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The signaling lymphocytic activation molecule (SLAM; CD150) is the immune cell receptor for measles virus
(MV). To assess the importance of the SLAM-MV interactions for virus spread and pathogenesis, we generated
a wild-type IC-B MV selectively unable to recognize human SLAM (SLAM-blind). This virus differs from
the fully virulent wild-type IC-B strain by a single arginine-to-alanine substitution at amino acid 533 of the
attachment protein hemagglutinin and infects cells through SLAM about 40 times less efficiently than the
isogenic wild-type strain. Ex vivo, this virus infects primary lymphocytes at low levels regardless of SLAM
expression. When a group of six rhesus monkeys (Macaca mulatta) was inoculated intranasally with the
SLAM-blind virus, no clinical symptoms were documented. Only one monkey had low-level viremia early after
infection, whereas all the hosts in the control group had high viremia levels. Despite minimal, if any, viremia,
all six hosts generated neutralizing antibody titers close to those of the control monkeys while MV-directed
cellular immunity reached levels at least as high as in wild-type-infected monkeys. These findings prove
formally that efficient SLAM recognition is necessary for MV virulence and pathogenesis. They also suggest
that the selectively SLAM-blind wild-type MV can be developed into a vaccine vector.

Measles virus (MV) is an enveloped virus with a negative-
sense RNA genome (2). It is still a major cause of death in
children of developing countries, mainly due to opportunistic
secondary infections facilitated by MV-induced immune sup-
pression (12, 29). Transient but severe immune suppression is
explained at least in part by the rapid spread of MV infection
in immune cells (6, 37, 41). MV targets immune cells through
its hemagglutinin (H) that binds cellular receptors and triggers
the other glycoprotein F to fuse cellular membranes (22).

Two MV receptors have been identified. The first one was
the membrane cofactor protein (MCP; CD46), a ubiquitously
expressed regulator of complement activation sustaining infec-
tion by the MV vaccine strain (8, 21) but not by wild-type (WT)
strains (24). Wild-type MV strains, as well as the vaccine strain,
enter cells through the signaling lymphocytic activation mole-
cule (SLAM; CD150) (10, 15, 35). SLAM is an immune cell-
specific protein expressed on the surface of thymocytes, acti-
vated lymphocytes, mature dendritic cells, and activated
macrophages (4, 31). The existence of another receptor on
cells derived from human lung and bladder epithelium has
been inferred (18, 33). While this epithelial receptor (EpR) has
not been identified yet, it appears to be a basolateral protein
expressed by cells forming tight junctions (18).

We are characterizing the mechanisms by which MV spreads
in its host and the pathogenic consequences of the interactions

with different receptors. We previously showed that an MV
unable to recognize EpR remains virulent in rhesus monkeys
but cannot cross the epithelium and is not shed (18). This
result is consistent with the model of MV pathogenesis accord-
ing to which immune cells in the airway lumen are initially
infected, cross the epithelial barrier, and disseminate the in-
fection to lymphatic tissues (18). Ultimately, infected immune
cells may spread the infection to the respiratory epithelium
(11, 18). This new model also predicts that an MV unable to
recognize SLAM (SLAM-blind) would fail to spread efficiently
and be attenuated.

To test this aspect of the new model, we generated a SLAM-
blind MV, based on the previous identification of H protein
residues necessary for productive SLAM interactions (23, 36).
To assess whether the SLAM-relevant residues, originally
identified in the CD46-binding background of the vaccine H
protein, are neutral also for EpR-mediated cell entry, we used
a wild-type H protein and a cell line expressing EpR. We found
that only the arginine-to-alanine mutation at position 533 was
completely neutral for EpR-dependent fusion. To investigate
the role of SLAM in pathogenesis, we then generated in the
wild-type IC-B strain a SLAM-blind MV with the arginine-to-
alanine mutation at position 533 (34). After confirming the
predicted receptor specificity of the recombinant virus, we in-
oculated six rhesus monkeys, and we document here that the
SLAM-blind MV is attenuated and yet induces strong adaptive
immune responses.

MATERIALS AND METHODS

Cells. The human lung cell line H358 (catalog number CRL-5807; ATCC) was
maintained in RPMI 1640 medium (Mediatech Inc., Herndon, VA) supple-
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mented with 2 mM L-glutamine and adjusted to contain 1.5 g/liter sodium
bicarbonate, 4.5 g/liter glucose, 10 mM HEPES, 1 mM sodium pyruvate, and
10% fetal calf serum (FCS). The MV rescue helper cell line 293-3-46 (26) was
grown in Dulbecco’s modified Eagle’s medium (DMEM; Mediatech Inc.) with
10% FCS and 1.2 mg of G418/ml (Mediatech Inc.). Vero/human SLAM
(hSLAM) cells (24), kindly provided by Y. Yanagi (Kyushu University, Fukuoka,
Japan), were maintained in DMEM supplemented with 10% FCS and 0.5 mg of
G418/ml.

Recombinant viruses. Recombinant viruses were generated based on plasmid
p(�)MV323 coding for the WT IC323 genome derived from strain IC-B (34).
Recombinant MVwtIC323 (WT) and MVwtIC323-GFP ([WTgreen] where GFP
is green fluorescent protein) were recovered as previously described (18). The
SLAM-blind H protein mutant (HSLAMblind) was generated by importing the two
nucleotide changes coding for mutation R533A in pCG-H323 (18) using a
QuikChange mutagenesis kit (Stratagene, La Jolla, CA) and transferring the
resulting PacI/SpeI fragment into two full-length MV genomes with or without
the GFP reporter gene. After transfection with the full-length genomes, the
rescue cells were overlaid on H358 cells expressing the EpR to amplify WT-
HSLAMblind and WTgreen-HSLAMblind.

Virus titers. Due to receptor usage restriction, the titers of WT-HSLAMblind

and WTgreen-HSLAMblind can be determined only on EpR-expressing H358 cells.
MV infection was detected after end-point dilution on H358 cells either directly
by GFP fluorescence or indirectly by immunofluorescence using a mixture of two
monoclonal antibodies (MAB8905; Chemicon, Billerica, MA) directed against
the H protein and labeled with fluorescein isothiocyanate ([FITC] Millipore,
Billerica, MA). The indirect method was used for MV titrations in monkey
peripheral blood mononucleated cell (PBMC) samples.

Virus stocks. To prepare virus stocks, Vero/hSLAM or H358 cells were inoc-
ulated at a multiplicity of infection (MOI) of 0.03 with the relevant virus and
incubated at 37°C. Cells were scraped in Opti-MEM I, and MV particles were
released by one freeze-thaw cycle. Titers were determined by 50% end-point
titration on Vero/hSLAM or H358 cells according to the Spearman-Kärber
method (16). We note that WTgreen titers determined on H358 cells are about 10
times lower than those determined on Vero/hSLAM cells. For consistency, titers
of both WTgreen and WTgreen-HSLAMblind were determined on H358 cells.

Standardization of the SLAM-blind virus titers for monkey infection. Studies
with wild-type virus are based on titers determined on Raji cells (7), which
cannot be used to titrate the SLAM-blind virus. To be in the position of infecting
monkeys with equivalent titers of the SLAM-blind and wild-type viruses, we
redetermined the titer of the wild-type virus on H358 cells and found that the
titer was similar to titers determined in Raji cells (but about 10 times lower than
titers in Vero/hSLAM cells). Thus, we infected monkeys with 104.5 50% tissue
culture infectious doses (TCID50) of WT-HSLAMblind based on titers in H358
cells.

Cell-to-cell fusion assay after transient expression. Vero/hSLAM or H358
cells at 80% confluence in six-well tissue culture plates were transfected with
equal amounts (2.4 �g) of the GFP expression plasmid pEGFP-N1 (Clontech,
Mountain View, CA), the fusion protein expression plasmid pCG-IC323-F (18),
and either pCG-IC323-H (18) or an H protein mutant using Lipofectamine 2000
(Invitrogen, Carlsbad, CA). Cells fusion was assessed at 24 h posttransfection.
The field-of-view area was 1,200 by 900 �m and typically contained 2,000 Vero/
hSLAM cells or 1,300 H358 cells at the time of assessment. In Vero/hSLAM
cells, a syncytium was defined as a cell with five or more nuclei. The levels of
fusion in Vero/hSLAM are reported (see Fig. 1) with the following notation: �,
two or fewer syncytia per field of view; �, less than 50% of the nuclei located in
syncytia; ��, between 50% and 90% of the nuclei located in syncytia; ���,
more than 90% of the nuclei located in syncytia. The levels of fusion in H358 are
reported (see Fig. 1) with the following notation: �, no syncytium formation; �,
less than 8% of the nuclei located in syncytia; ��, 9% to 15% of the nuclei
located in syncytia; and ���, 16% to 25% of the nuclei located in syncytia.

Virus-induced cell fusion assays. To obtain clearly separated syncytia origi-
nating from single infection events, H358 cells were infected at the low MOI of
0.001. At 48 h postinfection 20 syncytia per virus were identified, and the number
of nuclei per syncytium was counted.

Infection of cell lines expressing or not expressing SLAM. Equal numbers of
Vero and Vero/hSLAM cells were mixed and left for 4 h to attach to the bottom
of a six-well plate before infection with WTgreen or WTgreen-HSLAMblind at an
MOI of 1. After 12 h, the cells were detached using Versene (Gibco) and
analyzed by flow cytometry using an anti-SLAM antibody (anti CD150-phyco-
erythrin; BD Biosciences, Bedford, MA) to quantify SLAM expression and GFP
to detect viral infection. We note that Vero/hSLAM cells divide more rapidly
then Vero cells, resulting in overrepresentation of the former cells in the fluo-
rescence-activated cell sorter (FACS) analysis.

Ex vivo infection of PBMCs. Ficoll-purified human PBMCs were seeded in
24-well plates at a density of 4 � 105 cells in 0.5 ml. Nonactivated PBMCs were
infected with either WTgreen or WTgreen-HSLAMblind at an MOI of 1 for 24 h.
T-cell activation was performed by the addition of 10 �g/ml phytohemagglutinin
(PHA; Sigma-Aldrich, Saint-Louis, MO) for 12 h, followed by infection at an
MOI of 1 for 12 h before analysis. The number of infected cells was quantified
by flow cytometry after staining with phycoerythrin-conjugated anti-CD150 and
an allophycocyanin (APC)-conjugated monoclonal mouse antibody directed
against CD3 for T-cell staining (BD Biosciences). Acquisition of samples was
performed on a flow cytometer (FacsCanto or LSRII; BD Biosciences) and
analyzed using FlowJo software (Tree Star Inc., Asland, OR).

Infection of rhesus monkeys. Colony-bred male and female juvenile rhesus
monkeys (Macaca mulatta), seronegative for MV, were housed in accordance
with guidelines of the American Association for Accreditation of Laboratory
Animal Care. All animal experiments were approved by the UC Davis Chancel-
lor’s Animal Use and Care Administrative Advisory Committee.

Six animals were inoculated under the same conditions we previously used for
the WT IC-B strain infections (7). Briefly, 104.5 TCID50s of WT-HSLAMblind in a
volume of 1 ml were inoculated by a single drop onto the conjunctiva of each eye,
and the remainder was divided into both nares (20, 42). The animals were
monitored daily for clinical symptoms including anorexia, depression, coughing,
diarrhea, and skin rash. They were bled under ketamine sedation on days 0, 3, 7,
14, 28, and 90 after inoculation.

Viremia levels in monkeys. Viremia was quantified by end-point dilution
coculture with H358 cells. Serial 10-fold dilutions of PBMCs were made in RPMI
1640 medium supplemented with 2 mM L-glutamine and adjusted to contain 1.5
g/liter sodium bicarbonate, 4.5 g/liter glucose, 10 mM HEPES, 1 mM sodium
pyruvate, and 5% FCS. Four replicates of 101 to 105 PBMCs were cocultured
with 4 � 104 H358 cells per well in 96-well plates (Fisher Scientific), and 106

PBMCs were cocultured with 106 H358 cells in T25 flasks. The cultures were
maintained for 14 days, monitored for syncytia formation, and stained by immu-
nofluorescence as described above for viral titration.

Humoral immune response. MV neutralizing antibody titers were determined
by plaque reduction assay by incubating complement-inactivated macaque serum
dilutions with 50 PFU of MVvac(GFP)N expressing GFP (28), and titers were
expressed as 90% plaque reduction fluorescence-forming units, as previously
described (28).

Cell-mediated immunity. MV-specific T cells were counted using a gamma
interferon (IFN-�) enzyme-linked immunospot (ELISPOT) assay as previously
described (25). Briefly, PBMCs were resuspended at 5 � 106 cells/ml in a 48-well
flat-bottom plate in AIM V medium (Gibco/Invitrogen Corp., Grand Island,
NY), supplemented with 10% FCS, and stimulated overnight with live MV,
Edmonston strain (American Type Culture Collection), at 103 TCID50s/100 �l.
Positive-control stimulation was performed with 10 ng/ml phorbol 12-myristate
13-acetate and 1 �g/ml ionomycin (Sigma, St. Louis, MO).

Following overnight incubation, cells were transferred to a 96-well ELISPOT
plate coated with antibody to rhesus IFN-� (U-Cytech BV, Utrecht, The Nether-
lands) and developed as described by the manufacturer. Spot-forming cells
(SFC) were counted under a dissecting microscope, and the numbers of spots in
duplicate wells were averaged. A positive result was at least 10 spots per well and
equal to or more than the mean plus 2 standard deviations 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 PBMCs.
Statistical analysis of the data was performed using one-way analysis of variance
(ANOVA) tests with the software JMP7 (JMP, Cary, NC).

RESULTS

Identification of an H protein amino acid substitution in-
terfering with SLAM-dependent fusion support while com-
pletely preserving EpR-dependent function. The H protein
amino acid substitutions Y529A, D530A, R533A, Y553A (36),
and I194S (23) were originally identified as changes interfering
with SLAM-dependent fusion while preserving CD46-depen-
dent fusion. Here, we introduced these substitutions individu-
ally in the H protein of the wild-type prototypic virulent strain
IC-B, a strain of MV unable to use CD46 as a receptor (34).

To assess the fusion support efficiency of the different mu-
tant H proteins, we cotransfected the H-expressing plasmids
with a plasmid coding for the F protein of the IC-B strain in
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cells expressing either SLAM (Vero/hSLAM) or EpR (H358).
Figure 1 (top panel) indicates that all five mutants completely
lost the SLAM-dependent fusion support function, as ex-
pected. In contrast, mutants had different levels of fusion ac-
tivity on H358 cells (Fig. 1, center panel): the R533A mutant
retained wild-type levels of fusion efficiency; the I194S mutant
showed a slight reduction in EpR-dependent fusion support;
and the Y529A, D530A, and Y553A mutants significantly or
completely lost EpR-dependent fusion support. Since immu-
noblot analyses indicated that levels of expression for H pro-
teins with Y529A and D530A mutations were lower than the
level of the parental wild-type IC-B H protein (Fig. 1, bottom
panel), we excluded these and the Y553A mutants from fur-
ther analysis.

Generation of a SLAM-blind MV in the wild-type IC-B ge-
netic background. In order to generate a SLAM-blind MV, we

focused on the two most promising amino acid substitutions,
R533A and I194S. Substitution of arginine (codon AGG at
position 533, but also CGN) to alanine (GCN) requires two
nucleotide changes, whereas a change of isoleucine to serine is
a single nucleotide mutation. Mutations coding for the two
amino acid substitutions were imported individually and in
combination in the genome of the GFP-expressing recombi-
nant MV strain IC323 (18). Both single mutants and the dou-
ble mutant were rescued by overlaying 293-3-46 MV rescue
cells on H358 cells (26) and were amplified on H358 cells.

To analyze EpR-dependent fusion support efficiency of
these three viruses compared to that of the isogenic wild-type
virus, H358 cells were infected at a low MOI, and the number
of nuclei per syncytium was counted 2 days postinoculation.
The parental wild-type and the isogenic R533A mutant (Fig. 2,
first and second panels, respectively) had similar fusion capac-
ities, with an average of 54 and 58 nuclei per syncytia, respec-
tively (numbers below the panels). Syncytia from the I194S
mutant had an average of 18 nuclei (Fig. 2, third panel),
whereas the double mutant I194S/R533A was minimally fuso-
genic, with 4 nuclei per syncytium (Fig. 2, fourth panel). We
thus operated with the R533A mutant (WTgreen-HSLAMblind)
for all subsequent experiments. The growth of this mutant and
WTgreen was compared in H358 cells: both viruses reached
similar peak titers of 2 � 104 TCID50s/ml at 60 h postinfection.
Titers of WTgreen were also determined on Vero/hSLAM cells,
where the virus reached a titer 10 times higher.

WTgreen-HSLAMblind infects cells through SLAM about 40
times less efficiently than the isogenic wild-type virus. To as-
sess the specificity of the SLAM-blind virus, we mixed two cell
types, Vero/hSLAM cells, which express SLAM, and Vero
cells, which do not. We then infected this cell mixture with
either WTgreen or WTgreen-HSLAMblind at the same MOI and
allowed the infections to develop for 12 h. Cells were then
stained for SLAM expression and analyzed by flow cytometry
to measure the percentage of GFP-expressing cells in the two
populations. WTgreen infected about 40% of the SLAM-ex-
pressing cells (Fig. 3A, top right), and about 1% of SLAM-
negative cells (Fig. 3A, bottom right). In contrast, WTgreen-
HSLAMblind infected SLAM-positive and SLAM-negative cells
at the background level, below 1% (Fig. 3B, right panels).

FIG. 1. Impact of five single amino acid changes on wild-type H
protein function. Vero/hSLAM and H358 cells were cotransfected with
expression plasmids encoding GFP, IC323-F, and IC323-H or the
corresponding mutants. (Top) SLAM-dependent fusion support on
Vero/hSLAM cells. (Center) EpR-dependent fusion support on H358
cells. Fusion was graded as indicated in the Materials and Methods
section, based on the average of three independent experiments; iden-
tification of syncytia was facilitated by the combination of phase-con-
trast analysis and observation of GFP expression. (Bottom) H protein
expression levels in H358 cells at 24 h posttransfection of the corre-
sponding plasmids. H protein was visualized by immunoblotting using
an antibody directed against the cytoplasmic tail of H (3).

WTgreen WTgreen-HR533A WTgreen-HI194S WTgreen-HI194S/R533A

4.2 (+/- 1.7)18.2 (+/- 4.9)58.2 (+/- 8.2)54.4 (+/- 7.3)

100 µm

FIG. 2. Extent of cell fusion elicited by four different SLAM-blind viruses on EpR-expressing H358 cells 2 days after infection. Phase-contrast
pictures of the cells were overlaid with fluorescence microscopy images. Panels show representative pictures. Bottom numbers indicate the number
of nuclei per syncytium (averages of nuclei count in 20 syncytia per virus); standard deviations are indicated in parenthesis.

VOL. 84, 2010 SLAM-BLIND MEASLES VIRUS IS ATTENUATED 3415



Thus, WTgreen-HSLAMblind infects SLAM-expressing cells at
least 40 times less efficiently than the isogenic WT.

WTgreen-HSLAMblind does not efficiently infect primary T
lymphocytes. To assess the specificity of infection of the
SLAM-blind virus in human PBMCs, these cells were infected,
with or without stimulation by PHA, which preferentially ac-
tivates T lymphocytes, and analyzed by flow cytometry to mea-
sure SLAM expression and GFP expression, a marker of in-

fection. Figure 4 illustrates the specificity of infection of CD3
T cells. Without PHA stimulation, WTgreen infects about 16%
of the SLAM-positive and 2% of the SLAM-negative CD3-
positive cells (Fig. 4A). With PHA stimulation, the percentage
of infected cells approximately doubled in both SLAM-positive
and -negative cells, but an approximately 8-to-1 infection ratio
remained constant (Fig. 4C). In contrast, WTgreen-HSLAMblind

infected SLAM-positive and SLAM-negative CD3 cells with
low efficiency and independently of PHA stimulation (Fig. 4B
and Fig. D). Altogether, these data indicate that wild-type virus
can enter T lymphocytes through a receptor other than SLAM
but only with low efficiency.

WT-HSLAMblind is attenuated in rhesus monkeys. Our model
of MV pathogenesis postulates that primarily infected lym-
phatic cells carry MV to the respiratory epithelium and pre-
dicts that a SLAM-blind MV would fail to spread efficiently
and be attenuated (18). To test this model, we infected rhesus
monkeys, a primate species that develops the clinical signs of
measles when infected with wild-type MV (20, 42). Since the
wild-type virus IC-B that we previously used to establish stan-
dard values for viremia and clinical signs (7) does not express
GFP, we generated an isogenic SLAM-blind virus not express-
ing GFP and named it WT-HSLAMblind. We inoculated six
rhesus monkeys intranasally with this virus using the same
procedure previously established for the isogenic WT virus and
followed the development of clinical signs over 28 days.

Table 1 indicates that the six monkeys infected with WT-
HSLAMblind developed no clinical signs of measles, including
skin rash or anorexia. Viremia was detected in the PBMCs of
only one macaque inoculated with WT-HSLAMblind early after
inoculation (day 3) and at very low titers (101.38) (Table 1). At
later time points (days 7 and 14 postinfection) no virus was
detected. Absence of clinical signs in all six infected animals
and low-level viremia in only one animal very early after inoc-
ulation indicate that WT-HSLAMblind is attenuated in rhesus
monkeys.

WT-HSLAMblind elicits robust adaptive immune responses.
To assess the strength of the adaptive immune responses elic-
ited in rhesus monkeys by WT-HSLAMblind, we titrated an-
ti-MV neutralizing antibodies in serum, and measured the
number of MV-specific IFN-�-secreting T cells. Figure 5A
indicates that at 14 days postinoculation, the neutralizing an-
tibody titers in hosts infected with WT-HSLAMblind ranged from
1:32 to 1:128. This is about half the range of the titers mea-
sured in hosts infected with WT virus (range, 1:72 to 1:176; the
difference between the two groups is statistically significant,
with a P value of 0.04). At day 28, the mean titers of neutral-
izing antibodies in hosts infected with WT-HSLAMblind were
1:152, and in hosts infected with WT virus 1:576, there was
again a statistically significant difference (P � 0.002). Thus,
WT-HSLAMblind elicited a humoral immune response with neu-
tralizing antibody titers about four times lower than those of
the isogenic WT virus 1 month after infection.

To assess the strength of the cell-mediated immune re-
sponse, MV-specific IFN-�-secreting T cells in PBMCs ob-
tained at 1 or 3 months postinfection were counted with an
ELISPOT assay (Fig. 5B). All animals infected with the WT
developed a specific MV response with means of 57 and 74
SFC/106 PBMCs at days 28 and 90, respectively. Animals in-
fected with WT-HSLAMblind developed a specific MV response

FIG. 3. Receptor specificity of WTgreen-HSLAMblind. Two cell pop-
ulations, Vero/hSLAM expressing SLAM or Vero cells, were mixed
and infected with either WTgreen (A) or WTgreen-HSLAMblind (B). After
12 h the mixed cells were analyzed by flow cytometry; an anti-SLAM
antibody was used to quantify SLAM expression (vertical axis). In the
left panels side scatter analysis (SSC) was used to differentiate the two
cell populations (horizontal axis); in the right panels GFP expression
analysis was used to identify infected cells (horizontal axis). Percent-
ages report the number of cells in the red gate divided by the total
number of cells in the plot, multiplied by 100.
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with means of 128 and 165 SFC/106 PBMCs at days 28 and 90,
respectively. Differences between the experimental groups
were not statistically significant at day 28 (P � 0.14) but were
significant at day 90 (P � 0.045). These results show that,
despite attenuation, the WT-HSLAMblind virus elicits levels of
cellular immunity as high as or greater than those induced by
the isogenic WT strain.

DISCUSSION

SLAM-independent entry. We generated a selectively
SLAM-blind MV differing from the fully virulent wild-type

IC-B strain by a single arginine-to-alanine substitution at
amino acid 533 of the H protein. This virus entered SLAM-
expressing Vero cells about 40 times less efficiently than the
isogenic wild-type strain. On the other hand, both the SLAM-
blind and the wild-type strains entered Vero cells not express-
ing SLAM with low efficiency and airway epithelial cells ex-
pressing EpR with high efficiency. Both the wild-type and the
SLAM-blind virus entered SLAM-negative primary T lympho-
cytes 5 to 10 times less efficiently than the wild-type virus
entered SLAM-positive primary T lymphocytes. An interpre-
tation of these findings is that SLAM-independent wild-type
MV entry accounts for a small but significant fraction of
PBMC infection.

The alternative explanation for these observations is that
SLAM may be expressed at levels undetectable with antibodies
but sufficient to sustain efficient viral entry. Indeed, SLAM is
downregulated from the cell surface upon MV infection (9,
40), and for wild-type MV infection our data do not exclude
this possibility. However, the argument that the expression
level is minimal but sufficient for entry is unlikely to explain cell
entry of the SLAM-blind virus because the interaction of this
virus with SLAM is very weak. We have measured the binding
affinity of the R533A H protein mutant ectodomain and the
SLAM ectodomain by Biacore analysis and found it to be close
to 100 �M, or about 1,000 times lower than the 80 nM affinity
we measured for the isogenic H protein with an arginine at
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FIG. 4. WTgreen and WTgreen-HSLAMblind infection of CD3-positive human PBMCs. Human PBMCs, either nonactivated (A and B) or PHA
activated (C and D), were infected with WTgreen (A and C) or WTgreen-HSLAMblind (B and D), and the level of infected SLAM-positive and
SLAM-negative CD3� T cells was determined by FACS analysis. The vertical axis shows SLAM expression levels. The threshold of positive SLAM
expression was set using the corresponding isotype control. The horizontal axis shows GFP fluorescence. The percentage of infected cells was
calculated by dividing the number of GFP-expressing cells (right quadrants, upper or lower) by the total number of cells in the corresponding pairs
of upper or lower quadrants, respectively.

TABLE 1. Clinical signs and virulence of SLAM-blind MV in
rhesus monkeys

Virus strain

No. of monkeys
with clinical

symptom/no. of
monkeys tested

Viremia (TCID50/106 PBMCs)
at:

Rash Anorexia Day 3 Day 7 Day 14

WT-HSLAMblind 0/5a 0/5a �1c �1 �1
0/1b 0/1b 101.38 �1 �1

WT 2/6 3/6 NDd 103.76 101.08

a Monkeys 099, 418, 426, 583, and 609.
b Monkey 621.
c The lower detection limit was 1 TCID50/106 PBMCs.
d ND, not determined.
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position 533 (23; also C. Navaratnarajah and R. Cattaneo,
unpublished) (these measurements were done in the NSe vac-
cine lineage H protein background). Since this weak interac-
tion is unlikely to support cell entry through SLAM, we think
that the SLAM-blind virus uses another unidentified lympho-
cytic protein as a receptor. Analogously, wild-type MV strains
may also enter human PBMCs through this unidentified re-
ceptor. Indications for the existence of alternative MV recep-
tors have been obtained in other cellular systems (14, 30).

Even if SLAM-independent entry in PBMCs occurs, it does
not cause disease: the SLAM-blind virus does not spread effi-
ciently in rhesus monkeys. One week after inoculation, about 1
in 150 PBMCs were infected in the six monkeys inoculated
with wild-type MV. In contrast, infectivity was detected only
transiently at day 3 postinfection in a single host inoculated
with the SLAM-blind virus. Virus titers in this monkey were
just above the detection level of 1 in 100,000 cells and about
1,000 times lower than the titers in the control group. MV

entry through SLAM, a signaling protein, may prime the host
cell to support efficient viral replication, whereas entry though
another protein may not. It was previously observed that rep-
lication of the MV vaccine Edmonston in certain cell types in
tonsillar tissue was very inefficient, suggesting the existence of
postentry blocks of viral replication that are relaxed only when
SLAM sustains viral entry (5).

We are not in the position of analyzing the sequence of the
SLAM-blind virus after monkey passage because our attempts
to reisolate this virus were not successful. Initial titer determi-
nation from PBMCs of monkeys relied on overlaying cells on
EpR-expressing cells, fixation, and staining with an MV-spe-
cific antibody, which resulted in virus inactivation. Titers were
just above background, and subsequent attempts to isolate
virus from frozen PBMC aliquots repeatedly failed. Since the
virus also failed to grow when SLAM-expressing cells were
used to overlay PBMCs, we think that it was not a revertant.

Attenuation by receptor detargeting and vaccine develop-
ment. No clinical evidence of disease was documented in the
monkeys infected with the SLAM-blind MV. These findings
prove formally that efficient SLAM recognition is necessary for
MV virulence and are consistent with a mechanism of patho-
genesis depending on efficient MV spread in SLAM-expressing
cells and lymphatic tissue before infection of airway epithelial
cells (18, 32).

A pathogenesis model postulating immune cell infection be-
fore respiratory epithelial cell infection has also been proposed
for canine distemper virus (CDV), the MV-homologue virus
that infects small carnivores (37). Indeed, a SLAM-blind CDV
was generated and found to be completely attenuated in fer-
rets, a natural host (39). However, this SLAM-blind virus was
based on an H protein in which six amino acid changes had
been introduced, including four with slightly negative effects
also on a SLAM-independent fusion support function (38).
Therefore, attenuation of this CDV may not have been exclu-
sively SLAM specific. In contrast, one single amino acid
change was introduced in MV H that was completely neutral to
its SLAM-independent fusion support function. We note that
since two nucleotide mutations had to be introduced to change
an arginine to alanine, two mutations would be necessary to
generate a true revertant, and the probability of this occurring
in the early phases or during replication is low. Consistently, in
another monkey infection study based on recombinant MV
with two mutations, no revertants were selected in 12 hosts (7).

These facts and the observation that detargeting from
SLAM-dependent entry results in significant attenuation while
still allowing a strong immune response suggest the possibility
of using SLAM-blind viruses as vaccines. In particular, 1
month after inoculation the neutralizing antibody response
and the number of IFN-�-secreting cells specific for the
SLAM-blind virus were slightly lower than or equivalent to the
responses against the wild-type virus, respectively. However, 3
months after inoculation the number of virus-specific IFN-�-
secreting cells was significantly higher in hosts infected with the
SLAM-blind MV than in hosts infected with the isogenic wild-
type strain. It is possible that this late, stronger response re-
flects lack of immune suppression of hosts infected with the
SLAM-blind virus, which implies that this virus may be an
effective vaccine. In this perspective, it is interesting that the
neutralizing antibody response, the numbers of virus-specific
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FIG. 5. Analysis of the humoral and cellular immune responses
elicited by WT-HSLAMblind. (A) Neutralizing antibody response of
monkeys infected with WT or WT-HSLAMblind (SLAMb). Serum ob-
tained before or 14 or 28 days postinoculation was assayed for MV
neutralization. The vertical axis shows the reciprocals of the neutral-
ization titers. Each dot represents an animal, and the short horizontal
bar indicates the mean of the group. The interrupted line represents
the limit of detection; all preinoculation sera had titers below this
value. (B) MV-specific IFN-�-secreting cells in monkeys infected with
WT or WT-HSLAMblind. PBMCs were obtained 28 or 90 days postin-
oculation and stimulated with live MV Edmonston strain, and the
number of spot-forming cells per 106 PBMCs was measured with an
IFN-�-specific ELISPOT assay. Each dot represents the number of
spot-forming cells for an animal, and the horizontal bar indicates the
mean of the group.
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IFN-�-secreting cells, and the levels of viremia are comparable
between monkeys infected intranasally with the SLAM-blind
virus and those inoculated subcutaneously with a vaccine MV
(28).

Vectored MVs are currently being developed based on in-
fectious genomic cDNAs of the traditional MV vaccine strain
Edmonston, which was derived from a pathogenic wild-type
precursor by repeated passages on mammalian and avian cell
lines (17). These vectored MVs include those for divalent
vaccination against MV and hepatitis B virus (27, 28), MV and
HIV/simian immunodeficiency virus (SIV) (13, 19, 43), or
against other important pathogens (1).

The Edmonston strain attenuation process resulted in selec-
tion of a few dozen mutations distributed in all the MV genes.
On the other hand, we have started a systematic effort to
characterize the effects of a few targeted mutations on viru-
lence and the adaptive immune response of monkeys. These
mutations include the mutation of arginine to alanine at H
protein position 533 (SLAM-blind virus), other H protein mu-
tations that ablate the EpR interaction (18), ablation of ex-
pression of the V and C host control proteins (7), and selective
inactivation of the interaction with STAT1 (P. Devaux et al.,
personal communication). Thus, the foundations for rational
engineering of vaccines with desirable attenuation character-
istics through combinatorial genetics are being laid. It is now
important to assess whether a SLAM-blind MV expressing
foreign antigen can elicit protective immunity against other
pathogens in vivo.
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