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We have generated transgenic mice ubiquitously expressing the human receptor for measles virus (MV),
CD46 (membrane cofactor protein). Various cell types were isolated from these transgenic mice and analyzed
for their ability to support MV replication in vitro. Although MV could enter into all CD46-expressing cells,
differential susceptibilities to MV infection were detected depending on the cell type. Cell cultures obtained
from transgenic lungs and kidneys were found to be permissive of MV infection, since RNA specific for MV
genes was detected and viral particles were released, although at a low level. Similarly to human lymphocytes,
activated T and B lymphocytes isolated from transgenic mice could support MV replication; virus could enter,
transcribe viral RNA, and produce new infectious particles. When expressing viral proteins, lymphocytes
down-regulated CD46 from the surface. Interestingly, while activated T lymphocytes from nontransgenic mice
did not support MV infection, activated nontransgenic murine B lymphocytes replicated MV as well as
transgenic B lymphocytes, suggesting the use of an alternative virus receptor for entry. In contrast to the
previous cell types, murine peritoneal and bone marrow-derived macrophages, regardless of whether they were
activated, could not support MV replication. Furthermore, although MV entered into macrophages and
virus-specific RNA transcription occurred, no virus protein or infectious virus particles could be detected.
These results show the importance of the particular cell-type-specific host factors for MV replication in murine

cells which may be responsible for the differential permissivity of MV infection.

Measles virus (MV), the causative agent of measles in hu-
mans, belongs to the Paramyxoviridae family and the Morbilli-
virus genus. MV is an enveloped, negative, nonsegmented
strand RNA virus. Two virus-encoded glycoproteins are in-
serted into the viral envelope: the hemagglutinin (H) protein,
which mediates virus attachment to susceptible cells and hem-
agglutination of certain simian erythrocytes, and the fusion (F)
protein, which, together with H, is responsible for fusion with
the cell membrane and virus entry (48).

MYV is responsible for the acute childhood disease which is
among the primary causes of infant death in developing coun-
tries, and sporadic outbreaks of acute measles still occur in
industrialized countries despite vaccination (47). Symptoms
induced by MV range from respiratory infection, fever, and
rash to less common infections of the nervous system, includ-
ing acute encephalitis and subacute sclerosing panencephalitis
(SSPE). Patients with measles may develop immunosuppres-
sion, which increases their susceptibility to secondary infec-
tions and is largely responsible for the high incidence of MV-
induced mortality (3, 27). During the incubation period, the
virus replicates in the respiratory tract and then spreads to
local lymphoid tissue. Amplification of the virus in lymph
nodes produces a primary viremia that results in the spread of
virus to multiple lymphoid tissues and other organs, including
the skin, kidney, gastrointestinal tract, and liver, where it rep-
licates in epithelial cells, endothelial cells, and monocytes-
macrophages (29). Most of the infected cells in peripheral
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blood are monocytes (9), although T and B lymphocytes sup-
port viral replication after stimulation in vitro (15, 46).

MYV infection is initiated by attachment of the virus to the
host cell via a specific receptor which is followed by a virus-cell
fusion and release of the nucleocapsid into the cytoplasm.
Human CD46, which was initially described as the membrane
cofactor protein (MCP), acts as a receptor for MV. CD46 is a
widely distributed C3b/C4b-binding cell surface glycoprotein
that serves as an inhibitor of complement activation on host
cells (21). CD46 mediates MV binding and MV-induced cell-
cell fusion and is down-regulated in MV-infected cells (7, 33,
35). Transfection of nonpermissive rodent cells with different
isoforms of CD46 renders some of these cells susceptible to
MV (11, 25). In addition, another molecule, the membrane-
organizing external spike protein moesin, has been described
to be functionally associated with MV infectivity of the cells
(8). This molecule has been found in all tissue culture cells
investigated so far and was proposed to form with CD46 the
complex functionally involved in the uptake of MV into cells
(42).

The mechanisms of MV-induced immunopathology are not
well understood, mainly because of the lack of convenient
animal models. Humans are the only natural hosts for MV.
Some other primates may be experimentally infected, but mice
are usually resistant to MV infection, except under special
experimental conditions such as intracranial inoculation of
newborn mice (20). Identification of CD46 as a cellular recep-
tor for MV has opened new perspectives in developing trans-
genic animal models to study MV pathogenesis. We have es-
tablished transgenic mice ubiquitously expressing the human
CD46 molecule. Since these mice were rather resistant to MV
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infection in vivo, we have characterized the ability of cells
harvested from different tissues of these mice to support MV
infection in vitro. Here, we describe that MV could enter into
the cell and proceed with the transcription of MV genes in all
analyzed cell types obtained from CD46 transgenic mice. How-
ever, complete virus replication occurs only in some CD46-
expressing murine cell types but not in others, such as macro-
phages, demonstrating the necessity of a particular intra-
cellular environment for successful MV replication.

MATERIALS AND METHODS

Production of transgenic mice. Human CD46 cDNA of the C-CYT?2 isoform,
containing exons 1 to 6, 9 to 12, and 14 (5), was put under the control of the gene
promoter of the ubiquitously expressed hydroxymethyl-glutaryl coenzyme A re-
ductase (HMGCR) (10). This construct was microinjected into the pronuclei of
B6DBA mouse ovocytes, and transgenic mice were generated by a previously
described procedure (14). Two founding transgenic mice (MCP-3 and MCP-7)
and their initial offspring were identified by dot blot analysis of tail DNA as
described elsewhere (19). In both transgenic lines, the number of integrated
transgenic copies was estimated to be 30 copies per genome by comparing the
intensities of hybridizing DNA fragments of the mouse HMGCR gene contained
in the transgene with the intensities of the same fragments present in the germ
line endogenous HMGCR gene. The animals were backcrossed for several gen-
erations with BALB/c mice until homogeneity for the major histocompatibility
complex H-2¢ background and were further crossed among themselves to gen-
erate a homozygous line.

Southern and Northern (RNA) blot analysis. Genomic DNA (10 ug) prepared
from the P815.CD46 cell line or from the tails of transgenic and BALB/c mice
was digested with Kpnl and Sacl. DNA digests were separated by gel electro-
phoresis on an 0.8% agarose gel and were analyzed by Southern blot hybridiza-
tion according to standard procedures (41).

Total RNA was isolated from cell lines and various animal tissues (thymus,
spleen, kidney, lungs, and brain) by using the RNA-now kit (Biogentex). A 20-ug
amount of RNA was separated by electrophoresis on a formaldehyde agarose gel
and was analyzed by Northern blot hybridization as described elsewhere (41).

Reverse transcription-PCR (RT-PCR) assaying. RNA was prepared from 5 X
10° cells of noninfected or MV-infected primary cell cultures or cell lines as
described above. The cDNA was synthesized from 5 ug of total RNA with avian
myeloblastosis virus reverse transcriptase (GIBCO-BRL) and oligo(dT)15
primer (Boehringer Mannheim). Samples were amplified by PCR with primers
specific for the MV genes NP, F, and H. The quality and quantity of RNA and
c¢DNA were monitored by PCR amplifying the G3PDH gene. The oligonucleo-
tide primers were as follows: NP1, 5'-ATCCGCAGGACAGTCGAAGGT-3';
NP2, 5'-AGGGTAGGCGGATGTTGTTCT-3'; F1, 5'-GGCAATTGAGGCAA
TCAGACA-3'; F2, 5'-CTTGAGAGCCTATGTTGTACG-3'; H1, 5'-AGTCAG
TAATGATCTCAGCAACT-3'; H2, 5'-ATCCTTCAATGGTGCCCACTC-3';
G3PDH-1, 5'-CTCAGTGTAGCCCAGGATGC-3"; and G3PDH-2, 5'-ACCAC
CATGGAGAAGGCTGG-3'.

Amplification involved 30 cycles of denaturation at 95°C for 45 s, annealing at
63°C for 1 min, and extension at 72°C for 1 min. The PCR products were
analyzed by electrophoresis on a 1.5% agarose gel, transferred to the membrane
Hybond N*, and hybridized with [y->’P]ATP-labeled internal oligonucleotides
specific for each of the following amplified gene segments: NP, 5'-GCCATGG
CAGGAATCTCGGAAGAACAAGGCTCAGA-3'; F, 5'-CCCGGATAACTC
ACGTCGACACAGAGTCCT-3'; H, 5'-TACCTCTCATCTCACAGAGGTGT
TATCGCTG-3'; and G3PDH, 5'-GTGGAAGGACTCA-TGACCACAGTCCA
TGCC-3'.

Cell culture. All cell lines were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 6% fetal calf serum (FCS), 10 mM N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid (HEPES), 2 mM glutamine, 5 X 107>
M 2B-mercaptoethanol, and 50 g of gentamicin per ml. The cell lines used in
the experiments were human T-cell lymphoma Jurkat cells, Vero fibroblasts from
African green monkey kidney, and two murine cell lines transfected with CD46
c¢DNA (the B-cell lymphoma cell line M12.CD46 [33] and the mastocytoma cell
line P815.CD46 [2]).

T lymphocytes were prepared from the spleens of transgenic and control mice
and were stimulated in mixed lymphocyte response culture with splenocytes
obtained from C57BL/6 mice as described elsewhere (28). Briefly, 3 X 10°
responder spleen cells per ml were cultured with the same number of mitomycin-
treated stimulator cells (C57BL/6) in DMEM (supplemented as described above
with 10% FCS and 2% interleukin-2-rich supernatant from the phorbol myristate
acetate-stimulated EL4 cell line) for 3 days at 37°C and 7% CO,. At the end of
the incubation, the cells were washed, counted, and infected with MV in the
same type of medium. Alternatively, T cells were purified by removing the
macrophages adherent to gelatin-coated plastic petri dishes for 1 h and by sorting
the B cells bound to immunoglobulin (Ig)-coupled beads (Dynabeads). The
resulting cell population contained 97% T cells as determined after immunola-
beling and cytofluorometry as described below.

B cells were purified from mouse spleen by standard procedures (6). Briefly,
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adherent cells were removed by culturing the splenocytes for 1 h on gelatin-
coated plastic petri dishes, and T cells were depleted by cytotoxic elimination
with 30H12 anti-Thy-1.2 monoclonal antibody (MAb), GK1.5 anti-CD4 MADb,
and YTS.169 anti-CD8 MAD in the presence of rabbit complement (Pasteur
Merieux). The cells were further centrifuged over a Ficoll gradient (Lym-
pholyte-M; Cedarlane). The purified cell population contained 97% B cells as
determined by immunolabeling and cytofluorometry as described below. B cells
were activated with either 10 pg of lipopolysaccharide (LPS) (Difco Laborato-
ries) per ml or with 10 pg of anti-IgM F(ab’), (Cappel) in the presence of the 2%
interleukin-2-supplemented DMEM for 48 h at 37°C and 7% CO,.

Macrophages were prepared either from the peritoneal cavities or from the
bone marrow of transgenic and control mice. Peritoneal macrophages were
obtained as described previously (28). Briefly, the mice were injected intraperi-
toneally with 2 ml of 3% thioglycolate medium. Four days later, the peritoneal
cavities were opened and washed with phosphate-buffered saline, and the peri-
toneal cells were harvested. The cells were washed twice and were infected with
MV. Bone marrow-derived macrophages were obtained by stimulating bone
marrow cells with granulocyte-macrophage colony-stimulatory factor (GM-CSF)
as described previously (30). Briefly, femur-derived bone marrow cells were
plated at 2 X 10°/ml in the DMEM culture supplemented with 10% FCS and
20% vL-conditioned medium as a source of GM-CSF. After 6 days of culture, the
cells either were infected with MV or were cultured for an additional 48 h in the
presence of recombinant gamma interferon (25 U/ml) or LPS (5 pg/ml) and
infected afterwards.

Primary cell cultures were prepared from the lungs and kidneys of transgenic
and BALB/c mice in the following way. Cell tissue was cut into small pieces,
washed twice with the culture medium, and digested with 0.1% trypsin for 15 min
at 37°C under agitation. The cell suspension was filtered through gauze, centri-
fuged for 10 min at 1,500 rpm, resuspended in the DMEM culture supplemented
with 20% FCS, and transferred into the tissue culture flasks at 37°C and under
7% CO,. As soon as enough cells were obtained, they were tested for MV
infection and analyzed by cytofluorometry.

Human peripheral blood mononuclear cells were isolated from the blood of
healthy volunteers (CTS, Lyon, France) by Ficoll-Isopaque (Ficoll-Paque; Phar-
macia Fine Chemicals, Uppsala, Sweden) gradients as described elsewhere (6).
Infected and control cells (10°/ml) were stimulated with phytohemagglutinin
(PHA) (10 wg/ml; Pharmacia) and were incubated for 1 to 4 days at 37°C and
with 7% CO,.

Virus infection and titration. The Hall¢ strain of MV was used in most of the
experiments. Two other strains, LEC-Ki (SSPE strain) (1) and TT (wild-type
strain of MV) (44), were sometimes used for comparative studies. Hallé¢ and
LEC-Ki were grown on Vero fibroblasts, while TT was grown on Jurkat cells.
Virus was harvested from the culture supernatant of infected cells when a strong
cytopathic effect was developed. The suspensions containing MV were clarified
by centrifugation and stored at —70°C until use. Virus titers were determined by
PFU assaying on Vero cell monolayers.

To determine the amounts of virus production in the different cell lines,
adherent cells and nonadherent cells were plated in six-well tissue culture plates
(Costar) at 10° cells per well and in 24-well plates (Costar) at 2 X 10° cells per
well, respectively. They were infected with MV at 0.1 or 1 PFU per well. After 3 h
of infection, the cells were washed three times with the medium and were further
incubated for 1 to 5 days in the DMEM culture supplemented accordingly.

Virus production from infected cells was measured by an infection center
assay. This assay, which is based on the coculture of infected cells with highly
permissive Vero cells, was chosen because it is the most sensitive assay for the
detection of infectious virus, since it is known that virions produced from MV-
infected cells are often cell associated and poorly released in the supernatant (26,
49). Briefly, 10-fold dilutions of cells taken 1 to 5 days after MV infection were
overlaid on a Vero cell monolayer (5 X 10° cells plated in six-well plates). Four
days later, the cell monolayers were fixed in 10% formalin and stained in a
methylene blue solution and the lytic plaques were counted. In some of the
experiments the presence of cell-free virus particles was measured as well, after
freezing and thawing of infected cell cultures. Although 10-fold-lower PFU titers
were obtained, the results were in good correlation with those measured by the
infectious center assay.

Cytofluorometry analysis. For detection of cell surface CD46, 2 X 10° cells
were incubated for 30 min at 4°C with biotinylated anti-CD46 MAb MCI20.6
(34), washed and incubated for 30 min at 4°C with avidin-phycoerythrin, washed
thoroughly, and analyzed afterwards. All incubations were carried out in DMEM
containing 6% FCS. H and F MV proteins were detected by incubating the cells
with anti-H MAD cl.55 (13) or anti-MV fusion protein antibody (23) and labeling
with anti-mouse Ig-fluorescein isothiocyanate (FITC) conjugate (Jackson Labo-
ratory). Intracellular antigens were detected after treatment of cells with 0.3%
paraformaldehyde at room temperature for 15 min, which was followed by
incubation with 0.5% Tween 20 for 15 min at 37°C. Permeabilized cells were
incubated with either cl.55, cl.27, or anti-MV nucleoprotein antibody cl.105 and
were labeled with anti-mouse Ig-FITC conjugate. As a positive control for in-
tracellular labeling, the anti-invariant chain MAb IN-1 and then anti-rat Ig-FITC
conjugate (Caltag) were used. The purity of the B- and T-cell populations was
determined by staining cells with anti-mouse Ig-FITC conjugate or with anti-
CD3 MAD (2C11), respectively, and anti-hamster Ig-FITC conjugate (Jackson
Immunotech). Purification of macrophages from bone marrow and peritoneal
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FIG. 1. (A) Structure of the transgenic construct used to generate MCP-3
and MCP-7 transgenic lines. Length scale is shown at bottom. SV40, simian virus
40. (B) Southern blot analysis of the transgenic lines. A 10-pg amount of
genomic DNA was digested with Kpnl and Sacl restriction enzymes, was sepa-
rated by agarose gel electrophoresis, and was analyzed by Southern blot hybrid-
ization with the probe containing the fragment of the CD46 cDNA (prepared by
Stul digestion). (C) Northern blot analysis of the transgenic lines. A 20-pg
amount of total RNA was electrophoresed on formaldehyde agarose gels and
analyzed by Northern blot hybridization with the probe described above. The
blots were stripped and subsequently rehybridized with the actin-specific probe.
The positions of the 18S RNA and the expected sizes of CD46 and actin RNA
are indicated on the right and left, respectively.

cavities was confirmed with anti-Macl MAb (M170). When Fc receptor-express-
ing cell populations were analyzed, the cells were preincubated with a rat anti-
FcyRIT MAD (24G2) for 30 min at 4°C. MAbs with irrelevant specificities but
with identical isotypes were used as a negative control. Flow cytometry analyses
were carried out on a FACScan (Becton Dickinson).

RESULTS

Mice transgenic for human CD46. Transgenic mice were
generated by using a construct in which CD46 cDNA of the
C-CYT?2 isotype (5) was linked to the mouse HMGCR pro-
moter region containing 1.35 kb of upstream sequence, the first
(noncoding) exon, and the first intron (Fig. 1A) (10). The
transgenic vector was linearized (by cutting at the NorI site
[Fig. 1A]), and the 7.4-kb fragment was microinjected into
fertilized mouse eggs. Descendants of two transgenic founders,
MCP-3 and MCP-7, were analyzed for the presence of the
transgene in the genome by Southern blotting (Fig. 1B). Bands
with the expected size were found after restriction map analysis
in both transgenic lines, while no band was detected in DNA
digests from nontransgenic mice, suggesting that the whole
human CD46 cDNA had been integrated into the genomes of
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MCP-3 and MCP-7 transgenic mice. Bands with the same size
which were obtained by transfection with the same expression
vector could be detected in the P815.CD46 cell line. Then,
Northern blot analysis was performed to investigate the ex-
pression of human CD46 in various tissues of transgenic mice
(Fig. 1C). The blots were hybridized with a CD46-specific
probe, stripped, and rehybridized with an actin-specific probe
to monitor the quantity and quality of RNA. The density of
CD46-specific bands was much stronger in MCP-7 mice than
that in MCP-3 mice, suggesting a better CD46 expression in
this line. This result was further confirmed by cell surface
analysis of CD46 protein expression in the spleens and thy-
muses of these two transgenic lines (data not shown). The
MCP-7 line was obtained in the homozygous stage for the
CD46 transgene and used for further analyses.

The expression of CD46 in different cell populations har-
vested from the CD46 transgenic line MCP-7 was analyzed by
cytofluorometry with the CD46-specific MAb MCI20.6 (Fig.
2). CD46 protein was expressed on activated T and B lympho-
cytes, on macrophages, and on cell cultures from the lungs and
kidneys of transgenic mice. No CD46 protein was detected on
the same cell types harvested from nontransgenic mice, which
is consistent with previous reports that murine cells do not
express any protein reacting with the antibodies directed
against human CD46 (33, 49).

Infection of nonlymphoid CD46 transgenic murine cells.
Cell cultures derived from CD46 transgenic murine lungs and
kidneys were infected with the Hallé strain, and the production
of MV-specific gene transcription and infectious virus particles
was determined. Figure 3A demonstrates the presence of NP-,
F-, and H-specific mRNA in the primary cultures obtained
from CD46 transgenic murine lungs, which were analyzed 3
days after MV infection, while no message was detected in
noninfected cells. The same results were obtained with the cell
cultures prepared from CD46 transgenic murine kidneys (data
not shown), indicating that virus could enter in these cell types
and actively transcribe MV-specific genes.

The cells were then analyzed for the production of infectious
virus particles. The results shown in Fig. 4A indicate that
infected lung cells isolated from transgenic mice produced
some virus, with the maximal production at day 4. However,
the level of virus production was low (maximally 300 PFU per
culture). Equivalent results were obtained when these cells
were infected with other MV strains such as Lec-Ki and TT
and when kidney cell culture was used (data not shown). When
lung and kidney cells from nontransgenic mice were infected,
only a limited amount of virus progeny could be detected, and
it was at least 10 times lower, confirming the importance of
CD46 expression for virus infection.

Infection of CD46 transgenic lymphocytes. Since MV is
known to be lymphotropic in humans, the ability of MV to
infect murine lymphocytes in vitro was tested. We were not
able to detect any viral production from murine splenocytes
unless they were activated (Table 1). Consequently, all of the
analyses of sensibility to MV infection were done by using
activated lymphocytes. Figure 3A demonstrates that murine
CD46 transgenic T and B lymphocytes actively transcribe NP,
F, and H genes after MV infection. Transcription was detect-
able 24 h after infection, appeared to be more abundant on day
3 of infection, and was not detected unless lymphocytes were
infected.

Furthermore, the production of infectious virus was tested.
Figure 4C shows the kinetics of MV production by murine
splenocytes activated by a mixed lymphocyte reaction (MLR)
for 3 days before being infected with the MV Hallé strain. MV
production from transgenic splenocytes peaked on day 3 after
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FIG. 2. CD46 expression in cell types obtained from homozygote CD46 transgenic mice (——) and control BALB/c mice (....). (A) T lymphocytes; (B) B
Iymphocytes; (C) peritoneal macrophages; (D) primary cell culture from murine lungs; (E) primary cell culture from murine kidneys; (F) bone marrow-derived
macrophages. The cells were labeled with biotinylated anti-CD46 MAb MCI 20.1 and then with avidin-phycoerythrin. The negative control, second step avidin-
phycoerythrin labeling, was completely superimposable to labeling obtained with BALB/c cells.

infection and was at least 100 times higher than that in acti-
vated nontransgenic splenocytes. Similar results were obtained
when MYV strains Lec-Ki and TT were used for infection or
when cells from another transgenic founder, MCP-3, express-
ing a lower level of CD46 were tested (data not shown). Since
during an MLR most activated cells are T cells, we verified
whether purified activated T cells can sustain MV replication.
MLR-activated T lymphocytes were purified to a level of purity
of as much as 97% prior to their infection by MV. The level of
MV production in purified T lymphocytes (5 X 10*> PFU per
culture) (Table 1) was similar to the titer achieved with MLR-
activated splenocytes (6 X 10° PFU per culture), confirming
the ability of transgenic murine T lymphocytes to support MV
infection. In a parallel set of experiments, T lymphocytes were
activated in other ways (anti-CD3 antibodies and interleukin-2
or phorbol myristate acetate and ionomycin). However, the
efficiency of MV replication was lower than that observed after
MLR activation (data not shown), demonstrating the ability of
MLR cultures to provide activated murine T lymphocytes
highly sensitive to MV infection.

The ability of murine B lymphocytes to produce infectious
MV in vitro after purification and activation was then tested. B
lymphocytes were purified from the spleens of transgenic and
control mice, infected with one of the three strains of MV
(Hallé, Lec-Ki, or TT), washed, and activated either with the
F(ab’), fragment of anti-Ig (Fig. 4C) or with LPS (Fig. 4D). A
virus production equivalent to or higher than that detected
with T cells was observed and reached its maximum on day 2
after infection (Fig. 4C and D; Table 1). However, in contrast
to the other cell types analyzed, activated nontransgenic mu-
rine B lymphocytes were as potent as transgenic B lymphocytes
in sustaining MV replication, indicating that MV can enter into
activated murine B cells in the absence of CD46. This was
observed regardless of the agent used for B-cell activation
(LPS or anti-Ig) or the virus strain used for infection (Hallé,
Lec-Ki, or TT) (Fig. 4C and D). However, the level of MV
production by activated B cells differed with the MV strain,
since a lower level of MV replication was observed with the
wild-type TT MV strain.
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FIG. 3. Expression of MV-specific RNA in different types of infected CD46
transgenic murine cells. RNA was prepared from different murine cell types and
was analyzed by RT-PCR for the expression of MV-specific transcripts for NP, F,
and H and control transcript (G3PDH). B and T lymphocytes were activated by
LPS and MLR, respectively, before infection, and all cells were infected with 1.0
PFU of MV (Hall¢ strain) per cell. (A) The kinetics of infection was monitored
1, 3, or 5 days after infection, depending on the cell type. NI, noninfected cells.
(B) Semiquantitative analysis of F-specific RNA expression in MV-infected
transgenic macrophages and activated transgenic B lymphocytes, tested on day 3
after infection. PCR amplifications of F- and G3PDH-specific sequences were
performed with serial dilutions of cDNA.



VoL. 70, 1996

A B

. 108 104
=
a
> 0
e D_:/:"{\:
g 1D"|
2
g 10
g ij t: 10
E

14 [} . v r r

v 1 2 3 4 5 6 o 1 2 3 4 5
c D
162 10%

5
£ 100
;1021 i
=
4 103]
£ 10
R 1024 'ﬁa
E

] ————— 10 e S

0 1 2 3 4 5 0 1 2 3 a4 s

Cays after infection

FIG. 4. Kinetics of MV infection. Cells were derived from CD46 transgenic
(open symbols) or BALB/c (filled symbols) mice and infected with MV, and the
kinetics of the production of infectious MV particles was monitored by infection
center assaying. All cell types were initially infected with either 1 or 0.1 PFU per
cell; since similar results were obtained, only data for 0.1 PFU per cell are shown.
(A) Primary cell culture from murine lungs; (B) splenocytes activated in MLR;
(C) B lymphocytes activated by the anti-Ig F(ab’), fragment and interleukin-2;
(D) B lymphocytes activated by LPS and infected with three different strains of
MV (squares, Hallé; triangles, Lec-Ki; circles, TT). The results are expressed as
numbers of PFU derived from 2 X 10° infected cells.

To confirm the ability of transgenic murine lymphocytes to
support MV infection in vitro, we analyzed the ability of in-
fected cells to produce MV-specific envelope glycoprotein H
and consequently down-regulate CD46 from the cell surface
(Fig. 5). T and B lymphocytes were isolated from the spleens of
transgenic and control mice, stimulated as described above,
and infected with MV (Hallé strain). Cells were taken 72 h
later and were analyzed by cytofluorometry with biotinylated
MAD specific for either MV H protein or CD46. The presence
of H protein was detected on activated T- and B-cell-infected
CD46 transgenic lymphocytes (Fig. SA and C), although the
latter expressed H much better than the former. When non-
transgenic infected lymphocytes were analyzed, H was ex-
pressed on B lymphocytes but was not detectable on T lym-
phocytes, in agreement with the observation that
nontransgenic B but not T lymphocytes are permissive for MV.

During MV infection, viral H acts as a ligand for CD46 (12,
22). It was reported that during MV infection, concomitantly
with the appearance of MV H protein on the cell surface,
CD46 was down-regulated by internalization (35). We investi-
gated whether CD46 down-regulation could occur in infected
murine lymphocytes expressing transgenic CD46 glycoprotein.
Transgenic murine lymphocytes were analyzed for CD46 ex-
pression 72 h after MV infection and were compared with the
same type of noninfected lymphocytes cultured under the same
conditions (Fig. 5B and D). Reduction in CD46 expression was
easily detectable in both types of murine lymphocytes, confirm-
ing H expression on T cells and being more pronounced in B
cells, corresponding to the higher level of H expression in these
cell populations. These results demonstrate that in MV-in-
fected transgenic murine T and B lymphocytes, the CD46 mol-
ecule is susceptible to the same phenomenon of down-regula-
tion that has been described for human lymphocytes.
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To further evaluate the permissivity of murine lymphocytes
for MV in vitro, the rates of MV production in different CD46-
expressing murine cell types was compared with those of pro-
duction from activated human lymphocytes and two cell lines
(murine lymphoma cells transfected with CD46 [M12.CD46]
and the human lymphoma cell line Jurkat [Table 1]). Under
our experimental conditions, we detected MV production from
the Jurkat cell line that was 20 times higher than that from
activated human lymphocytes. A similar ratio was observed
between the M12.CD46 cell line and transgenic murine T lym-
phocytes, although transgenic murine B lymphocytes produced
MV at a level close to that of the murine B-cell line. In addi-
tion, these results demonstrate that PHA-activated human
lymphocytes produce six times more infectious MV particles
than activated transgenic murine T lymphocytes and only three
times more than activated transgenic murine B lymphocytes,
indicating the similarities between human and murine lympho-
cytes in the ability to replicate MV.

MYV-infected macrophages derived from CD46 transgenic
mice transcribe MV genes but do not produce viral proteins or
infectious virus. Since monocytes and macrophages were
shown to be one of the first targets of MV infection in humans
(9, 29), we tested the ability of transgenic murine macrophages
to support MV infection. Two populations of murine macro-
phages were analyzed, peritoneal macrophages and bone mar-
row-derived macrophages cultured in the presence of GM-
CSF. When obtained from transgenic mice, both macrophage
populations expressed CD46 (Fig. 2C and F). We first analyzed
the ability of infected macrophages to transcribe MV genes.
Macrophages were infected with MV (Hallé strain) and
washed, and at various time intervals, RNA was extracted and
analyzed by RT-PCR with an oligo(dT) primer for RT, as
described above. Active primary transcription of MV-specific
NP, F, and H genes was detected in CD46-expressing macro-
phages only when they were infected with MV and was present
in infected bone marrow-derived macrophages (Fig. 3A) as
well as in peritoneal macrophages and bone marrow-derived
macrophages activated by gamma interferon or LPS before
infection (data not shown). In contrast to infected lympho-
cytes, the most abundant message for all three MV genes was

TABLE 1. Replication of MV in CD46 transgenic murine cells
and human cells”

MV production
(PFU/well)”

MI2.CDAO.....oerttictsct st seaen
Nonactivated murine T lymphocytes.. .
Activated murine T lymphocytese...........ccoovviivininicninnnnas
Nonactivated murine B lymphocytes..........ccccceeuvivieinnennnenne.
Activated murine B lymphocytes©.
Murine macrophages..........cccccue.
Activated murine macrophages®..

Cell type

C

Activated human peripheral blood lymphocytes©................ . 3% 10*

¢ Cells were infected with 0.1 PFU per cell for 3 h, washed thoroughly, and
added into culture. When the same quantity of MV was cultured in the absence
of cells under the same conditions for 24 h, no infectious MV remained (fewer
than 100 PFU).

® Infected CD46 transgenic murine and human cells (2 X 10°) were taken at
different time points and added into the culture with Vero cells. The kinetics of
virus production was monitored for each cell type, and the values shown corre-
spond to the peaks of virus production (48 h for Jurkat cells and 72 h for all other
cells).

¢ Purified murine T lymphocytes were activated by MLR, purified murine B
lymphocytes were activated by LPS, bone marrow-derived and peritoneal mac-
rophages were activated by LPS, and human lymphocytes were activated by PHA
as described in Materials and Methods.
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FIG. 5. Expression of MV glycoprotein H and down-regulation of the CD46 molecule on MV-infected transgenic murine lymphocytes. T lymphocytes (A and B)
and B lymphocytes (C and D) were taken on day 3 after MV infection (Hallé strain), washed thoroughly, and stained with either biotinylated anti-H MAb cl.55 (A and
C) or anti-CD46 MAb MCI20.1 (B and D) and then were labeled with avidin-phycoerythrin. (A and C) ...., avidin-phycoerythrin labeling only; ——, infected
transgenic lymphocytes; — — —, infected nontransgenic lymphocytes. (B and D) ... ., avidin-phycoerythrin labeling only; ——, infected transgenic lymphocytes; — — -,

noninfected transgenic lymphocytes.

detected in macrophages soon after infection (day 1) and de-
creased gradually with time (days 3 and 5). The intensity of the
MV-specific message in infected macrophages was compared 3
days after infection with that in infected B lymphocytes by
semiquantitative RT-PCR, and transcription of the F gene was
detected in both cell populations (Fig. 3B). In addition, the
ability of infected macrophages to produce MV-specific RNA
was confirmed by Northern blot analysis (data not shown).
We then tested whether NP, F, and/or H proteins were
synthesized in infected transgenic murine macrophages. In-
fected cells were analyzed by cytofluorometry after immuno-
labeling for the intracellular and membrane expression of
these three proteins with specific MAb. Neither NP, F, nor H
protein was detected intracellularly or on the cell membranes
of transgenic mouse macrophages infected with MV (Fig. 6A
and C). As controls, Macl and invariant chain antigen could be
readily detected on the cell surface and intracellularly, respec-
tively, and MV antigens were detected in P815.CD46 cells
infected with MV in the same experiment (Fig. 6B and D).
Synthesis of MV proteins N, H, and M was also analyzed by
immunoprecipitation in metabolically labeled infected macro-
phages and P815.CD46 cells. Although a strong level of pro-
duction of MV proteins was observed in infected P§15.CD46
cells, we failed to detect any significant MV protein synthesis in
infected macrophages (data not shown). These results indicate
that a block of MV replication in murine macrophages lies
between virus transcription and protein synthesis.
Nonactivated and gamma interferon- or LPS-activated mac-
rophages were infected with the three different strains of MV
(Hallé, Lec-Ki, and TT). The ability to produce MV was mon-
itored from 1 to 7 days after infection for either peritoneal
macrophages or bone marrow-derived macrophages. However,
no virus production was observed under any of the experimen-

tal conditions tested (Table 1), demonstrating that CD46 trans-
genic murine macrophages are not capable of supporting the
full cycle of MV replication, of which the other transgenic
murine cell types are capable.

DISCUSSION

Transgenic mice expressing the human receptor for MV
were generated to develop a murine model of MV infection.
Since a small animal model susceptible to MV infection does
not currently exist, CD46 transgenic mice might be very useful
in the analysis of the immunopathology of MV infection. In-
deed, it has been demonstrated that transgenic mice expressing
a human poliovirus receptor become sensitive to infection by
this virus and could serve as a new model for poliomyelitis (18,
39). We developed transgenic mice ubiquitously expressing
CD46. The tissue-specific expression of the transgene differs
slightly, at least quantitatively, from that reported for human
tissues (16, 17), and such an altered specificity of receptor
expression may influence the progress of MV infection in vivo.
Indeed, our initial attempts to infect CD46 transgenic mice
were unsuccessful (14a). However, we could demonstrate that
MYV can penetrate into all cell types isolated from these trans-
genic mice and start virus transcription. In addition, similarly
to what has been observed with human cells (35), MV infection
induced the down-regulation of the transgenic CD46 in murine
lymphocytes. Unexpectedly, we found a heterogeneity in the
permissivity of MV infection in vitro among CD46 transgenic
murine cells which can contribute to the apparent resistance of
transgenic mice to MV infection in vivo.

The initial target cells in human infection are thought to be
lung epithelial cells. In our experiments, lung and kidney cells
from CD46 transgenic mice were found to sustain MV repli-
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FIG. 6. Expression of MV-specific proteins in transgenic murine macrophages (A and C) and the murine mastocytoma cell line P815.CD46 (B and D). Cells were
infected with MV (Hallé strain) and 48 h later were analyzed for membrane (A and B) or intracellular (C and D) expression of MV proteins, with anti-H MADb cl.55
(—), anti-F MAD cl.27 (- — -), or anti-NP MAD cl.105 (. . . .). To saturate the Fc receptor, the cells were preincubated with anti-FcyRII MAD (24G2). For the positive
control, the following MAbs were used for staining: anti-Mac-1 (A1) and anti-invariant chain MAb IN-1 (C1); MAbs with irrelevant specificities and with isotypes
identical to the isotypes of the MAbs used for staining were used as a negative control (—).

cation in vitro, although with a modest efficiency. In humans, it
has been reported that the second target cells responsible for
dissemination of MV throughout the body are peripheral
blood mononuclear cells (9, 29, 32). Activated CD46 trans-
genic murine T and B lymphocytes supported MV replication;
they allowed transcription of MV genes, expression of MV
proteins, and production of infectious virions. Similarly to hu-
man lymphocytes, MV replication occurred only when lympho-
cytes were activated. In the various attempts to infect human T
lymphocytes published so far, the polyclonal T-cell activator
plant lectin PHA was used. In addition, this lectin was shown
to enhance cell fusion induced by some viruses (38). In our
experiments, we did not use concanavalin A, the corresponding
polyclonal activator for mouse T cells, since it was shown to
interfere with MV infection (24) and to inhibit release of some
other viruses (37). Mouse T lymphocytes were activated by an
MLR, whereby only a fraction of the T cells was activated,
which could explain the limited amount of virus release that we
observed.

In contrast to human monocytes (40) and murine transgenic
lymphocytes which could replicate MV, murine transgenic
CD46 macrophages are resistant to MV infection. In freshly
isolated or activated infected transgenic CD46 murine macro-
phages (either peritoneal or bone marrow derived), we were
unable to detect any infectious virus progeny or MV protein
expression under any of the conditions that we tried, although
the presence of MV-specific mRNA production showed that
CD46-mediated virus entry was efficient. However, expression
of MV proteins (H, F, or N) was very limited in infected
macrophages. Defects in polyadenylation of MV RNAs would
not be expected, since cDNA was prepared from the polyade-
nylated fraction of total cellular RNA. Our results indicated
that some host factors important for the intermediate step of
MV replication, possibly associated with early phases of the

translation of MV proteins, could be restricted in some specific
tissues. Translation inhibition of MV-specific mRNAs has al-
ready been demonstrated as a consequence of temperature
shifting of persistently infected rat glioma cells, and inhibition
of F protein synthesis was related to a cessation of elongation
of the nascent polypeptide chain (36). A similar observation of
a translational inhibition affecting MV protein synthesis, which
was preceded by an unaffected synthesis of corresponding
mRNA, has been described for human glioma cells as a con-
sequence of their differentiation, while overall protein synthe-
sis of infected cells was not inhibited (43). Certain host cell
proteins have been suggested to be important for MV replica-
tion: B-tubulin (31) and actin (4, 31, 45). Nevertheless, their
roles have been associated with RNA synthesis (B-tubulin) or
the budding process during virus maturation (actin). All of
these findings suggest that murine macrophages lack some
intracellular factor(s) critical for MV replication, which re-
mains unidentified.

We demonstrated that expression of the CD46 receptor is
required for MV replication in activated T lymphocytes and
organ cell cultures, since in its absence the production of MV
particles was negligibly low. However, this was not the case for
the activated B lymphocytes; wild-type murine B lymphocytes,
which did not express CD46 receptor, replicated MV as well. It
has been demonstrated that some murine cell lines could be
infected by MV, although virus replication was severely re-
stricted in the absence of CD46 (49). In our experiments,
nontransgenic murine B cells produced infectious virions as
efficiently as transgenic cells, indicating the existence of an-
other way of virus entry that is particularly associated with B
cells and apparently as effective as the CD46-mediated path-
way. This was not due to the increased level of moesin in
activated B cells, since we did not detect any difference either
in intracellular or in extracellular expression of moesin be-



6680 HORVAT ET AL.

tween B and T cells, either resting or activated (data not
shown). We are currently trying to elucidate the nature of this
other way of MV entry into cells.

Our results demonstrate the utility of CD46 transgenic mice
as a source of different cell types for the analysis of factors of
permissivity for MV infection and elucidation of the mecha-
nisms of MV entry and replication. A better understanding of
the nature of host factors critical for MV replication could be
very important for further development of a murine model of
MYV infection. CD46 transgenic mice provide the opportunity
to compare sensitivities to MV infection at least in vitro,
among different tissues and cell types, originating from the
same species and the same genotype. In addition, similarly to
human lymphocytes, MV-infected transgenic murine lympho-
cytes may be sensitive to MV-induced immunosuppression,
and the present transgenic murine model may allow further
functional in vitro dissection of this phenomenon.
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