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The dissemination of the Edmonston measles virus (Ed-MV) vaccine strain was studied with genetically
modified mice defective for the alpha/beta interferon receptor and expressing human CD46 with human-like
tissue specificity and efficiency. A few days after intranasal infection, macrophages expressing Ed-MV RNA
were detected in the lungs, in draining lymph nodes, and in the thymus. In lymph nodes, large syncytia which
stained positive for viral RNA and for macrophage surface marker proteins were found and apoptotic cell death
was monitored. In the thymus, smaller syncytia which stained positive for macrophage and dendritic cell
markers were detected. Thus, macrophages appear to be the main vectors for dissemination of MV infection
in these mice; human macrophages may have a similar function in the natural host. We then compared the
pathogenicities of two recombinant viruses lacking the C or V nonstructural proteins to that of the parental
strain, Ed-MV. These viruses were less effective in spreading through the lymphatic system and, unlike Ed-MV,
were not detected in the liver. After intracerebral inoculation the recombinant viruses caused lethal disease less
often than Ed-MV and induced distinctive patterns of gliosis and inflammation. Ed-MV was reisolated from
brain tissue, but its derivatives were not. C- and V-defective viruses should be considered as more-attenuated
MV vaccine candidates.

A priority in measles virus (MV) research is the develop-
ment of practical animal models for studying viral infection
and evaluating recombinant MVs being developed as novel
vaccines. Currently available vaccines, derived from the live
attenuated strain Edmonston (Ed-MV), are safe and efficient
and have progressively reduced measles-induced fatalities to
less than 1 million per year (8). Their thorough application in
developing countries may lead to measles eradication in the
next decades, but new challenges are rising. First, a growing
population of immunocompromised individuals may be at risk
when inoculated with otherwise very safe vaccine strains (1).
Second, recombinant MV expressing antigens of other patho-
gens are being developed in the hope of producing inexpensive
multivalent vaccines (40). Candidate vaccine strains, more at-
tenuated, multivalent, or both, are or will soon be in demand
for testing. Moreover, MVs with altered cell tropism are being
produced for applications in cytoreductive gene therapy (U.
Schneider, A. Murphy, F. Bullogh, S. J. Russell, and R. Cat-
taneo, Abstract, Gene Ther. 6:S4, 1999), and their safety has to
be tested in animals.

However, the only natural hosts for MV are humans. Pri-
mates, which can be used as experimental measles models (27,
44), are costly and in short supply. This and ethical consider-
ations have driven the development of rodent models for MV
infection. Due to restricted MV replication, however, only
neuroadapted MV strains cause disease in adult mice, and
solely when inoculated intracerebrally (25). Cotton rats, which
were recently shown to be susceptible to intranasal MV infec-
tion (32), are genetically and immunologically poorly charac-
terized compared to mice. Therefore, transgenic mice with
enhanced susceptibility to MV infections were developed (5,

19). In particular, mice expressing in neurons the human reg-
ulator of complement activation CD46 are susceptible to in-
tracerebral infection with Ed-MV (24, 26, 36). Alternatively,
human thymus and liver implants grafted onto immunodefi-
cient SCID mice have been successfully used to compare wild-
type MV, Ed-MV, and Ed-MV-derived recombinant virus
pathogenicities to human lymphatic tissue (2, 42).

More-attenuated candidate recombinant MV vaccine strains,
which include C- and V-protein-defective viruses (34, 38),
should still replicate in animals at levels which are high enough
to efficiently induce immunity. C proteins (3), which are en-
coded in the genera Morbillivirus and Respirovirus, have auxil-
iary functions in viral replication (9, 42). V proteins (7), which
are expressed in most members of the family Paramyxoviridae,
are suspected to have a control role in viral RNA synthesis (22,
41). Infection of human liver and thymus implants of mice (42)
and intranasal infection of cotton rats (43) indicated that in
certain tissues C- and V-defective viruses replicate less effi-
ciently than the parental Ed-MV strain. However, an analysis
of the systemic replication of these viruses in an animal is not
yet available.

The first detailed analysis of lymphatic organ spread and
pathogenesis of Ed-MV and of two Ed-MV-derived viruses in
an animal is presented here. This analysis was possible with
genetically modified mice having a targeted mutation inacti-
vating the interferon receptor type I gene and expressing hu-
man CD46 with the same tissue specificity and efficiency as
humans (Ifnarko-CD46Ge mice) (30). In these animals, upon
intranasal infection with a recombinant Ed-MV expressing a
reporter gene, systemic spread was previously detected (30).
We now show, using histology and a panel of cell surface
markers, that macrophages may be the principal vectors dis-
seminating Ed-MV from the lungs to peripheral organs. It is
also shown that the organismal dissemination of the C- and
V-defective viruses is strongly impaired and that upon intra-
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cerebral inoculation these viruses cause lethal disease less of-
ten than the parental strain.

MATERIALS AND METHODS

Mice and infections. Five- to 7-week-old mice kept under optimal hygienic
conditions and examined periodically for pathogens were infected. These ani-
mals have a targeted mutation inactivating the interferon receptor type I gene
(31), and carry a 400-kb segment of the human genome covering the CD46 gene
and its flanking sequences (20). Therefore, they express human CD46 with the
same tissue specificity and efficiency as humans (30).

Intracerebral inoculations were done along the skull midline with a tuberculin
syringe with a 27-gauge needle. The inoculum consisted of stock virus diluted in
phosphate-buffered saline (PBS); the injection volume was 30 ml. For intranasal
infections, 1 million PFU in a total volume of 50 ml was administered into both
nares. For mock infection, the postnuclear supernatant of uninfected Vero cells
was used. The animals were monitored daily for clinical symptoms.

Viruses. The standard tagged Ed-MV derived from the Edmonston B strain
(35) and recombinant Ed-MV strains defective for C or V nonstructural protein
(C or V defective, respectively) were propagated as described elsewhere (34, 38).
All virus stocks were produced and titrated on Vero (African green monkey
kidney) cells.

Virus reisolation from infected tissue. Tissues (brains and lungs) were re-
moved aseptically, cut with a razor blade, and washed three times with PBS
solution. Blocks of tissue (2 to 3 mm thick) were placed on a subconfluent
monolayer of Vero cells in six-well culture plates, and the cocultures were
incubated for 24 h at 37°C. The tissues and culture medium were removed, and
after extensive washing, the Vero cells were incubated until syncytium formation
was observed. If necessary, the cell cultures were transferred to T75 culture flasks
after 4 days and monitored for syncytium formation during the next 9 days. To
confirm virus isolation, the culture medium was removed and centrifuged for 5
min at 800 3 g, and this cell-free supernatant was added to fresh indicator cells.

MV-specific immunostaining was done with a monoclonal anti-N antibody
(1:500; courtesy of E. Norrby) and a goat anti-mouse antibody coupled to alka-
line phosphatase (AP). The color substrate was a nitroblue tetrazolium–5-bro-
mo-4-chloro-3-indolylphosphate (BCIP) chromogen (Boehringer Mannheim).

Histology, immunohistochemistry, and in situ hybridization. Mice were eu-
thanized with CO2, and the appropriate organs were removed. The tissues were
either immersed in Hanks balanced salt solution and snap frozen in liquid
nitrogen or fixed in 4% PBS-buffered formaldehyde and subsequently embedded
in paraplast by standard procedures. For general histological analysis, sections
were deparaffinized and stained with hematoxylin-eosin (HE) staining solution.

For the staining of cell differentiation markers, frozen tissue sections were cut
in a cryostat at 2- to 3-mm thickness, fixed in acetone for 10 min, and stored at
270°C. Rehydrated tissue sections were incubated with primary rat anti-mouse
monoclonal antibodies against major histocompatibility complex MHC class II
(M5/114; American Type Culture Collection, Manassas, Va.), CD45RABC/B220
(RA3-6B2; PharMingen, San Diego, Calif.), CD4 (YTS 191), CD8 (YTS 169),
F4/80 macrophages (A3-1; American Type Culture Collection), splenic marginal
metallophilic macrophages (MOMA 1; Biomedicals AG, Augst, Switzerland),
follicular dendritic cells (4C11), and interdigitating dendritic cells (NLDC-145;
Biomedicals AG). CD11c was stained with primary monoclonal hamster anti-
bodies (N418). Epithelial-cell-specific immunostaining was done with monoclo-
nal mouse anti-cytokeratin 19 antibodies (Amersham International, Amersham,
United Kingdom). Primary antibodies were revealed by sequential incubation
with AP-labeled species-specific secondary antibodies (Jackson ImmunoRe-
search Laboratories, West Grove, Pa.). For the staining of F4/80 macrophages on
paraplast-embedded tissues, deparaffinized sections were digested with 0.1%
pronase E for 2.5 min and preincubated with 2% fetal calf serum in Tris-buffered
saline. F4/80 antibodies were applied followed by peroxidase-labeled goat anti-
rat antibodies (Jackson). The signal was amplified by the addition of biotinylated
tyramide in the presence of H2O2. This leads to the peroxidase-catalyzed cova-
lent deposition of multiple biotin moieties, which serve as binding sites for the
subsequently added avidin-biotin-AP complexes (Dako AS, Glostrup, Den-
mark). AP was visualized with naphthol AS-BI (6-bromo-2-hydroxy-3-naphtholic
acid-2-methoxy anilide) phosphate and new fuchsin (Sigma Chemical Co., St.
Louis, Mo.) as a substrate, yielding a red reaction product. Sections were coun-
terstained with hemalum. Astrocytes were stained on paraffin sections with
mouse-specific polyclonal anti-glial fibrillary acidic protein (GFAP) antibodies
(Calbiochem, San Diego, Calif.) and biotinylated species-specific secondary an-
tibodies. A colorimetric reaction was performed with the avidin-biotin-peroxi-
dase detection kit (Vector Laboratories, Burlingame, Calif.) with diaminoben-
zidine as a substrate, yielding a brown reaction product.

Detection of MV N mRNA in situ was performed as described previously (30).
Briefly, digoxigenin-labeled N RNA probe (30 pg/ml) was added to prehybridized
paraffin sections under appropriate conditions. The hybridized probe was immu-
nologically detected with a digoxigenin-nucleic acid detection kit (Boehringer
Mannheim).

Pathologic findings in tissue sections. For estimation of brain pathological
signs, samples were graded without knowledge of the experimental groups; each
group consisted of six animals. Both hemispheres from each brain were analyzed
over sagittal or coronal tissue sections.

For estimation of lung pathological changes, at least four lung lobes per animal
were graded for the presence of inflammation, hemorrhage, and hyperemia (six
mice in each experimental group). The following scale was used for reference: 0,
no abnormalities; and 1, weak; 2, moderate; and 3, strong pathological changes.

RESULTS

MV replication and pathogenesis in lungs. Intranasal inoc-
ulation of Ifnarko-CD46Ge mice with Ed-MV results in respi-
ratory infection and prominent lung tissue inflammation (30).
In an attempt to verify if fusion of lung cells occurs, we exam-
ined regions characterized by increased cellularity 3 days after
infection with 106 PFU of Ed-MV. Indeed, multinucleated
giant cells were occasionally observed (Fig. 1A and B); Ed-
MV-specific mRNA was detected in cells forming syncytia as
well as in neighboring cells (Fig. 1C).

To determine which cells infiltrate the lungs and which ones
are infected, we stained consecutive lung sections with anti-
bodies against CD4, CD8, F4/80, MOMA 1, NLCD-145, and
CD11c. Fig. 1D shows a group of cells localized in the alveolar
wall. These cells strongly express Ed-MV mRNA, and since the
consecutive section (Fig. 1E) identifies them as F4/80 positive,
many of these cells may be macrophages. Infected F4/80-pos-
itive cells were also found in respiratory bronchioles, but less
frequently. Similar results were obtained with MOMA 1 anti-
bodies. In addition, Ed-MV mRNA was detected in the lung
epithelial cells, as identified by immunostaining with a cyto-
keratin antibody (data not shown), and in the endothelial cells
of the blood vessels, as recognized by their characteristic mor-
phology, in agreement with previous observations in primates
(27). Ed-MV mRNA was not detected in the lungs of mice
infected with UV-inactivated virus. Thus, in the lungs Ed-MV
replicates in epithelial cells, endothelial cells, and macro-
phages.

To compare the replication and pathogenesis of the C- and
V-defective strains to that of parental Ed-MV, we infected
intranasally groups of six mice with the three inocula. Either
four or all five lung lobes of each animal were analyzed, and
pathological changes were graded on a three-point scale. In
Ed-MV infections, as described before (30), pathological signs
were strongest 6 days after infection (grade 3) and then de-
clined. C- and V-defective viruses induced lower levels of pa-
thology than Ed-MV (grades 2.5 and 2, respectively), and the
strongest pathological signs were observed 12 days after infec-
tion (data not shown).

The composition of the lung infiltrates was then examined
immunohistochemically. Six days after infection the majority of
infiltrating cells were CD4-positive lymphocytes (Fig. 1F) and
F4/80-positive macrophages (Fig. 1H). CD8-positive lympho-
cytes (Fig. 1G) were also present at significant levels. In con-
trast, NLDC-145-positive cells (Fig. 1I) and B220-positive B
lymphocytes (data not shown) were detected at low levels.
Furthermore, the prominent up-regulation of MHC class II
was detected after standard MV infection on cells throughout
the lung in general (data not shown). Thus, at this time after
infection T-cell-driven cellular immune responses are acti-
vated.

MV dissemination in lymphatic organs and in liver. Next,
we characterized histologically the systemic spread of Ed-MV
and of the mutant viruses. Previously, documentation of MV
systemic spread in these mice was based exclusively on the
detection of enzymatic activity of a recombinant virus express-
ing a reporter gene (chloramphenicol acetyltransferase) in pe-
ripheral blood lymphocytes, spleen, and liver (30). Three days
after Ed-MV infection, histological analysis revealed the exis-
tence of large syncytia in the tracheobronchial lymph nodes of
infected animals (Fig. 2A and B). By in situ hybridization,
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Ed-MV transcription in such syncytia was confirmed (Fig. 2C).
It is remarkable that in many instances, including the example
shown, more than 50 nuclei were detected in a single planar
section. In animals sacrificed 6 days post-Ed-MV infection,
pathological signs were considerably less strong.

Ed-MV-induced syncytia were also detected in the other
lymphatic organs: frequently in the thymus (Fig. 2G to J) and
rarely in the spleen (data not shown). Mice infected with C-
defective virus also developed syncytia in draining tracheo-
bronchial lymph nodes (Fig. 2E). However, these were smaller
and appeared less frequently. In contrast, there was no evi-
dence of syncytium formation in animals infected with V-de-
fective virus; only occasionally were single infected cells ob-
served. Interestingly, we monitored apoptotic cell death,
characterized by nuclear condensation and DNA fragmenta-
tion, in syncytia (Fig. 2E) and in the tissue parenchyma near
syncytia (Fig. 2F). These data indicate that MV-induced apo-
ptosis (10) occurs in lymph nodes of Ifnarko-CD46Ge mice.

Next, we asked which cellular markers can be detected by
immunohistochemical analysis of the syncytia. On the tissue
section consecutive to that used to detect viral RNA (Fig. 2C),
strong reactivity with the macrophage marker F4/80 was mon-
itored (Fig. 2D), as with MOMA 1 (data not shown). Other cell
markers reacted weakly or were negative. The same analysis
was repeated on thymic tissue sections: in that organ, not only
the F4/80 macrophage marker (Fig. 2H and I) but also the
CD11c (Fig. 2J) and NLCD-145 markers (data not shown)
reacted with infected syncytia. Thus, cells of different origins,
including dendritic cells, may contribute to these syncytia. MV-
positive cells and syncytia were detected in the thymuses of
animals sacrificed 3 (Fig. 2G and H) to 12 (Fig. 2I and J) days
after infection. Additionally, rare single cells of epithelial-re-
ticular-type morphology expressed MV antigen (data not
shown). Altogether, these data suggest that pulmonary macro-
phages may carry the virus from the lungs to the regional
lymph nodes. Macrophages and dendritic cells may be involved
in Ed-MV infection of the thymus.

Analysis of the lymphatic organs was completed by examin-
ing the spleen, where MV replication was found to be limited.
Nevertheless, in a majority of mice 12 days after infection the
cellular composition and tissue organization revealed signifi-
cant stimulation of B220-positive B cells and increased popu-
lations of F4/80-positive and MOMA 1-positive macrophages
and of 4C11-positive follicular dendritic cells (data not shown).
These events may reflect the stimulation of immune responses
by antigen presentation. We then asked if the stimulation of
the B-cell areas correlated with the establishment of a humoral
anti-MV response. Indeed MV-specific immunoglobulin M
(IgM), IgG1, and IgG2a fractions were detected 14 and 28 days
after infection; Ed-MV induced slightly higher antibody titers
than the C- and V-defective mutants (data not shown). Simi-
larly, virus neutralization tests revealed higher titers for
Ed-MV than for the two defective mutants (data not shown).

The next question was whether C- and V-defective viruses
could spread to a nonlymphatic organ. Since in these mice
Ed-MV replication was previously detected in the liver (30), we
examined that organ. In liver tissue of Ed-MV-infected ani-
mals viral mRNA was detected (Fig. 2L). However, the livers
of animals infected with the C- or V-defective mutants were

negative (data not shown). Thus, the dissemination of C- and
V-defective viruses is considerably more restricted than that of
parental Ed-MV.

Distribution and pathogenesis of MV mutants in the brain.
To further assess the pathogenicity of the C- and V-defective
viruses, we inoculated them into the brains of Ifnarko-CD46Ge
mice. Figure 3 illustrates animal survival following injection
with 105 (Fig. 3A) or 3,000 (Fig. 3B) PFU of C- or V-defective
virus or Ed-MV. At a high dose, only small differences in the
lethalities of the three inocula were evident (Fig. 3A). How-
ever, when less virus was injected, the differences were pro-
nounced: the mortality for both C- and V-defective virus
dropped to about 50%, whereas the mortality for Ed-MV re-
mained about 90% (Fig. 3B). Before dying, all animals showed
clinical signs of neural disease.

We then compared the spread of the three viruses in brain
tissue. Previous studies showed that GFAP, which marks the
reactive astrocyte response to central nervous system (CNS)
injury in general, is a good indicator of Ed-MV replication (6,
30). We verified that the same is true for the C- and V-
defective mutants. As shown for the C-defective virus, there
was indeed a significant colocalization of inflammatory infil-
trations within the brain parenchyma (Fig. 4B), gliosis (Fig.
4C), and viral RNA expression (Fig. 4D). From the compari-
son of the viral RNA expression pattern with the other stain-
ings, it was also evident that virus replication occurred in the
brain parenchyma in both neurons and glial cells.

We then monitored reactive astrocytes 6 days postinfection
in the brains and in the cervical regions of the spinal cords of
animals infected with 3,000 PFU of Ed-MV or of the C- or
V-defective viruses (Table 1). Levels of gliosis were graded in
six animals per group on the following scale: no, few, many, or
clusters of reactive astrocytes. The eight regions listed in Table
1 (localization in Fig. 4A) showed significant pathology. In four
regions, the cortex, hippocampus, caudatus/putamen, and ol-
factorius anterioris lateralis, the extent of gliosis observed in
Ed-MV infections markedly exceeded that observed in C- and
V-defective virus infections. In the corpus callosum and ven-
tricles no significant difference in the extents of gliosis induced
by the three viral strains was observed. Interestingly, in the
posterior regions of the pons and medulla oblongata, and in
the spinal cord, gliosis was more pronounced for C- and V-
defective virus than in standard MV infections. Thus, histolog-
ical analysis revealed mutant-specific distribution patterns of
gliosis in different CNS regions.

To evaluate the cellular compositions of the extensive lym-
phocytic infiltrations monitored by HE staining (Fig. 4B), cell-
specific immunohistology was performed. In infections with
Ed-MV, very abundant CD4-positive T cells and F4/80-positive
macrophage and microglia cells infiltrating both perivascular
regions and the brain parenchyma were detected. CD8-positive
T cells were significantly less abundant, whereas B220-positive
cells were detected at a very low level (data not shown). The
cell infiltrates in the brains of mice succumbing to C- or V-
defective virus infections had the same cellular composition as
those in brains of animals succumbing to Ed-MV infections. In
mock-infected brains, only a few F4/80-positive cells were de-
tected without T- or B-cell infiltration.

FIG. 1. Lung pathology in mice infected intranasally with Ed-MV. (A) HE staining; increased cellular density and indistinct multinuclear giant cells (frame and
asterisks). (B) Enlargement of the frame in panel A. (C) In situ hybridization for MV N mRNA in the tissue section consecutive to that shown in panel A. (D and E)
Colocalization of an MV N mRNA signal (D) and F4/80-specific immunostaining on consecutive tissue sections (E). (F and I) Immunohistochemical analysis of the
cells infiltrating the lungs: the stainings are for CD4 (F), CD8 (G), F4/80 (H), and NLDC-145 (I). Magnification: A and C, 3400; B, 31,250; D and E, 31,000; F to
I, 3250.
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Ed-MV can be reisolated from mouse tissues. We previously
reported some success in recovering Ed-MV by disrupting
brain tissue of infected mice and cocultivating it with Vero cells
(30). We show here that virus can be more efficiently reisolated
from the brains of Ifnarko-CD46Ge mice injected with Ed-MV
by another technique involving the coculture of organ blocks
with permissive cells.

Figure 5A shows MV-specific syncytium formation moni-
tored after coculturing brain blocks obtained from mice inoc-
ulated with 105 PFU of Ed-MV and sacrificed 6 days postin-
fection. Figure 5B shows a negative control in which the same
inoculum was used to infect a wild-type C57BL/6 mouse. The
results of several reisolation experiments can be summarized
as follows. Ed-MV was always recovered from both hemi-
spheres of mice infected with 105 or more PFU, whereas when
3,000 PFU was inoculated, two of four reisolation attempts
were successful. When 3,000 PFU of the C- or V-defective
viruses was inoculated, none of four reisolation attempts were
positive. These results are consistent with the less efficient
propagation of the C- and V-defective viruses.

Finally, we applied the same virus recovery procedure to
lung tissue of Ifnarko-CD46Ge mice infected intranasally with
1 million PFU of Ed-MV and sacrificed 6 days after infection:
two of five reisolation attempts were successful, whereas no
virus was recovered from control infections of C57BL/6 mice.
These results are consistent with a cell-associated mode of
propagation of MV in Ifnarko-CD46Ge mice.

DISCUSSION

Macrophages as vectors for MV dissemination. To further
characterize the infection of Ifnarko-CD46Ge mice with Ed-
MV, their lungs and lymphatic organs were analyzed by his-
tology. Ed-MV replication in the lungs was associated with
multinucleated fused cells localizing in the alveolar walls. The
most prominent specific pathology was in the tracheobronchial
lymph nodes soon after infection: MV-RNA-positive syncytial
cells containing several dozen nuclei were monitored, and ap-
optotic cell death was detected. In these large syncytia and in
smaller ones in the thymus, macrophage surface markers were
detected, suggesting that infected macrophages are the pri-
mary vehicles for dissemination of Ed-MV infections in the
lymphatic organs of Ifnarko-CD46Ge mice. In the thymus,
macrophage and dendritic cell markers were monitored on
syncytia.

Precedents for cell-associated MV dissemination in human
disease exist. MVs causing the lethal neural disease subacute
sclerosing panencephalitis are often, if not always, assembly
defective and therefore cannot propagate lytically (4). Is cell-
associated propagation of significance in the initial stages of
acute human illness? Many observations are consistent with
this. First, measles viremia in humans and monkeys is quanti-
fied by determining the number of MV-infected peripheral
blood mononuclear cells (13, 43, 45). Second, cultured mono-
cytes and dendritic cells produce few infectious virus particles:
maximum yields range between 1 infectious unit per 70 cells
(17) and 1 infectious unit per 500 cells (14). Third, when
monocytic-promyelocytic (U937) cells contact acceptor cells, a
remarkably efficient infection is established (12). Fourth, MV
infection of human endothelial cells is dramatically reduced in
the absence of cell-cell contact (21). Fifth, in the lymphoid
tissue of infected monkeys, virus budding or free viruses were
not detected, but giant cells were (37). Thus, during acute
human illness MV dissemination may occur mostly by fusion of
MV-infected monocytic cells, including macrophages, with
other cells.

Ed-MV can establish persistent infections even in standard
(non-CD46 transgenic) cultured mouse macrophages (16).
Moreover, in mouse macrophage cell lines expressing human
CD46, MV infection causes immediate cytopathic effects with
extensive syncytium formation (23) but it also induces a long-
term antiviral state (18) which may account for inefficient, if
any, MV replication in macrophages of another CD46 trans-
genic mouse (19).

Do macrophages disseminate acute MV infections in hu-
mans? This possibility has often been discussed, but experi-
mental evidence for it is sparse. Monocytes, the macrophage
precursors, are the major MV target cells in humans (11).

FIG. 3. Survival of Ifnarko-CD46Ge mice after intracerebral inoculation with
three different MV strains. Solid circles, Ed-MV; open circles, V defective;
triangles, C defective. (A) 105 PFU; (B) 3,000 PFU. The numbers of animals in
each group were as follows: panel A, 19 Ed-MV, 12 C defective, and 11 V
defective; panel B, 19 Ed-MV, 20 C defective, and 20 V defective. p.i., postin-
fection.

FIG. 2. MV-induced pathology in lymphatic organs and liver. (A to D) Syncytia in lymph nodes 3 days postinfection. (A and B) HE staining; the asterisk and the
frame indicate multinuclear giant cells. (C) In situ hybridization for MV N mRNA. (D) F4/80-specific immunostaining in consecutive tissue sections. (E and F) HE
staining of apoptotic cells (arrows) in the lymph nodes: pycnotic nuclei in a syncytium (E) and in the tissue parenchyma (F). (G to J) Cytopathic effects in the thymus
3 days (G and H) and 12 days (I and J) after MV intranasal inoculation. (G to I) Fused cells by HE staining (G), F4/80 immunostaining (H and I), and CD11c
immunostaining (J). (K and L) Liver tissue by HE-staining (K) and MV N mRNA-specific in situ hybridization of the consecutive section (L). Virus strains: panels A
to D and F to L, Ed-MV; panel E, C-defective virus. Magnification: panel A, 380; panels B to E, 31,250; panels F to J, 31,100; panels K and L, 3400.
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FIG. 4. Brain pathology 14 days after intracerebral inoculation with the C-defective virus (3,000 PFU). (A) Mouse CNS regions with the most prominent
pathological changes. C, cortex; CC, corpus callosum; CPU, caudatus/putamen; OAL, olfactorius anterior lateralis; LV, lateral ventricles; HI, hippocampus; P, pons;
MO, medulla oblongata; SC, spinal cord. (B to D) Histological sections showing inflammatory infiltration (HE staining) (B), gliosis (GFAP immunostaining) (C), and
viral RNA expression (MV N-specific in situ hybridization) (D) in the caudatus/putamen region. The asterisks on each panel indicate the same area of the consecutive
sections. Magnification, 3250.

TABLE 1. Reactive astrocytes in the CNS of Ifnarko-CD46Ge mice inoculated with three different MV strainsa

Brain region Virus
Amt of reactive astrocytes

Clusters Many Few None

Cortex Ed-MV xxx xxx
C defective x xxxxx
V defective xxxxx x

Corpus callosum Ed-MV xxx xx x
C defective x xx xxx
V defective xx x xxx

Hippocampus Ed-MV xxxx xx
C defective x xxx xx
V defective xxxx xx

Caudatus/putamen Ed-MV xxxx xx
C defective xx xxxx
V defective xxx xx x

Olfactorius anterior lateralis Ed-MV xxxxx x
C defective xxx xx x
V defective x xxxx x

Ventricles Ed-MV xx xxxx
C defective xxx xxx
V defective x xxx x x

Pons and medulla oblongata Ed-MV xxx xxx
C defective x xx xxx
V defective xx xxx x

Spinal cordb Ed-MV xxxx
C defective xxxxx
V defective xx xx

a Six animals per group; each x represents one animal.
b The spinal cords of only four animals infected with Ed-MV and V-defective virus and five animals infected with C-defective virus were examined.
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Interestingly, immature myelomonocytic cells do support pro-
ductive virus infection, whereas MV release is inhibited in
mature macrophages, in spite of the availability of considerable
amounts of viral proteins (17). These facts do not imply that
macrophages are less important than monocytes for MV dis-
semination: restriction of particle release may favor accumu-
lation of viral glycoproteins at the cell surface and thus cell-cell
fusion. Moreover, in patients with acute measles and in the
lymphoid tissue of MV-infected rhesus monkeys macrophage-
like multinucleated giant cells were found (27, 29, 39). Thus,
even if cultivated human macrophages do not release virus,
circulating macrophages may disseminate MV infection by
cell-cell fusion.

More-attenuated vaccine strains. Biologically attenuated
Ed-MV is a safe vaccine, but very rarely it causes disease in
immunocompromised patients (1, 28). Since inactivated MV
vaccines are not effective in preventing disease (33), more-
attenuated derivatives of available replicating strains may be
needed to vaccinate such patients. Could the Ed-MV-derived
C- and/or V-defective viruses be those more-attenuated vac-
cines? Even if only primate experiments can give a definitive
answer to that question, a classification of the relative patho-
genicity of recombinant MV can now be attempted based on
results obtained in other in vivo systems.

Using thymus and liver implants engrafted into SCID mice,
Valsamakis et al. (42) observed that the C-defective virus
reached slightly lower titers than parental Ed-MV but its

pathogenicity for the human implant tissues appeared to be
maintained. The V-defective virus reached titers similar to
those of the parental strain but with slower replication kinetics,
and its pathogenicity was diminished. Replication of the V-
defective virus was also examined in cotton rats, where viral
titers in the lungs were reduced less than 10-fold (41).

The lung pathology induced in Ifnarko-CD46Ge mice by C-
and V-defective viruses was only slightly reduced compared to
that of Ed-MV, but systemic spread of the C-defective virus
was markedly reduced: smaller virus-induced syncytia were
detected in draining lymph nodes of infected animals and none
in the thymuses. Even more strikingly, the V-defective virus
did not induce any overt pathology in lymphatic organs of
Ifnarko-CD46Ge mice. Replication of neither the C- nor the
V-defective viruses was detected in the liver, and these viruses
were less lethal than the parental strain when inoculated in-
tracerebrally. Thus, the C- and V-defective viruses are indeed
considerably more attenuated than Ed-MV in animals.

Can these viruses be expected to have similar attenuation
characteristics in humans? Ifnarko-CD46Ge mice cannot rely
on a functional alpha/beta interferon system, and thus data
obtained for these animals will underestimate the effects of
viral proteins counteracting the interferon system. Interest-
ingly, one of the several C proteins of another paramyxovirus,
Sendai virus, does prevent establishment of the antiviral state
by counteracting interferon induction (15). If the only MV C
protein has similar characteristics, the virulence of C-defective
viruses may be overestimated. Nevertheless, our data indicate
that silencing the MV C protein does result in attenuation in
vivo and thus suggest that this protein has at least one other
function.

Results obtained with Ifnarko-CD46Ge mice also allow com-
parison of the pathogenicities of different classes of MV mu-
tants. In particular, following intracerebral inoculation with
3,000 PFU of viruses with small alterations in the cytoplasmic
tails of the envelope proteins (6) or with a mutated fusion
protein activation sequence (25a), lethality of both classes of
virus was reduced to near zero compared to about 50% with C-
and V-defective viruses. Thus, it appears that certain alter-
ations of the envelope proteins have more profound conse-
quences for Ed-MV pathogenicity in Ifnarko-CD46Ge mice
than complete silencing of C and V protein expression.

Finally, the characterization of the immune responses to
different recombinant MVs showed not only neutralizing anti-
bodies but also early and significant infiltration of CD4 and
CD8 T lymphocytes in tissues where MV replicates and stim-
ulation of B-cell areas in the spleen. Thus, strong humoral and
cellular immune responses are generated during experimental
infection of Ifnarko-CD46Ge mice. In the perspective of vac-
cine development, it is now important to further define the
immune response generated to Ed-MV in our practical exper-
imental system.
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