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Mortality from measles is caused mostly by secondary infections associated with the depression of cellular
immunity. The mechanism of immune suppression and the role of virus strain differences on the immune
system are incompletely understood. SCID-hu mice were used to determine the effects of virulent, wild-type
(Chicago-1) and avirulent, vaccine (Moraten) strains of measles virus (MV) on the human thymus in vivo.
Chicago-1 replicated rapidly, with a 100-fold decrease in numbers of thymocytes, whereas Moraten replicated
slowly, without significant thymocyte death. Productive MV infection occurred not in thymocytes but in thymic
epithelial and myelomonocytic cells. Wild-type MV infection of thymic stromata leads to induction of thymocyte
apoptosis and may contribute to a long-term alteration of immune responses. The extent of thymic disruption
reflects the virulence of the virus, and therefore the SCID-hu mouse may serve as the first small animal model
for the study of MV pathogenesis.
human immunodeficiency virus (HIV) (2, 9, 27, 33, 45), cytomegalovirus (CMV) (29), and varicella-zoster virus (31) infection. These human coimplants develop into phenotypically
normal and functionally competent thymuses with complete
T-cell lymphopoietic lineages (24, 26). SCID-hu mice with
Thy-Liv implants were used to determine the effects of a recent
U.S. wild-type isolate (Chicago-1 [Chi-1]) and an avirulent,
attenuated-vaccine strain (Moraten [Mor]) of MV on thymus
cells in vivo.

Measles virus (MV) infection remains a significant cause of
morbidity and mortality accounting for more than 1 million
deaths annually, especially among infants and young children
in developing countries (19). Most deaths are due to secondary
infections which appear to be a consequence of MV-induced
immune suppression (7, 28). The suppression of delayed-type
hypersensitivity reactions was first described in 1908 by von
Pirquet, who noted the disappearance of tuberculin skin test
reactions during and after recovery from measles (49). This
may be due in part to a skew toward type 2 T-cell responses
which favor antibody production while suppressing type 1 cellmediated responses (50, 51). Although malnutrition and limited access to medical care may be contributing factors, the
severity of measles in the young remains without clear explanation (6, 41). MV infects the thymus during human and primate illness (23, 30, 38, 40, 52), and we postulated that this may
contribute to immune suppression, particularly in infants. Thymic cellular disruption and necrosis have been reported following measles-related deaths, but these findings have been
difficult to relate directly to virus infection (10–12).
Strains of MV differ in virulence, but the basis for attenuation of the vaccine strains is unknown. Since MV is a human
pathogen, studies of pathogenesis and the determinants of
virulence have been hampered by the lack of a suitable animal
model. Rodents can be successfully infected with neuroadapted strains, but these nervous system infections bear little
resemblance to typical human measles (25). Primates can be
infected but display clinical disease infrequently, and extensive
monkey studies of measles pathogenesis are impractical (47).
Immunodeficient SCID mice with coimplants of human fetal
thymus and liver cells (Thy-Liv) placed under the murine kidney capsule have been useful for the study of certain aspects of

MATERIALS AND METHODS
MV infection of SCID-hu mice. SCID-hu mice with Thy-Liv implants were
constructed as previously described (34). All animals were cared for in accordance with guidelines set by animal care committees of Johns Hopkins University
School of Medicine and of SyStemix. Animals were anesthetized with ketamine
(200 mg administered intraperitoneally) and methoxyflurane (3%) for procedures associated with implantation and viral inoculation. Vero cell-derived viral
stocks (Chi-1 and Mor) or mock-infected Vero cell supernatants (103 PFU in
final volumes of 30 to 50 ml per implant) were injected intrathymically with a
30-gauge needle. Experimental results are a compilation of three experiments.
For all time points, three animals were used per virus with the exception of day
21 with Mor, for which five animals were used. One mock-infected animal was
assessed per time point. Chi-1 and Mor strains of MV were kindly provided by
William Bellini and Paul Rota, Centers for Disease Control and Prevention. The
Bilthoven strain was generously provided by A. D. M. E. Osterhaus, Erasmus
University, Rotterdam, and propagated on phytohemagglutinin (2.5 mg/ml)-stimulated human cord blood mononuclear cells.
Assessment of viral titer and thymocyte cell number. At intervals, Thy-Liv
implants were harvested and divided into thirds. One-third was completely homogenized, frozen, and thawed, with the resultant supernatant titered onto Vero
cell monolayers as previously described (1). Another third was gently disrupted
to release thymocytes into ice-cold phosphate-buffered saline (PBS). Portions of
the cells were stained with 0.1% trypan blue, and dye-excluding cells were
counted with a hemocytometer. The remaining cells of this lot were then used for
flow cytometry. The remaining third of the implant was used for histological
studies.
Thymic histology and immunofluorescence studies. Thymic implants were
either fixed in 4% paraformaldehyde prior to paraffin embedding or freshly
frozen. Paraffin-embedded specimens were stained with hematoxylin and eosin.
Frozen tissues were embedded in Tissue-Tek OCT (Miles, Elkhart, Ind.) and
snap frozen in an isopentane bath. Air-dried sections (5 to 6 mm) were fixed and
permeabilized with ice-cold acetone. For double-immunofluorescent staining,
tissues were incubated with murine monoclonal antibodies directed against MV
hemagglutinin (HA) (either fluorescein isothiocyanate [FITC]-MV HA [F182r;
Accurate, Westbury, N.Y.] or unconjugated MV HA [8905; Chemicon,
Temacula, Calif.]) or MV nucleoprotein (N-25, kindly provided by F. Wild, Lyon,

* Corresponding author. Mailing address: Meyer 6-181, 600 N.
Wolfe St., Baltimore, MD 21287. Phone: (410) 955-3726. Fax: (410)
955-0672. Electronic mail address: dgriffin@welchlink.welch.jhu.edu.
† Present address: Gladstone Institute of Virology and Immunology,
University of California, San Francisco, CA 94141.
3734

Downloaded from http://jvi.asm.org/ on December 13, 2018 by guest

Received 30 November 1995/Accepted 21 February 1996

VOL. 70, 1996

MEASLES VIRUS IN SCID-hu MICE

France) and epithelial marker anti-keratin (AE1/AE3; Boehringer Mannheim,
Indianapolis, Ind.), myelomonocytic marker FITC-CD15 (Leu-M1; Becton Dickinson, Mountain View, Calif.), or thymocyte markers phycoerythrin-CD1a
(Coulter, Hialeah, Florida), FITC-CD2, FITC-CD4, FITC-CD8, or FITC-CD45
(Becton Dickinson). Tissues were washed extensively in PBS containing normal
mouse serum or normal goat serum prior to antibody incubation. Secondary
antibodies used were either a Texas Red-conjugated goat anti-mouse immunoglobulin G (Caltag, South San Francisco, Calif.) or FITC-conjugated goat antimouse immunoglobulin G (Immunotech, Westbrook, Mass.).
Flow cytometry. Suspended thymocytes were washed with cold PBS with 2%
fetal bovine serum (GIBCO, Grand Island, N.Y.). FITC-Leu 2a (CD8) and
phycoerythrin-Leu 3a (CD4) were used as described by the manufacturer (Becton Dickinson). Thymocytes were simultaneously stained with PerCP-Leu 4
(CD3) (Becton Dickinson). A live gate based on forward and side scatter was
used to exclude dead cells and doublets with a single-laser FACScanner (Becton
Dickinson). Separate groups of thymocytes were also stained with FITC-CD2,
CD46 (J4-48; Immunotech) with goat anti-mouse FITC-immunoglobulin G (Immunotech), and propidium iodide (Molecular Probes, Eugene, Oreg.), which was
added to a final concentration of 1 mg/ml 10 min prior to analysis. Statistical
analysis was determined with StatView 4.01 software (Abacus Concepts, Berkeley, Calif.) by an unpaired two-tailed t test.
Determination of thymocyte apoptosis. An adapted terminal deoxynucleotidyl
transferase-mediated dUTP nicked-end labeling (TUNEL) assay (16) used paraffin-embedded specimens that were subsequently deparaffinized, hydrated
through a series of graded alcohols, and permeabilized with proteinase K (10
mg/ml). After dehydration, end labeling was achieved with terminal deoxynucleotidyl transferase (0.75 U/ml) and digoxigenin-labeled dUTP (0.25 nM)
(Boehringer Mannheim) in 30 mM Tris-HCl (pH 7.2)–140 mM Na cacodylate–1
mM cobalt chloride for 1 h at 378C. Slides were washed in 23 SSC (13 SSC is
0.15 M NaCl, 10 mM NaH2PO4, and 1 mM EDTA [pH 7.7]) and PBS before
incubation in alkalinized buffers including 2% normal sheep serum prior to
incubation with sheep anti-digoxigenin antibody (Boehringer Mannheim). Following two more washes, slides were visualized with nitroblue tetrazolium and an
alkaline phosphatase solution (Boehringer Mannheim) with levamisole added to
block endogenous phosphatases. Following a sufficient reaction time, slides were
washed, dehydrated, and mounted.

this virus could no longer be recovered at 28 days. Mor remained below limits of detection until 14 days after infection
and then rose in titer until 28 to 35 days (103.9–4.1 PFU per
one-third of implant). Wild-type and attenuated MV strains
have been reported to replicate similarly in vitro but with
different plaque morphologies (1). Studies of the kinetics of
replication of Chi-1 and Mor in Vero cells differed in that
Chi-1 produced new virus 2 days earlier than Mor, but both
reached similar peak titers (106 PFU/ml) by days 2 and 5,
respectively (data not shown). The extensive differences in
replication rates between Mor and Chi-1 in Thy-Liv implants
appear to reflect unique in vivo biologic properties of these
strains of MV.
MV strain-dependent effects on thymic microenvironment.
Replication of Chi-1 was associated with a 100-fold decrease in
the number of viable thymocytes recoverable per implant compared with that of the mock-infected controls (Fig. 2). Despite
the production of slowly increasing amounts of Mor, thymocyte
numbers remained unchanged and similar to those of controls.
Thymuses infected with Chi-1 were virtually devoid of normal
thymocytes by day 14 (Fig. 3C), whereas those infected with
Mor (Fig. 3B) maintained cellularity and architecture similar
to those of uninfected controls (Fig. 3A). Despite a rising viral
titer at day 35, Mor-infected implants remained relatively undisturbed histologically (Fig. 3D). Higher magnification (data
not shown) revealed marked thymocyte pyknosis and nuclear
condensation in implants infected with Chi-1 starting at day 4.
Only occasional pyknotic cells were seen in Mor-infected implants, and no such cells were seen in mock-infected controls.
There also was evidence of extensive thymic stromal cell vacuolization and nuclear fragmentation in Chi-1-infected implants.
To determine whether there was a preferential loss of specific thymocyte subpopulations, MV-infected Thy-Liv implants
were examined by flow cytometry. Declines in cell numbers
were most marked in the CD41 CD81 population (Fig. 4) in
Chi-1-infected implants with a concomitant relative rise in the
percentage of cells in the CD42/lo CD82/lo population. The
rise in this latter thymocyte population following Chi-1 infection (Table 1) correlated with a loss of the thymocyte marker

RESULTS
Replication of MV within Thy-Liv implants. Thy-Liv implants were infected by direct intrathymic inoculation with 103
PFU of either Chi-1 or Mor. All SCID-hu mice remained
without clinical signs of illness during this study. Peak viral
titers (Fig. 1) were reached with Chi-1 4 to 10 days after
infection (mean, 105.0–5.7 PFU per one-third of implant), and

FIG. 2. Effects of infection with two strains of MV on thymocyte numbers in
SCID-hu Thy-Liv implants. Data represent total viable thymocyte numbers obtained from one-third of each implant, based on cells excluding the trypan blue
stain (0.1%).
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FIG. 1. Growth of two strains of MV in Thy-Liv implants. SCID-hu mice
were infected by direct inoculation of the Thy-Liv grafts with 103 PFU of either
a wild-type strain (Chi-1) or an attenuated strain (Mor) of MV. Thy-Liv implants
were harvested from three or five mice from each group at intervals over 35 days.
Viral titers were assessed from cell-free homogenates taken from one-third of
the implant. Data are plotted as geometric means 6 standard errors of the
means.
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CD2 and an increase in the number of cells showing propidium
iodide staining, indicating that these thymuses contain fewer
viable thymocytes. This population of CD4lo CD8lo cells (Fig.
4C) appears to be composed primarily of dead and dying cells
not excluded by gating rather than true CD42 CD82 doublenegative thymocytes. There was a small decrease in the percentage of CD41 CD81 thymocytes after Mor infection with
increases in single-positive thymocytes, but CD21 and pro-

pidium iodide-positive cell percentages remained similar to
those of mock-infected implants through day 35 (Table 1).
Six SCID-hu implants infected with a different wild-type
strain, Bilthoven, (originally isolated and then propagated on
human cells) produced thymocyte losses at 7 and 14 days similar to those of Chi-1-infected implants. This suggests that
thymic changes due to wild-type viruses are not a result of
passage on nonhuman cell lines or unique to the Chi-1 strain.

FIG. 4. Representative flow-cytometric analyses of thymocyte subpopulations following wild-type Chi-1 MV infection. Thymocytes were analyzed for expression of
CD4 and CD8. (A) Mock-infected implant. Thymocytes from Thy-Liv implants 7 days (B) and 10 days (C) following Chi-1 infection are shown.
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FIG. 3. MV effects on the thymic microenvironment examined from hematoxylin- and eosin-stained sections of paraffin-embedded Thy-Liv implants. (A)
Mock-infected Thy-Liv implant, showing thymocytes in densely packed cortices and less densely populated medullas and Hassall’s corpuscles. (B) Thy-Liv implant 14
days after infection with Mor, showing maintenance of normal architecture. (C) Thy-Liv implant 14 days following Chi-1 inoculation, showing complete loss of
thymocytes. (D) Thy-Liv implant 35 days following Mor infection, demonstrating an intact microenvironment. Magnification, 3400.
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Mor
(n 5 3)

17.3 6 5.4
12.1 6 6.7
66 6 14.7
4.7 6 2.6
97.6 6 0.6
6.9 6 2.2

Chi-1
(n 5 3)

14.7 6 1.5
11.7 6 2.5
71.3 6 2.9
2.0 6 0.6
98.8 6 0.4
2.3 6 0.8

Mor
(n 5 3)

19.1 6 6.2
14.4 6 5.5
4.1e 6 3.4
62.2d 6 8
77.1e 6 3.4
18d 6 2.3

Chi-1
(n 5 3)

8.8 6 1.6
10.6 6 2
72.4 6 4.4
8.2 6 1.5
98.6 6 0.2
0.9 6 0.5

Mor
(n 5 3)

11.7d 6 3
10.5 6 3.1
33.2 6 12.5
35.5 6 18.6
60.6d 6 10
21.4 6 10

Chi-1
(n 5 3)

34.5 6 1.7
17.6 6 1.1
41.9 6 0.9
6.1 6 3.2
98.8 6 0.2
8.9 6 1.6

Mor
(n 5 5)

0.3 6 0.1
0.7 6 0.2
0.1 6 0.1
98.9 6 0.3
1.6 6 0.9
77.8 6 9.1

Chi-1
(n 5 3)c

26.9 6 2.6
13.8 6 2.1
57.4 6 4.8
1.7 6 0.1
98.7 6 0.3
4.5 6 0.5

Mor
(n 5 3)

23.7 6 1.7
15.1 6 1.5
53.4 6 3.8
7.3 6 4.1
98.8 6 0.6
3.7 6 0.8

Mor
(n 5 3)

7
14
21

Mean 6 SE from indicated MV-infected or control cells on day postinfectiona:

DISCUSSION

28
35

The thymus is an important target organ for MV infection,
but the role of thymic infection in long-term immune suppression, the cellular localization of MV replication, and the roles
of MV-strain-specific effects in thymic disruption have not
been defined. Using a SCID-hu thymic implant model, we have
shown that MV replicates primarily in epithelial and monocytic
cells and that an attenuated virus strain replicates more slowly
and induces markedly less cellular disruption. In vitro, MV
replicates in a wide variety of human and monkey cells, including thymic epithelial cells (39). In this study in vivo, infection of
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Chi-1
(n 5 3)

15.9 6 0.9
18.5 6 6.8
64.4 6 7.5
1.1 6 0.1
99.7 6 0.1
3.1 6 1.0

2

Control
(n 5 12)

9.9d 6 1.7
51.2d 6 5.2
37.1d 6 3.6
1.8 6 0.3
99.8 6 0.0
1.8 6 0.1

NAb

14.6 6 0.5
7.0 6 0.4
77.1 6 0.7
1.1 6 0.2
99.4 6 0.1
2.7 6 0.6

TABLE 1. Expression of CD4, CD8, and CD2 and viability assessment by staining with propidium iodide after infection of Thy-Liv implants with MV strains Chi-1 and Mor

Cell type(s)

CD41 CD82
CD42 CD81
CD41 CD81
CD42 CD82
CD21
Propidium iodide positive

a
The data represent means of percentages of the specified cell populations or of cells that stained with propidium iodide 6 standard errors of these percentages.
b
NA, not applicable.
c
P , 0.0001.
P , 0.05.
P , 0.001.

d

e

Cellular localization of MV replication. To determine if
productive MV infection was responsible for the decrease in
thymocyte number, thymocytes were stained for the MV viral
envelope glycoprotein HA, which is present on cells undergoing active viral replication (18), and for the MV receptor CD46
(membrane cofactor protein) (35), which is downregulated
during productive infection with many MV strains (36, 42).
There was no evidence of thymocyte expression of MV HA or
downregulation of CD46 during infection with either Chi-1 or
Mor by flow cytometric analysis. This was true of both dead
and dying as well as live cells (data not shown). Therefore,
there was no evidence of productive MV infection in thymocytes.
Immunofluorescent colocalization (Fig. 5) on sections from
MV-infected Thy-Liv implants was used to identify the cells
replicating MV. Extensive MV HA expression was found in
thymic epithelial stromal cells expressing human cytokeratins
(Fig. 5c) as well as in cells expressing CD151, a myelomonocytic marker (Fig. 5f). No colocalization of MV HA was seen
with antibodies to T-cell markers CD1a, CD2, CD4, or CD45.
Immunofluorescent staining with nucleoprotein-specific monoclonal antibody showed a pattern similar to that observed with
the HA-specific antibody (data not shown). This mimics the
known in vivo tropisms of MV for monocytes and epithelial
cells (14, 37). MV HA was present throughout the epithelial
stromata in both thymic cortexes and medullas by day 10 during Chi-1 infection, while the distribution was patchy with Mor
infection. When the presence of MV HA was correlated to
thymic morphology viewed by phase-contrast microscopy, regions of Chi-1 replication correlated precisely with the areas of
thymocyte pyknosis and depletion (data not shown). This suggests that thymic disruption is due to the MV effects of local
replication in the thymic epithelia.
Wild-type MV induces thymocyte apoptosis. Apoptotic cell
death is characterized by DNA fragmentation without evidence of cell necrosis and represents a normal outcome for
most thymocytes in vivo (32). Because thymocytes undergo
negative selection while in intimate association with thymic
stromal epithelial cells (48), the wild-type Chi-1 strain may
induce the depletion of thymocytes by epithelially directed
apoptosis. Thymocytes following Chi-1 infection (Fig. 6B to C)
display a large shift toward dead and dying cells, suggestive of
apoptosis, compared with the pattern of cells in mock-infected
implants (Fig. 6A). Additional evidence of thymocyte apoptosis was obtained by TUNEL assay, using a digoxigenin-labeled
antibody recognizing dUTP attachment to free 39 OH ends of
DNA (Fig. 6D to F). Chi-1 infection induced significant thymocyte DNA fragmentation by day 4 (not shown), and all
thymocytes were apoptotic by day 7 (Fig. 6F). Mor infection
was comparable to mock infection at early time points (Fig.
6E), with less than 5% apoptotic cells even late in infection
(day 35) when higher viral titers were reached (not shown).
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thymic epithelial cells with wild-type MV, but not the attenuated vaccine strain, is associated with thymocyte depletion.
Infection with virulent MV caused complete thymocyte loss
in SCID-hu mice and did so without productive infection of
thymocytes. Wild-type MV induces apoptosis in Vero cells and
a monocytic cell line in vitro (15). Here we show that the
apoptotic depletion of thymocytes by wild-type MV is mediated indirectly by infections of thymic epithelial stromata,
causing disruption of the thymic microenvironment that normally supports and aids in the selection of immature T cells.
SCID-hu mice have also been instructive for the study of HIV
(2, 9, 27, 33, 45), CMV (29), and varicella-zoster virus (31), and
researchers using these mice have been able to discriminate
between syncytium-inducing and nonsyncytial HIV isolates
(22). HIV and varicella-zoster virus induce depletion of CD41
thymocytes (2, 9, 31), but CMV does not (29). Proposed mechanisms of HIV-related thymocyte depletion include direct infection of CD41 cells and precursors, causing apoptosis (9, 22),
indirect mechanisms of thymocyte depletion (46), and disruption of the thymic epithelia (45, 46). Attenuated MV strains
such as Mor appear to behave more like CMV (29), which
replicates primarily in thymic epithelial cells without having a
significant effect on the thymocytes. Well-recognized inducers
of thymocyte apoptosis include radiation (43), glucocorticoids
(13), cross-linking of the T-cell receptor (44), and growth factor withdrawal (8). Viral infection and thymocyte death have
also been described with bovine herpesvirus I (17), chicken
anemia virus (21), mouse thymus virus (4), and infectious bur-

sal disease virus (20). However, most of these viruses appear to
directly infect thymocytes. Therefore, wild-type MV appears to
be the first infection which mediates thymocyte apoptosis
wholly by infection of thymic epithelia rather than by thymocyte infection. Potential mechanisms may include a death signal or thymus-specific hormonal withdrawal from MV-infected
epithelial cells.
Clinical MV infection generally induces a profound leukopenia that is mainly a T-cell lymphopenia with little change in
the peripheral CD4:CD8 ratio (3). MV infection of thymuses
has been noted for both humans and primates (23, 30, 38, 40,
52); however, how routinely the virus affects thymuses during
measles is not known. Thymic effects alone cannot account
entirely for the lymphopenia. MV effects on thymuses and
peripheral T-cell populations may be enhanced by the effects
of MV on the repertoire of T-cell receptor Vb chains, resulting
in long-term alterations in T-cell responses (5). The effects of
acute thymocyte loss may be of particular importance for the
maturing immune systems of infants and young children who
are responding to many new antigenic challenges. Therefore,
part of the long-term immune suppression seen with MV infection may be due to infection of thymic epithelial stromata
with subsequent loss of thymocytes, thereby affecting subsequent development and function of the peripheral T-cell compartment.
The SCID-hu mouse model is the first small animal model
which discriminates virulent from avirulent strains of MV.
Since little is known concerning the virulence factors of MV,
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FIG. 5. Immunofluorescent colocalization of MV HA and cellular antigens in Thy-Liv implants 7 days after inoculation with Chi-1. Shown is a photomicrograph
following staining to detect MV HA antigen (FITC) (a), human cytokeratin (Texas Red-labeled secondary antibody) (b), MV HA antigen and human cytokeratin (which
show the colocalization of MV to thymic epithelia with the characteristic reticular pattern of the stromata surrounding unstained thymocytes) (c), CD15 (FITC), a
myelomonocytic marker (d), MV HA antigen (Texas Red-labeled secondary antibody) (e), and CD15 and MV HA (showing colocalization to myelomonocytic cells)
(f). Magnification, 3640.
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SCID-hu mice may provide an experimental model for the
study of MV pathogenesis and potentially for testing future
live-attenuated vaccines.
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FIG. 6. Analysis by flow cytometry and TUNEL assay of thymocyte cell death following Chi-1 and Mor infection. Flow cytometric analyses of ungated thymocytes
are shown with mock-infected cells (A) and with thymocytes 7 days (B) and 14 days (C) following Chi-1 infection. TUNEL assays of paraformaldehyde-fixed sections
from Thy-Liv implants are shown with mock-infected cells (D) and with implants 7 days following Mor infection (E) and 7 days following Chi-1 infection (F). Darkly
stained cells contain extensive DNA fragmentation suggestive of apoptosis. Magnification, 3525 by phase-contrast microscopy.
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