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Measles remains a leading cause of death worldwide among children because it suppresses immune function.
The measles virus (MV) P gene encodes three proteins (P, V, and C) that interfere with innate immunity,
controlling STAT1, STAT2, mda5, and perhaps other key regulators of immune function. We identified here
three residues in the shared domain of the P and V proteins—tyrosine 110, valine 112, and histidine 115—that
function to retain STAT1 in the cytoplasm and inhibit interferon transcription. This information was used to
generate a recombinant measles virus unable to antagonize STAT1 function (STAT1-blind MV) differing only
in these three residues from a wild-type strain of well-defined virulence. This virus was used to assess the
relevance of P and V interactions with STAT1 for virulence in primates. When a group of six rhesus monkeys
(Macaca mulatta) was inoculated intranasally with STAT1-blind MV, viremia was short-lived, and the skin rash
and other clinical signs observed with wild-type MV were absent. The STAT1-blind virus less efficiently
controlled the inflammatory response, as measured by enhanced transcription of interleukin-6 and tumor
necrosis factor alpha in peripheral blood mononuclear cells from infected hosts. Importantly, neutralizing
antibody titers and MV-specific T-cell responses were equivalent in hosts infected with either virus. These
findings indicate that efficient MV interactions with STAT1 are required to sustain virulence in a natural host
by controlling the inflammatory response against the virus. They also suggest that selectively STAT1-blind MV
may have utility as vectors for targeted oncolysis and vaccination.

Innate immunity, and in particular the interferon (IFN) sys-
tem, protects the host from viral infections. However, viruses
have evolved multiple complementary strategies to evade or
control the type I (�/�) IFN responses. They can interfere with
gene expression and/or protein synthesis, minimize IFN induc-
tion by specifically blocking IFN induction cascades, inhibit
IFN signaling, block the action of IFN-induced antiviral pro-
teins, or have a replication strategy not sensitive to IFN action
(19, 21, 24).

The IFN-�/� signaling pathway is well characterized: se-
creted IFN binds to its receptor, activating the tyrosine kinases
JAK1 and Tyk2, which in turn phosphorylate the signal trans-
ducers and activators of transcription STAT1 and STAT2.
Phosphorylated STAT1 and STAT2 form a stable heterodimer
that interacts with the DNA-binding protein IRF-9. The IRF-
9/STAT1/STAT2 heterotrimer, named IFN-stimulated gene
factor 3 (ISGF3), translocates to the nucleus, and binds the
IFN-stimulated response element (ISRE) in target promoters,
resulting in transcriptional activation of multiple genes that
establishes an antiviral state in infected and surrounding non-
infected cells (11, 12).

Innate immunity control strategies can be remarkably so-

phisticated even for RNA viruses that have small genomes and
a limited coding capacity. For example, the P gene of measles
virus (MV), the enveloped nonsegmented negative strand
RNA virus that causes measles, codes for three proteins, the
phosphoprotein (P) and proteins V and C. These proteins have
roles regulating viral replication and transcription and are nec-
essary for controlling IFN responses (see references 20 and 25)
for reviews). For example, P is a polymerase cofactor that also
controls IFN signaling (15). V shares the first 231 amino acids
with P but has a unique 68-residue cysteine-rich carboxyl-ter-
minal zinc-binding domain (8, 36). The V protein inhibits the
activity of mda5 (52) and blocks IFN signaling (7, 32, 34).
Finally, the C protein also interferes with IFN induction (30,
31, 43, 47).

Mapping the domains and individual residues of MV pro-
teins necessary for IFN control is the focus of intense research
(6, 7, 32, 34, 46, 51). Characterization of amino acids sustaining
specific interactions with the innate immune system would help
elucidate the relevance of individual components of the IFN
induction cascade in controlling virulence. Toward this goal,
we sought here to generate a recombinant measles virus unable
to antagonize STAT1 function (STAT1-blind MV) and char-
acterize its virulence in a primate model. Rhesus monkeys
(Macaca mulatta) efficiently reproduce the clinical signs of
measles with MV infection (28; for a review, see reference 13).

One reason to focus initially on STAT1 is its central rele-
vance in the innate response against viral and bacterial infec-
tions, as shown experimentally with STAT1-knockout mice
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(17, 29). It was also shown that knocking out STAT1 in mice
expressing a MV receptor makes them more susceptible to MV
infection (49). Conversely, we hypothesize that inactivating the
STAT1-antagonistic function of both MV V and P proteins
would strongly attenuate this virus. In order to generate a
STAT1-blind MV that maintains all other functions of the V
and P proteins, we sought to better characterize the interaction
between V/P and components of the IFN cascade. In particu-
lar, we reasoned that conserved residues located near tyrosine
110 (Y110), which we previously characterized as being in-
volved in blocking STAT1 phosphorylation (15), may also sus-
tain the interaction.

Here we identified two additional amino acids in the P/V
shared domain, V112 and H115, contributing to the STAT1
interaction. We then used this information to generate a MV
differing from a wild-type strain of well-characterized virulence
exclusively at three amino acids in the shared domain of the V
and P proteins. STAT1-blind MV could not prevent nuclear
translocation of STAT1 in infected cells. We then assessed its
virulence in rhesus monkeys. STAT1-blind MV was attenuated
and controlled inflammation less efficiently than wild-type MV,
while still inducing strong adaptive immune responses.

MATERIALS AND METHODS

Cells and viruses. Vero.hSLAM cells (33) and the helper 293-3-46 cell line
(38) were maintained in Dulbecco modified Eagle medium (DMEM; Mediatech,
Inc., Herndon, VA) supplemented with 10% fetal calf serum (FCS), 1% peni-
cillin-streptomycin (Mediatech), and 0.5 and 1.2 mg of G418 (Mediatech)/ml,
respectively. HeLa.hSLAM were maintained in DMEM–10% and 0.02 mg of
Zeocine (Gibco/Invitrogen Corp., Grand Island, NY)/ml. Raji cells were main-
tained in RPMI medium containing 10% FCS.

Recombinant MVs were generated as described by Radecke et al. (38). Briefly,
the helper cell line 293-3-46 expressing MV-N, MV-P, and T7 polymerase was
transfected by calcium phosphate precipitation using a ProFection kit (Promega,
Madison, WI) with two plasmids, one coding for the relevant MV genome and
the other for the MV polymerase (pEMCLa). Three days after transfection, the
helper cells were overlaid on Vero.hSLAM cells, the appearance of infectious
centers was monitored, and single syncytia were picked and propagated on
Vero.hSLAM cells. To prepare virus stocks, Vero.hSLAM cells were infected at
a multiplicity of infection (MOI) of 0.03 and incubated at 32°C for 5 days
(vaccine) or 37°C for 2 to 3 days (wild type). The cells were scraped into
Opti-MEM (Gibco/Invitrogen Corp.), and particles were released by two freeze-
thaw cycles.

Virus stock titers were determined by 50% endpoint dilution (50% tissue
culture infectious dose [TCID50]) on Vero.hSLAM cells using the Spearman-
Kärber method (23). The peak titers of MVvac2.STAT1blind and
MVwt.STAT1blind were about 10 times lower than those of the parental viruses.

Viral growth kinetics were obtained by inoculating Vero.hSLAM or
HeLa.hSLAM cells at an MOI of 0.05 TCID50/cell. At the indicated time points,
infected cells were scraped and subjected to one freeze-thaw cycle. Virus titers
were determined by TCID50 titration.

Expression plasmids and full-length infectious cDNA construction. An ex-
pression plasmid coding for the P protein but not for the C protein, pCG-Pvac
(15), was mutagenized by using the QuikChange system (Stratagene, La Jolla,
CA). The control plasmid P-inv was produced by cloning the inverted sequence
of the P gene into the pCG vector. To produce the STAT1blind full-length cDNA,
site-directed mutagenesis was performed on pCGHpaI-MVvac-NheI and
pCGPmeI-MVwt-PmeI (14, 15), where the mutations of interest were intro-
duced. Full-length cDNA p(�)MVvac2STAT1blind and p(�)MVwtSTAT1blind

were obtained by transferring the mutated BssHII-BstEII fragment into the
full-length cDNA of pB(�)MVvac2 or p(�)MVIC323, respectively (15, 42, 45).
The integrity of the plasmid and full-length constructs was verified by sequenc-
ing.

Luciferase assays. Cells (293, 4 � 104 per well) were plated in 96-well plates.
One day later, each well was transfected with 40 ng of pRL-CMV (Promega) plus
300 ng of pISRE-luc (Stratagene) plus 300 ng of the indicated P- or V-expressing
plasmids. Transfection was performed with Lipofectamine 2000 (Invitrogen)

according to the manufacturer’s protocol. After 24 h, IFN-� was added to the
medium at 2,000 U/ml, the cells were incubated for an additional 18 h. The
luciferase activity was measured by using a Dual-Glo luciferase assay system
(Promega) according to the manufacturer’s protocol in a TopCountNXT lumi-
nescence counter (Packard Instrument Company, Meriden, CT). Each transfec-
tion was carried out in triplicate, and each experiment was performed at least
twice. Variations in the transfection efficiency were accounted for by calculating
the ratio of firefly luciferase activity to Renilla luciferase activity in each sample.

Immunoblot analysis of cell extracts. The cells (2 � 105) were transfected with
the mutant plasmids using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). After
36 h, the cells were processed as described earlier (15). After fractionation on 4
to 15% sodium dodecyl sulfate-polyacrylamide gels (Bio-Rad, Hercules, CA) and
transfer to polyvinylidene difluoride membranes (Immobilon-P [Millipore, Bil-
lerica, MA]), the samples were subjected to enhanced chemiluminescence de-
tection using mouse anti-P (kindly provided by D. Gerlier), rabbit anti-V (15),
and anti-�-actin (Sigma-Aldrich, St. Louis, MO) as a loading control.

Confocal microscopy. Cells (3 � 104 cells in chamber slides (Lab Tek II
chamber slide system [Nalge Nunc International Corp., Naperville, IL]) were
either infected with MV at an MOI of 0.03 or transfected with expression
plasmid coding for P protein according to manufacturer’s protocol (Lipo-
fectamine 2000; Invitrogen). At 30 h postinfection or transfection, cells were
treated with IFN-� (2,000 U/ml) for 30 min at 37°C, washed once with phos-
phate-buffered saline (PBS), and fixed with PBS–2% paraformaldehyde (PFA).
The cells were then permeabilized with PBS–2% PFA–0.1% Triton X-100 for 20
min, washed with PBS, incubated for 1 h in blocking solution (PBS–2% FCS),
and immunostained for STAT1 protein and for P or N protein. A mouse mono-
clonal anti-P antibody (kindly provided by D. Gerlier), the commercially avail-
able fluorescein isothiocyanate-labeled mouse monoclonal anti-N antibody
(Chemicon, Temecula, CA), and rabbit antibodies directed against STAT1� p91
(C-24; Santa Cruz Biotechnology) were used. Incubations were performed in
PBS–2% FCS for 1 h at 37°C, and five washes were performed after incubation
with primary and secondary antibodies. After the last washes, cells were mounted
with Vectashield (Vector Laboratories, Burlingame, CA) containing DAPI
(4�,6�-diamidino-2-phenylindole) and analyzed as a single optical cut with a Zeiss
LSM 510 confocal microscope.

Rhesus monkey infections. MV-seronegative M. mulatta monkeys were housed
at the California National Primate Research Center in accordance with the
regulations of the Association for the Assessment and Accreditation of Labora-
tory Animal Care. MV infection was as described previously (28, 53): six mon-
keys were challenged by conjunctival/intranasal inoculation of 104.5 TCID50 of
MV.wtSTAT1blind. The animals were monitored daily for anorexia, depression,
coughing, diarrhea, and skin rash. They were bled on days 0, 3, 7, 14, and 28
postchallenge. Viremia was quantified by endpoint dilution coculture with
Vero.hSLAM cells. Briefly, serial 10-fold dilutions of peripheral blood mononu-
clear cells (PBMC) were made in RPMI 1640 medium supplemented with 5%
FCS. Four replicates of 101 to 105 PBMC were cocultured with 4 � 104

Vero.hSLAM cells per well in 96-well plates (Fisher Scientific). The cultures
were maintained for 14 days, monitored for syncytium formation. The limit of
detection was 1 infectious unit in 106 PBMC.

Characterization of the humoral immune response in monkeys. Neutralizing
antibodies to MV were measured as described previously (41). Titers were
determined in a plaque reduction assay by incubating serum dilutions with 50
TCID50 of MVvac(GFP)N expressing green fluorescence protein (GFP) and
expressed as the reciprocal of 90% plaque reduction fluorescence-forming units.
MVvac(GFP)N was generated by transferring an additional transcription unit
coding for GFP located upstream of the N gene from p(�)MVeGFP (16) to
pB(�)MVvac (15).

Cell-mediated immunity. MV-specific T cells were counted by using an IFN-�
enzyme-linked immunospot (ELISPOT) assay as described previously (14, 37).
Briefly, PBMC were stimulated overnight with live MV Edmonston (American
Type Culture Collection). After overnight incubation, the cells were transferred
to a 96-well ELISPOT plate coated with antibody to rhesus IFN-� (U-Cytech
BV, Utrecht, Netherlands) and developed according to the manufacturer. Spot-
forming cells (SFC) were counted, and the number of spots in duplicate wells was
averaged. A positive result was at least 10 spots per well and greater than or
equal to the mean plus two standard deviations (SD) of the medium control. The
spot number in medium control wells was subtracted from the experimental spot
count, and the number of SFC was adjusted to 106 PBMC.

Amplification of cytokine and interferon mRNA by real-time reverse tran-
scription-PCR. Total RNA was isolated from monkey PBMC cells with TRIzol
(Invitrogen) according to the manufacturer’s protocol, reverse transcribed, and
PCR amplified as previously described (1, 2, 14). Primer-probe sequences for
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rhesus IFN-�, IFN-�, tumor necrosis factor alpha (TNF-�), interleukin 6 (IL-6),
OAS, MxA, IL-2, IL-4, IL-12, and IFN-� were used (1, 2).

Statistical analysis. Statistical analyses of the cytokines mRNA data were
performed by using the Wilcoxon rank sum test with the software JMP8 (JMP,
Cary, NC), and a Student t test was used for the luciferase assay.

RESULTS

Three P protein amino acids, Y110, V112, and H115 are
involved in the control of IFN signaling. We previously used a
luciferase assay based on an IFN-activatable promoter to show
that Y110 contributes to the P protein-STAT1 interaction (15).
The promoter used in this assay consists of a pentameric
ISGF3 binding site controlled by the STAT1 and STAT2 tran-
scription factors. Having noted that a hexapeptide including
Y110 is conserved between all morbilliviruses (Fig. 1), we
tested whether additional amino acids in this hexapeptide are
important for the control of IFN function. We mutated the five
conserved residues downstream of Y110 as shown in Fig. 1. As
negative controls, we also mutated two charged (D89 and
D138) and two noncharged (A90 and S139) residues in the
nonconserved upstream or downstream regions (Fig. 1). To
limit structural interference, charged and polar residues were
substituted by alanine (A), apolar residues by serine (S), and
tyrosines by phenylalanine (F). Plasmids expressing the in-
verted P gene (invP) or the parental P gene were used as
negative control and expression standard, respectively, and
immunoblots showed similar levels of expression for all mutant
proteins (Fig. 2E).

Figure 2A documents the efficacy of different mutants in
blocking IFN signaling by quantifying the levels of luciferase
expression driven by the activation of the IFN-stimulated re-
sponse element (ISRE). Expression of standard P protein re-
duced luciferase expression by 75% compared to the negative
control plasmid (Fig. 2A, compare second and third bar). Mu-

tating Y110, V112, and H115 significantly restored luciferase
expression from 25% to levels of 47, 48, and 54%, respectively
(P � 0.05), whereas mutations of Y111, Y113, and D114 had
nonsignificant effects on the control of ISRE promoter func-
tion, as did the mutation of residues 89, 90, 138, and 139 in the
nonconserved regions. These results suggest that V112 and
H115, in addition to Y110, are important for the P protein
control of IFN signaling.

Since Y110, V112, and H115 each promoted only partial
recovery of luciferase expression, we produced double (Y110/
V112, Y110/H115, and V112/H115) and triple (Y110/V112/
H115) mutants and tested their ability to block transcription
from the ISRE promoter. As shown in Fig. 2C, the double
mutants allowed significant luciferase expression up to 81 to
82% of the negative control (P � 0.05 or P � 0.001 as indicated
by one or two asterisks, respectively), and the triple mutant
allowed 96% ISRE promoter function (P � 0.001). The triple
mutant protein was then tested for its ability to block STAT1
nuclear translocation. Indeed, STAT1 translocation was observed
after IFN treatment in cells expressing the PY110/V112/H115 pro-
tein, as shown by the pink staining in the nucleus (Fig. 2B, pink
nuclei of transfected green cells). In contrast, no translocation of
STAT1 was observed in cells expressing standard P (Fig. 2D, blue
nuclei of transfected green cells).

Y110, V112, and H115 also sustain control of IFN signaling
by the V protein. We have previously shown that both P and V
proteins control ISRE-dependent transcription, V more effi-
ciently than P (15). After confirming this effect for a flagged
version of V (Fig. 3A, compare the third and fourth bars), we
assessed whether the three amino acids identified in P are
functionally important in the V protein. We produced single
mutants (Y110, V112, and H115), the three double mutants,
the triple mutant, and two control mutants (D89 and S139) in
a Flag-V protein. Immunoblots documented similar levels of

FIG. 1. P and V mutant proteins. (Top) Schematic drawing illustrating the open reading frames of the P and V proteins (from the top).
(Bottom) Sequence alignments of amino acids 81 to 150 in the shared segment of six Morbilliviruses P and V proteins. Gene bank numbers for each
sequence are: AAF85668.1 (MV), CAA48389.1 (Rinderpest virus [RV]), AAQ96296.1 (canine distemper virus [CDV]), BAA01203.1 (phocine
distemper virus [PV]), CAH61253.1 (Peste des petits ruminants [PPR]), and CAE55654.1 (dolphin morbillivirus [DV]). Sequence alignments were
performed at the Swiss Institute of Bioinformatics using the BLAST network service, NCBI BLAST 2 software (3) and the CLUSTAL W program.
The Yrich sequence is boxed. *, Residues identical in all sequences; “:” and “.”, conservative and semiconservative substitutions, respectively.
Introduced amino acid mutations are indicated above the sequences.
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expression for all mutant proteins (Fig. 3C). We observed that
the single, double, and triple mutants all allowed 5 to 8 times
higher luciferase expression than the standard V-expressing
plasmid (Fig. 3B), whereas the mutants in the nonconserved
region had no effect on luciferase expression (Fig. 3B).

Vaccine and wild-type MV with the Y110, V112, and H115
mutations cannot control STAT1 function. In order to assess
the effects of Y110, V112, and H115 on viral infection and
virulence, we generated MV containing the three mutations in
the vaccine and wild-type genetic backgrounds. The vaccine
strain background was a necessary control because the original
mutagenesis was done in a vaccine-lineage P gene. The wild-
type background was chosen for testing virulence in monkeys,
since the vaccine strain is not virulent in rhesus monkeys (42).

Both viruses, MVvac2.STAT1blind and MVwt.STAT1blind,
were rescued and tested for their ability to control STAT1
nuclear translocation. We note that it was not possible to
mutate the P/V protein without mutating the overlapping C
protein and that the mutations I105F, F107L, and T110P were
introduced in C. Therefore, we cannot exclude that some of
the effects observed with this virus are due at least in part to C
protein mutations.

Nuclear translocation was assessed after infection of
HeLa.hSLAM cells. As expected, when cells were infected with
the control vaccine or wild-type strains (MVvac2 or MVwt, Fig.
4A or C, respectively), STAT1 nuclear translocation was
blocked after treatment with IFN-� (red staining in the cyto-
plasm of the infected green cells). In contrast, when cells were

FIG. 2. Three amino acids Y110, V112, and H115 contribute to the STAT1-inhibiting function of the P protein. (A and C) ISRE promoter
activity after transfection with the plasmids indicated below each bar along with pISRE-luc and pCMV-RL. The firefly and Renilla luciferase
activities, reflecting ISRE promoter activation and transfection efficiency, were measured. The y axis indicates the percentage of luciferase
expression compared to the control plasmids (P and invP). The data represent the mean values � the SD for triplicate samples. Med, medium;
InvP, inverted P. One or two asterisks indicate statistical significance compared to the P control with a P � 0.05 and a P � 0.001, respectively. (B
and D) Nuclear translocation of STAT1. HeLa cells were transfected with an expression plasmid encoding the triple mutated P protein (B) or the
standard P protein (D). After stimulation with IFN-�, the cells were fixed, permeabilized, and stained with antibody to P protein (green), STAT1
(red), and DAPI (blue). Merged sections of the three stains are shown. The overlap of red and green staining yields yellow, and the overlap of
red and blue staining yields pink. Scale bar, 20 	m. (E) Immunoblot analysis of 293 cells transfected with the indicated plasmids. Membranes were
blotted with antibodies against the phosphoprotein (P), as indicated on the left. Actin was used as a loading control.
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infected with MVvac2.STAT1blind or MVwt.STAT1blind (Fig.
4B or D, respectively) STAT1 accumulated in the nucleus
(pink nuclear staining in the green infected cells), indicating
that these viruses could not efficiently block STAT1 transloca-
tion.

To compare the replication of the parental and STAT
1-blind viruses we infected IFN-deficient (Vero) or IFN-pro-
ducing (HeLa) cells (Fig. 4E and F, squares and circles, re-
spectively). Both parental viruses MVvac2 (Fig. 4E) and MVwt
(Fig. 4F) reached higher titers on Vero.hSLAM cells (black
squares) than in HeLa.hSLAM cells (black circles). The
STAT1-blind viruses (empty symbols) reached 3- to 30-times-
lower peak titers than the parental viruses (black symbols),
although during the first 24 h the growth kinetics of matched
viral pairs were equivalent. Thus, growth of the STAT1-blind
viruses is restricted, but restriction becomes apparent only in
late infection phases.

Attenuation of STAT1-blind wild-type MV in rhesus mon-
keys. To assess whether the STAT1blind virus retains virulence,
a group of six rhesus monkeys was inoculated by the conjunc-
tival/intranasal route with 104.5 TCID50 of MVwt.STAT1blind;
these inoculation conditions were identical to those previously
used to infect another group of monkeys with isogenic MVwt
(14). After infection, the monkeys were monitored for multiple
parameters of disease such as the measles skin rash, anorexia
(weight loss greater than 10%) or diarrhea with bacterial or
parasitic dysentery (4, 48, 53). None of the monkeys infected
with MVwt.STAT1blind developed any of these signs (data not
shown); in contrast rashes were observed in 2 of 6 monkeys and
other signs observed in 3 of 6 monkeys inoculated with MVwt
(14).

Viremia was assayed in PBMC collected 3, 7, and 14 days
postinfection. As shown in Fig. 5A, there were on average 10
infected cells per million PBMC in animals infected with
MVwt.STAT1blind 3 days postinfection, 30 to 600 cells 7 days
postinfection, and no infected cells 14 days postinfection. Com-
parative data for MVwt infections are available only for days 7
and 14. At day 7, average MVwt.STAT1blind titers were more
than 10-fold lower than those observed in MVwt-infected an-
imals, a significant difference (P 
 0.005) (Fig. 5A, day 7,
dotted line). By day 14, none of the animals infected with
MVwt.STAT1blind had detectable viremia, while five animals
infected with the MVwt still had detectable virus titers.
Altogether, these results indicate that replication of
MVwt.STAT1blind in rhesus monkeys is attenuated.

MVwt.STAT1blind and MVwt elicit similar adaptive immune
responses. To assess the quality of the adaptive immune re-
sponses elicited by MVwt.STAT1blind, two parameters were
measured: neutralizing anti-MV antibody titers and the num-
ber of MV-specific IFN-�-secreting T cells. Figure 5B docu-
ments the MV-neutralization titers 0, 14, and 28 days after
inoculation with MVwt.STAT1blind. At day 14, neutralizing
antibodies were observed for all animals, with titers ranging
from 1:48 to 1:144; these titers increased �4-fold by day 28. At
both time points, average titers were similar for monkeys in-
fected with MVwt (Fig. 5B, compare continuous and dotted
lines).

To assess the strength of the cell-mediated immune (CMI)
response, MV-specific IFN-�-secreting T cells were counted
by ELISPOT 1 and 3 months after challenge (Fig. 5C). At
1 month postinfection, all animals infected with
MVwt.STAT1blind showed CMI responses equivalent to those

FIG. 3. Y110, V112, and H115 contribute to IFN transcription control by the V protein. (A and B) Cells were transfected with the plasmids
indicated below the bars, along with pISRE-luc and pCMV-RL. The firefly and Renilla luciferase activities, reflecting ISRE promoter activation
and transfection efficiency, were measured. The y axis indicates the percentage of luciferase expression compared to the control plasmid. Note that
in panels A and B different scales are used for the vertical axis. One or two asterisks indicate statistical significance compared to the P control with
a P � 0.05 and a P � 0.001, respectively. (C) Immunoblot analysis of 293 cells transfected with the indicated plasmids. Membranes were blotted
with antibodies against the V protein (V), as indicated on the left. Actin was used as a loading control.
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observed in animals infected with MVwt (Fig. 5C, group aver-
ages of 60 and 57 SFC/106 PBMC for MVwt.STAT1blind and
MVwt, continuous and dotted lines, respectively). This re-
sponse appeared to be slightly reduced 3 months after infec-
tion in monkeys infected with the STAT1blind virus compared
to MVwt (Fig. 5C, group averages of 44 and 74 SFC/106 PBMC
for MVwt.STAT1blind and MVwt, respectively), although the
difference was not statistically significant (P 
 0.26). Thus, a
STAT1-blind MV elicited adaptive immune responses as
strong as those elicited by wild-type MV.

MVwt.STAT1-blind elicits stronger inflammatory responses
than MVwt. To assess the consequences of uninhibited STAT1
activation for the systemic immune system, we analyzed the
transcription of genes controlling the inflammatory response
(TNF-� and IL-6), the innate immune response (IFN-�,
IFN-�, OAS, and MxA), and the Th1/Th2 balance (IL-12,
IFN-�, IL-2, and IL-4) in PBMC collected from monkeys 3, 7,
or 14 days postinfection. Figure 6 shows the mRNA levels of

the 10 genes expressed as the fold change compared to levels
on the day of inoculation (day 0), normalized to 1 for each
host. The data from individual monkeys inoculated with
MVwt.STAT1blind are shown on the left, and comparative data
previously obtained from MVwt-infected monkeys (14) are
shown on the right.

Animals infected with MVwt.STAT1blind showed a strong

FIG. 4. Vaccine and wild-type STAT1blind viruses do not block
STAT1 nuclear translocation. (A, B, C, and D) Confocal microscopy
analysis of STAT1 translocation. HeLa.hSLAM cells were infected
with either MVvac2 (A), MVvac2.STAT1blind (B), MVwt (C), or
MVwt.STAT1blind (D). After stimulation with IFN-� cells were fixed,
permeabilized, and stained with antibody to N protein (green), STAT1
(red) and counterstained with DAPI (blue). A merge of the three
staining is shown. The overlaps of red and green staining yield yellow,
and the overlaps of red and blue staining yield pink. Scale bars, 20 	m.
We note that MVvac2 and derivated strains form only small syncytia.
(E and F) Characteristics of the STAT1-blind virus in IFN-producing
or deficient cells infected with the vaccine (E) or wild-type (F) viruses.
HeLa and Vero cells expressing hSLAM were infected with recombi-
nant viruses MVvac2 (black symbols) or MVvac.STAT1blind (empty
symbols). Virus titers in IFN-deficient cells (Vero, squares) or IFN-
producing (HeLa, circles) cells were determined at the time indicated
by TCID50 titration. The data are averages of three experiments.

FIG. 5. Viremia and adaptive immune responses of monkeys in-
fected with MVwt.STAT1blind. (A) Viremia. Each dot represents an
animal, and the horizontal line indicates the mean. Mean value of
previously published data from monkeys infected with MVwt (dotted
horizontal line) are also shown. MVwt data are not available for day 3.
(B) Neutralizing antibody response. Sera obtained at 0, 14, and 28 days
postinoculation were assayed for MV neutralization. Symbols are as
described above. The results are presented as reciprocals of the neu-
tralizing (neut) titer. Each dot represents an animal. The detection
limit is indicated by a thin dashed line. (C) MV-specific IFN-�-secret-
ing T cells. The symbols are as described above. At 28 and 90 days
postinfection, PBMC were stimulated with live MV. The results are
presented as SFC per million PBMC.

VOL. 85, 2011 STAT1-BLIND MEASLES VIRUS CANNOT CONTROL INFLAMMATION 353



increase in TNF-� transcription at days 7 and 14 compared to
the animals infected with MVwt, which showed a strong down-
regulation at both time points (P 
 0.025 and 0.004, respec-
tively). Moreover, IL-6 transcription was elevated in most an-
imals infected with MVwt.STAT1blind, while it was at or below
baseline in animals infected with MVwt. This upregulation was
observed as early as days 3 and 7 postinfection in 4 of 6 of the
MVwt.STAT1blind infected monkeys and was significantly ele-
vated over baseline by day 14 (P 
 0.004) postinfection.

To assess the IFN response, we documented the transcrip-
tion levels of IFN�, IFN-�, and the IFN-stimulated genes OAS
and MxA (Fig. 6B) but did not observe significant differences
between the experimental groups. On the other hand, analysis
of the transcription of cytokines involved in the control of the
Th1/Th2 balance revealed upregulated levels of IL-12 mRNA
in monkeys infected with MVwt.STAT1blind by day 14 (P 

0.016) (Fig. 6C). IL-12 transcript levels were not significantly
different at day 7, however (P 
 0.055). The levels of other Th1
or Th2 cytokines tested, including IL-2, IFN-�, or IL-4, were
similar to those observed in PBMC of MVwt-infected mon-
keys. Taken together, these analyses reveal pronounced and
sustained differences in the strength of the inflammatory re-
sponses, but not innate immune responses or Th1/Th2 balance,
between hosts infected with these viruses.

DISCUSSION

Since STAT1-knockout mice are exquisitely sensitive to viral
and bacterial infections, we postulated that recombinant MV
unable to antagonize STAT1 function would be attenuated
compared to wild-type MV. To test this hypothesis, we gener-
ated a selectively STAT1-blind MV in the genetic background
of a wild-type MV with well-characterized virulence. Indeed,
this virus was attenuated in primate host, the rhesus monkey.
STAT1-blind MV was significantly less virulent and controlled
inflammation less efficiently than wild-type MV but still in-
duced an equally strong adaptive immune response.

Mechanisms of STAT suppression. The V protein of MV
interacts with different key regulators of innate immunity, in-
cluding the transcriptional activators STAT1 and STAT2, the
RNA helicase mda5, and possibly additional proteins (5–7, 10,
15, 32, 34, 35, 40, 46). The STAT2 and mda5 interactions map
to the V-unique zinc-binding domain, while it was previously
shown that STAT1 interacts with Y110, a tyrosine located in
the domain shared by P and V. We show here that the P/V

FIG. 6. Inflammatory, IFN, and Th1/Th2 responses in monkeys
infected with MVwt.STAT1blind or MVwt. Changes in mRNA expres-
sion levels in PBMC are shown as bar histograms. The results from
MVwt. STAT1blind-infected monkeys are shown on the left panels;
previously published results for MVwt-infected monkeys are shown on
the right panels (14). The level of mRNA for each cytokine was
normalized to 1 at day 0 for each monkey. Each histogram shows the
fold change in mRNA levels at days 3, 7, and 14 postinfection. The
results of individual monkeys are shown in the same order for all
cytokines and time points. The data for MVwt-infected monkeys are
only available for days 7 and 14. (A) Cytokines relevant for inflamma-
tion (TNF-� and IL-6). (B) IFN type I (IFN-� and IFN-�) and IFN-
stimulated genes (MxA and OAS). (C) Cytokines involved in the Th1
and Th2 response (IL-12, IFN-�, IL-2, and IL-4).
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shared residues V112 and H115 are also involved in the
STAT1 interaction.

The V protein of MV downregulates the function of the
ISRE promoter used here about 100 times, while P is about 20
times less active, suggesting different mechanisms of action.
Moreover, when Y110F, V112S, and H115A mutations are
combined in P, the protein completely loses its 4- to 5-fold
ISRE promoter inhibition function, while the V protein carry-
ing the three mutations remains capable of partial inhibition of
the ISRE function. Thus, another domain of V must contribute
to its remarkably efficient ISRE promoter silencing effect.
Since the zinc-binding domain interacts with STAT2 (6, 40),
simultaneous interactions of V with both STAT1 and STAT2
may explain its remarkable efficiency in interfering with ISRE-
dependent transcription, which relies on both STAT1 and
STAT2 proteins (22). Expressing V proteins with mutations in
both the STAT1 and the STAT2 interaction sites can test this
hypothesis formally. Alternatively, the zinc-binding domain of
V may contribute to efficient ISRE-promoter silencing through
an interaction, direct or indirect, with another mediator of
signal transduction.

A STAT1-blind MV cannot control inflammation. A strong
inflammatory response was documented in the PBMC of mon-
keys infected with MVwt.STAT1blind: transcription of IL-6 was
elevated at days 7 and 14 postinfection, and transcription of
TNF-� was elevated at day 14 postinfection. In contrast, 7 and
14 days after infection with MVwt, transcription levels were
lower than preinfection baseline, an indication that wild-type
MV effectively antagonizes inflammation (14). These data im-
ply that more PBMC expressing IL-6 and TNF-� are available
in monkeys infected with MVwt.STAT1blind compared
to MVwt, even though the infection of PBMC by
MVwt.STAT1blind is markedly reduced. The presence of these
cells in the blood likely reflects a local immune response to
MVwt.STAT1blind replication in the respiratory tract and lym-
phatic tissue (27). Questions regarding the mechanisms sus-
taining this strong inflammatory response could not be ad-
dressed here due to the limited availability of blood and tissue
samples, but future studies ideally would include analyses of
cytokine protein quantity and function at early time points and
in multiple tissues.

In view of the very small number of infected PBMC, it is not
surprising that nonsignificant deviations from normal levels of
transcription of the IFN-� gene were detected in PBMC of
monkeys infected with MVwt or MVwt.STAT1blind and that in
both infections IFN-� transcription was fully controlled. On
the other hand, transcription of the IFN-stimulated genes MxA
and OAS was elevated 1 week after infection with both viruses
but returned to preinoculation levels 1 week later. Thus, tran-
scription of these genes may be a more sensitive reporter of
activation of the IFN system. These observations, and the
analysis of MxA and OAS transcription at day 3, document
that activation of the IFN system can be detected in PBMC
only in the early phases of infection.

Finally, the transcription levels of three of the four cytokines
controlling the Th1/Th2 balance remained similar to preinfec-
tion baseline levels. The exception was IL-12, which was
upregulated in the PBMC of monkeys infected with
MVwt.STAT1blind 2 weeks after inoculation, but not in mon-
keys infected with MVwt. The significance of this last obser-

vation is unclear, but altogether the cytokine analyses indicate
that initiation of inflammatory responses against MV infection
depends on STAT1 function, which is efficiently antagonized
by MVwt, but not MVwt.STAT1blind, in rhesus monkeys.

A STAT1-blind MV is attenuated: implications for vaccina-
tion and oncolysis. The STAT1-blind MV generated here is
attenuated but remains immunogenic in monkeys, as does an-
other MV mutant with a V protein deletion (14). This is re-
markable, because whereas the V knockout virus can still in-
teract with STAT1 through the P protein, it cannot interfere
with STAT2 or mda5 because it does not express the V-unique
zinc-binding domain. Thus, these results underscore the cen-
tral relevance of the interaction of P and V with STAT1 for
promoting virulence. Combinatorial usage of well-defined mu-
tations (14, 26, 27), including those of the STAT1-blind virus,
would allow the generation of viruses with graded attenuation
capable of extending vaccination opportunities to patient
groups currently excluded from measles vaccination. More-
over, a STAT1-blind virus may have utility as oncolytic vector
for cancers with documented STAT1 deficiency, such as lym-
phoma and melanoma (39, 44, 50), thus extending the scope of
oncolytic MV-based clinical trials currently limited to ovarian
cancer, glioblastoma, and myeloma (9, 18).
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