated Abs, and analyzed by confocal microscopy. (A) MV-infected slices (green) were stained with
neuron-specific MAP-2 (red)- and MV F-specific (blue) Abs. (B) MV-infected slices (green for EGFP) were stained with an astrocyte-specific GFAP (red) Ab and
did not show any colocalization.
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caused a lethal acute neurological syndrome (41, 49). This suck-
ling mouse model was used to analyze whether cholesterol-cou-
pled MV HRC peptides protect mice from fatal MV encephalitis.
Initial experiments showed no toxicity in mice after 1 week of
treatment with 6 mg/kg of the MV HRC2 and HRC4 peptides. We
determined whether the peptides leave the circulation and cross
the blood-brain barrier to penetrate the CNS in suckling SLAM
TG mice 8 h after s.c. injection (Fig. 6A). Both peptides were found
in the CNS. Since the MV HRC4 peptide was the most potent
inhibitor in vitro, before testing it in vivo, we performed a phar-
macokinetic analysis of MV HRC4 in mice after s.c. injection and
detected the peptide in the brains and lungs of mice even 24 h after
administration (Fig. 6B). Bioavailability of the peptide after i.n.
administration showed restriction to the lungs, where it attained a
high concentration (Table 2). Prophylactic administration of the
MV HRC4 peptide (i.n. administration starting 24 h before infec-
tion and followed by daily s.c. administration) protected 100% of
the animals (Fig. 7A). Immunofluorescence analysis of the brains
of infected animals (Fig. 7B) revealed the presence of the viral
nucleoprotein (N) in the brains of nontreated animals but no
detectable viral antigen in surviving treated-animal brains, sug-
gesting that the peptide prevented CNS infection.

DISCUSSION

Measles is a reemerging disease. Although vaccination pro-
grams have significantly reduced the incidence of measles, out-
breaks still occur, with resurgence in industrialized countries
during last few years. There were approximately 42,000 labo-
ratory-confirmed measles cases worldwide in 2012. (http://
www.who.int/immunization_monitoring/diseases/measles
_monthlydata/en/). Specific antiviral therapies are urgently
needed to complement vaccination and achieve the global
elimination of measles (4, 52, 53). MV therapeutics could be
used for the rapid control of local outbreaks, protection of
immunocompromised people and infants prior to vaccination,
and improved management of acute and persistent disease
(54–57). Complications of MV infection occur in up to 40% of
cases, and those involving the CNS are rare but serious. Pri-
mary MV encephalitis occurs in 1 to 3 of 1,000 infected pa-
tients, with recovery of infectious virus from the cerebrospinal
fluid or brain (5, 6). Acute postinfectious encephalomyelitis
also occurs during or shortly after acute measles but seems to
be associated with an autoimmune etiology and MV is not
isolated. SSPE occurs in 4 to 11 of 100,000 cases of acute mea-

FIG 5 MV HRC peptides inhibit MV infection of organotypic brain explants. Hippocampal slices from SLAM TG murine brains were treated with the indicated
concentrations of either HRC2 or HRC4 for 5 h or left untreated (control) and infected with MV-IC323-EGFP at 104 PFU/slice for 3 days. (A) Cultures from
MV-infected explants (green) were observed by immunofluorescence microscopy. (B) Total RNA was harvested from organotypic slices at 3 days postinfection,
and the level of MV N gene expression was quantified by reverse transcription-qPCR. Results are expressed as means � standard deviations of triplicate cultures
(**, P 	 0.01; ***, P 	 0.001 [unpaired t test]).
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sles, causing progressive ataxia, seizures, and dementia (7). An-
other form of progressive, MV-induced CNS disease, measles
inclusion body encephalitis, occurs in immunosuppressed pa-
tients 1 to 6 months following MV infection and is character-
ized by seizures, motor and sensory deficits, and lethargy, with
either an acute or a subacute fatal course. Nonrestricted virus
replication results in cytolytic viral replication in brain tissue
(6, 58, 59). There are no specific therapies for these complica-
tions of CNS infection (23, 51, 60, 61), and attempts to treat
SSPE with various antiviral drugs, including ribavirin, interfer-
ons, and isoprinosin, have been disappointing (2, 4, 21, 23, 51,
60–62). Here, we provide evidence that MV HRC-derived pep-
tides have the potential to fill this void.

Peptides derived from the HRC region of MV F have been
shown to have antiviral activity (63), and we have found for other
viral fusion-inhibitory peptides that dimerization and cholesterol
conjugation increase inhibitory efficacy (30, 32). We show here

that MV peptide antiviral efficacy increased with dimerization and
cholesterol conjugation. In keeping with the established mecha-
nism of action of HR-derived peptides, the HRC peptides also
inhibit fusion mediated by MV H and F; surprisingly, however, the
fusion inhibition was reduced over time. Only the dimerized, cho-
lesterol-conjugated peptides retained fusion-inhibitory activity
over a 6-h period (despite both cholesterol-tagged peptides being
stable in serum for several days; data not shown). The dimerized
peptides were efficacious in vivo. These results, like our previous
analysis of NiV peptide inhibitors (30, 32), point to fusion-inhib-
itory efficacy as a predictive tool of in vivo efficacy; future efforts
will focus on enhancing fusion inhibition, with the idea that such
inhibitors will perform better in vivo.

To evaluate the efficiency of peptides for MV CNS infection,
we used a suckling TG mouse model that expresses human SLAM.
This model provides a simple readout of antiviral efficacy and an
accurate method for testing novel anti-MV agents (41, 45), and
the study was designed to establish proof of the concept of the
utility of HRC peptides in preventing and treating the neurologi-
cal complications of measles.

The dimeric, cholesterol-conjugated peptide protected 100%
of the mice from MV infection, making the peptide a strong can-
didate for prophylactic therapy. Most interestingly, this inhibitor
blocks the CNS spread of MV. Previous peptide inhibitors have
not shown this promising combination of features. For example,
the anti-fusion tripeptide FIP inhibited infection by vaccine MV at

FIG 6 Biodistribution of MV HRC peptides. (A) Mice were injected s.c. with MV HRC2 or HRC4 or the vehicle (control) at 6 mg/kg. Animals were sacrificed
8 h later, and their brains were stained with peptide-specific Abs. (B). Mice were injected s.c. with MV HRC4 at 6 mg/kg. At the indicated times points, the animals
were sacrificed and the peptide concentrations in serum (square, smooth line), brain (triangle, dashed line), and lung (diamond, dotted line) samples were
quantitated. The value at each point is the mean result obtained from three animals (� the standard deviation).

TABLE 2 MV HRC4 bioavailability at 4 h postadministration

Sample analyzed

Peptide concn (nM)

I.n. administration S.c. injection

Brain ND 57
Lung 1,760 139
Serum ND 803
a ND, not detected.

Peptides against Measles Virus In Vivo

December 2013 Volume 87 Number 24 jvi.asm.org 13791

http://jvi.asm.org


a very high concentration (200 �M) (20, 23) but had no activity in
vivo. The HIV fusion-inhibitory peptide enfuvirtide is used as sal-
vage therapy for multidrug-resistant HIV-1-infected patients, but
its negligible distribution in the CNS precludes its use for HIV-1
dementia and encephalitis (64). Thus, the brain-penetrating ca-
pacity of cholesterol-conjugated peptides is a key feature that sup-
ports their further development as therapeutics.

Several options will be explored to improve the efficacy of the
anti-MV peptide treatments described here. For example, on the
basis of our finding that the PEG4 spacer used here enhanced
the activity of NiV and HPIV3 inhibitors (30), optimization of the
length of the linker that joins the monomers may increase antiviral
potency (65). Optimization of the interhelical packing interac-
tions of the HRC peptide with the cognate HRN region of MV F is
also likely to be beneficial (30). Since it seems likely that MV
spread in the CNS requires F (51), peptides optimized versus F
may be ideal for the treatment of MV in the CNS. Some SSPE
strains have mutations in the F protein that enhance fusion activ-
ity (66), and the efficacy of HRC peptides versus those strains
remains to be determined.

Already at this stage, the peptides described here show potential
for the therapy of MV-induced CNS complications for which no ef-
fective therapy exists. Antiviral peptides may provide a combined
prophylaxis and therapy for immunocompromised individuals, in-
fants prior to vaccination, and patients who decline vaccination and
for rapid control of local outbreaks (2). Finally, the efficacy of the MV

peptides for prophylaxis opens a new avenue for rapid protection
against highly contagious MV infection during the global outbreaks
that will continue to occur until the goal of eradication is attained.
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