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One of the major mechanisms by which measles virus (MV) infection causes disease and death is suppres-
sion of the immune response. The nonresponsiveness of MV-infected human lymphocytes to mitogens and a
partial block in the G0/G1 phase of the cell cycle observed in vitro is thought to reflect in vivo immunosup-
pression. In order to molecularly dissect MV-induced immunosuppression, we analyzed expression of surface
activation markers and cell cycle-regulatory proteins in MV-infected human T lymphocytes. MV Edmonston
(MV-Ed) could induce and maintain a high level of the early activation marker CD69 in the absence of
proliferation. Expression of cyclins D3 and E, which positively control entry into S phase, was also significantly
decreased. Analysis of inhibitors of progression into S phase showed that a high level of p27 was maintained
in the G0/G1-blocked subpopulation of MV-Ed-infected cells compared to the proliferating MV-infected cells.
Furthermore, cell cycle-related upregulation of retinoblastoma (Rb) protein synthesis did not occur in the
MV-Ed-infected lymphocytes. Acridine orange staining, which distinguishes cells in G0 from cells in G1, showed
that RNA levels were not upregulated following activation, which is consistent with cells remaining in a G0
state. Although expression of surface activation markers indicated entry into the cycle, intracellular Rb and
RNA levels suggested a quiescent state. These results indicate that MV can uncouple activation of T lympho-
cytes from transition of G0 to G1.

Measles virus (MV) remains one of the main causes of infant
mortality in developing countries, where it is responsible for
one to two million deaths per year. The morbidity associated
with measles is due in large part to suppression of the host’s
immune defenses that accompanies MV infection, thereby in-
creasing sensitivity to secondary infections (15, 20). Abnormal
cellular immune responses have been reported to last up to 6
months after disappearance of the rash (14, 35). Further, de-
spite the use of an effective live attenuated vaccine, outbreaks
regularly occur in industrialized countries.

In vivo, one of the distinguishing features of the MV-in-
duced immunosuppression has been a nonresponsiveness to
recall antigens, such as tuberculin or vaccinia virus (5, 12, 33).
Remission of an autoimmune disease, lipoid nephrosis, has
been observed during measles (3, 18). In vitro infection of
lymphocytes also leads to depressed lymphoproliferative re-
sponses to mitogen and antigen (17, 32).

Following stimulation of T cells, activation and proliferation
are tightly regulated by the cell cycle machinery. Transition of
cells from a G0 resting phase to G1 phase, followed by pro-
gression through the G1 phase, is characterized by a cascade of
activation events that lead up to S phase. rRNA is upregulated
upon entry into G1, in order to allow translation of gene prod-
ucts involved in proliferation. Cyclins and cyclin-dependent
kinases (Cdk) as well as their inhibitors dictate G1-S-G2-M
transitions via their respective syntheses and degradations (30).
During G1, the D-type cyclins as well as cyclin E form com-
plexes with Cdk to phosphorylate retinoblastoma (Rb) protein
and allow initiation of S-phase events (1, 10, 21, 24, 36). En-

dogenous inhibitors regulate cyclin-Cdk activity at different
points of the cycle. p27 and p21, universal Cdk inhibitors,
prevent transition to S phase (31). p27 is constitutively ex-
pressed in quiescent cells and decreases upon activation, thus
relieving the inhibition it exerts on Cdk complexes (5, 7). p21
is not constitutively expressed and can be induced by a variety
of pathways, including p53 expression or activation (31).

Previous work in this laboratory has indicated that in vitro,
MV induces G1 arrest in the cell cycle, thus explaining the lack
of lymphoproliferative responses (25, 26, 37). In the present
work, we extended these findings by precisely defining when
the block occurs and by characterizing the cell cycle-regulatory
proteins affected. We have observed that only a subpopulation
of the MV Edmonston (MV-Ed)-infected cells are completely
arrested. These cells do not upregulate RNA synthesis, and
they show an overall decrease in expression of Rb and an
elevated level of the Cdk inhibitor p27.

MATERIALS AND METHODS

T-lymphocyte preparations, culture conditions, and MV infection. Peripheral
blood mononuclear cells (PBMC) were isolated by Ficoll-Hypaque centrifuga-
tion from normal healthy donors. Adherent cells were eliminated by 2 h of
adherence to tissue culture-treated plastic. Anti-CD19-conjugated magnetic
beads (Dynal) were used to deplete B cells. The remaining enriched T cells were
.90% pure as measured by surface staining for CD3. Lymphocytes were cul-
tured in RPMI medium supplemented with 10% heat-inactivated fetal bovine
serum, 50 U of penicillin per ml, and 50 mg of streptomycin per ml. Lymphocytes
were cultured at a concentration of 106 cells/ml.

MV-Ed (American Type Culture Collection, Rockville, Md.), passaged and
plaqued on Vero cells, was used to infect cells at a multiplicity of infection of 0.8
to 1 PFU/cell. T lymphocytes were incubated with the virus stock for 3 h at 37°C.
The cells were pelleted and resuspended in culture medium containing 2 mg of
phytohemagglutinin (PHA; U.S. Biochemicals) per ml and 50 U of IL-2 (Na-
tional Cancer Institute Biologicals, Bethesda, Md.) per ml.

Infectious-center assays were performed by incubating dilutions of MV-Ed-
infected T cells with Vero cell monolayers for 1 h at 37°C and overlaying them
with agarose. After 6 days, cells were fixed and stained with crystal violet and
plaques were counted as described previously (11).
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Antibodies and cell surface labeling for flow cytometry. Antibodies to surface
markers (CD69, CD71, and CD25) were purchased from Pharmingen, San Di-
ego, Calif. Antibodies to cell cycle-regulatory proteins came from various sourc-
es: antibodies to cyclins D3 and E were from Santa Cruz, Santa Cruz, Calif.;
antibodies to cyclin A, Rb, and p21 were from Pharmingen; and antibody to p27
was from Transduction Laboratories, Lexington, Ky.). Antibody I41 to MV
hemagglutinin was kindly provided by Ewa Bjorling at the Karolinska Institute,
Stockholm, Sweden.

In order to label T lymphocytes for flow cytometry, cells were incubated for 30
min with primary antibody in phosphate-buffered saline containing 1% fetal
bovine serum and 0.05% sodium azide. Cells were washed twice and incubated
with a secondary antibody conjugated to phycoerythrin. After 30 min of incuba-
tion, cells were washed and fixed in 1% formaldehyde. Flow cytometry was
performed on a FACScan (Becton Dickinson), and intact cells were gated by
using forward-scatter and side-scatter parameters to eliminate debris and to
count only cells that were alive prior to fixation.

Cell proliferation assays and cell sorting. To measure bromodeoxyuridine
(BrdU) incorporation, 72-h cultures of T lymphocytes were pulsed for 24 h with
a 13 mM solution of BrdU (Sigma, St. Louis, Mo.). Cells were then fixed in
ethanol, and DNA was denatured by incubation in 2 N HCl–0.5% Triton X-100
buffer. After the cells were washed, staining was done with an anti-BrdU anti-
body conjugated to fluorescein isothiocyanate (Pharmingen). Acquisition and
analysis of the cells were done on a FACScan (Becton Dickinson).

To measure cell proliferation by fluorescence decrease of carboxyfluorescein
succidimyl ester (CFSE; Molecular Probes, Eugene, Oreg.), T cells were labeled
with CFSE prior to infection. Labeling was carried out for 10 min at 37°C at a
concentration of 2 3 106 cells/ml in culture medium containing 50 mM CFSE.
Cells were washed three times to remove unincorporated dye and cultured with
PHA and interleukin-2 (IL-2). After 4 days in culture, cells were either analyzed
by flow cytometry or sorted on a FACStar into high-fluorescence (nonprolifer-
ating) and low-fluorescence (proliferating) cell populations. Cells were also lysed
in sample buffer for sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blotting.

Acridine orange staining. To measure the DNA and RNA content of cells,
4-day cultures of MV-Ed-infected or noninfected lymphocytes were permeabil-
ized with 80 mM HCl–0.1% Triton X-100–150 mM NaCl for 20 s, followed by
addition of a staining buffer (37 mM citric acid, 126 mM Na2HPO4, 150 mM
NaCl, 1 mM EDTA) containing 6 mg of acridine orange (Molecular Probes) per
ml as described previously (8). Flow cytometric analysis of the cells was imme-
diately carried out on a FACScan by using FL1 to measure DNA and FL3 to
measure RNA.

Western blot analysis of cell cycle-regulatory proteins. MV-Ed-infected or
noninfected lymphocytes were lysed after PHA stimulation and 4 days of culture.
Cells were lysed at 2 3 107 to 4 3 107 live cells/ml of lysis buffer (100 mM
Tris-HCl, 4% SDS, 30% glycerol, 250 mM dithiothreitol). Equal quantities of
protein were subjected to SDS-PAGE, and proteins were transferred onto poly-
vinylidene difluoride (PVDF) membranes (Millipore). The membranes were
blocked in 1% blocking reagent (Boehringer Mannheim, Mannheim, Germany).
Membranes were probed with various antibodies, and incubation was done in
Tris-buffered saline (TBS)–0.5% blocking buffer for 2 h or overnight. Mem-
branes were washed in TBS–0.1% Tween 20, and for murine primary antibodies,
membranes were incubated first with a rabbit anti-mouse secondary antibody
followed by protein A-125I (Amersham, Arlington Heights, Ill.). For rabbit pri-
mary antibodies, membranes were incubated directly with protein A-125I. Mem-
branes were extensively washed in TBS–0.1% Tween 20, sealed in plastic
pouches, and exposed to Kodak Biomax film at 270°C.

RESULTS

MV-Ed infection partially inhibits mitogen-induced T-cell
proliferation. In order to assess the percentage of cells enter-
ing S phase after PHA stimulation, we used the thymidine
analogue BrdU to label proliferating T cells. Lymphocytes
from the blood of healthy donors were isolated by Ficoll-
Hypaque centrifugation. T-cell enrichment to .90% purity
was done by eliminating adherent cells and depleting B cells
with magnetic beads conjugated to an anti-CD19 antibody. The
T cells were mock infected or infected with MV-Ed at a mul-
tiplicity of infection of 0.8 and cultured with PHA and IL-2. At
72 h postinfection (p.i.), mock- and MV-Ed-infected T cells
were pulsed with BrdU for 24 h and an anti-BrdU-fluorescein
isothiocyanate antibody was used to detect the BrdU-positive
cells. A 50% inhibition of entry into S phase was observed for
MV-Ed-infected T cells compared to mock-infected T cells.
Fifty percent of the mock-infected cells entered S phase, com-
pared with 21% of the MV-Ed-infected cells over the 24-h
BrdU pulse.

Since primary mitogen-stimulated T cells are not synchro-
nized, we set up an assay to precisely detect the number of cell
divisions occurring over a 4-day period in live cells. T cells were
labeled with CFSE. This dye is colorless outside of the cell, and
upon activation by cellular esterases inside the cell, CFSE
binds to NH2 groups in the cytoplasm and becomes fluores-
cent. After labeling and stimulation of the cells, each cell
division can be visualized by flow cytometry as a twofold de-
crease in fluorescence resulting from the CFSE being distrib-
uted to the daughter cells. Moreover, the CFSE assay allows
separation of the MV-Ed-infected proliferating population
from the MV-Ed-infected nonproliferating population.

Monitoring the percentage of growth-arrested cells by this
technique gave a more refined image of the proliferation ki-
netics of MV-Ed-infected T cells (Fig. 1). However, this assay
did not allow us to determine whether the growth-arrested
cells were in G0 or G1 of the cell cycle. A 50% inhibition of
proliferation was observed at 4 days p.i., thus corroborating the
results obtained with BrdU incorporation. Forty percent of
MV-Ed-infected T cells proliferated, compared to 80% of
mock-infected T cells. Furthermore, the subpopulation of MV-
infected cells that did proliferate did so more slowly than did
their mock-infected counterparts (Fig. 1C). The percentage of
MV-infected proliferating cells varied between 30 and 55%,

FIG. 1. Profile of proliferation of mock- and MV-Ed-infected T cells assayed
with CFSE. T cells were labeled with CFSE, which fluorescently labels cells at 5
mM, mock (bold curve) or MV-Ed (fine curve) infected, and cultured with PHA
(2 mg/ml) and IL-2 (50 U/ml). Cells were analyzed by flow cytometry for their
decrease in fluorescence at 24 h, 72 h, and 4 days p.i.
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depending on the blood donor, but results were reproducible
when the assay was repeated with numerous donors. In these
experiments, .95% of the T cells were infected; the entire
proliferating population was infected and only the nonprolif-
erating fraction contained noninfected cells as determined by
surface MV hemagglutinin expression (data not shown). Fur-
thermore, both populations of MV-infected cells contained
equal numbers of MV-producing cells (one to two plaques/10
cells) as determined by cocultivation of T cells with Vero cells
in an infectious-center assay. The infectious-center assay was
performed after separating the growth-arrested high-fluores-
cence CFSE-labeled cells from the low-fluorescence prolifer-
ating cells by sorting on a FACStar.

These results suggest that although the cells are productively
infected, only a subpopulation of T cells is susceptible to a
complete proliferative block induced by MV-Ed. The pheno-
type of this subpopulation of cells did not correlate with the
expression of CD4, CD8, CD45RA (naive T-cell), or CD45RO
(memory T-cell) markers or with intracellular gamma inter-
feron production (data not shown).

MV-Ed-infected T cells express normal levels of G1-phase
activation antigens and maintain a high level of CD69 expres-
sion compared to mock-infected T cells. To determine whether
the PHA-IL-2-stimulated T cells underwent proper activation
and expression of G1 activation markers, the cells were surface
stained for these markers. The expression of the earliest acti-
vation marker, CD69, and later markers of G1 progression,
CD25 (IL-2 receptor a [IL-2Ra]) and CD71(transferrin recep-
tor), was measured at various times p.i. by flow cytometry with
specific antibodies. Upon activation of T cells, CD69 is ex-
pressed rapidly within 5 to 24 h poststimulation and then the
expression level decreases. At 24 h p.i., mock- and MV-Ed-
infected cells expressed similar levels of CD69 (Fig. 2A). At
72 h, however, mock-infected cells began downregulating
CD69 expression whereas MV-Ed-infected cells did not (Fig.
2B). At 4 days p.i., most mock-infected cells no longer ex-
pressed CD69, whereas the majority of MV-Ed-infected cells
still expressed a high level of CD69 (Fig. 2C). MV-Ed infection
of nonstimulated T cells led to 40% of the cells expressing
CD69 in the absence of proliferation (Fig. 2D). These obser-
vations were consistent over repeated experiments.

CD25 and CD71 expression levels were also monitored (Fig.
3). At all time points tested, CD71 molecules were expressed at
similar levels on both mock- and MV-Ed-infected cells as
shown previously (26) (Fig. 3A). However, CD25 expression
was upregulated more slowly on MV-infected cells than on
mock-infected cells (Fig. 3B). CD69, CD71, and CD25 were
not expressed on unstimulated T cells (data not shown).

MV-Ed infection leads to decreased expression of late G1/
S-phase cyclins D3, E, and A. In order to determine whether
the cell cycle block induced by MV-Ed was related to the
dysregulation of one or more cell cycle regulatory proteins, the
protein levels of certain key regulators in the G1-to-S transition
were analyzed. Protein expression of the positive regulators of
entry into S phase, such as cyclin D and cyclin E, as well as that
of inhibitors, such as p27 and p21, was assessed by Western
blotting. Mock- or MV-Ed-infected T cells were lysed in SDS-
PAGE sample buffer 4 days p.i., and cellular proteins were
probed with antibodies specific to the cell cycle regulators of
G1-to-S phase transition. Figure 4A and B show that MV-Ed
infection led to decreased expression of cyclin D3 and cyclin E,
which play a role in phosphorylation of the Rb protein leading
to entry into S phase. Densitometry analysis showed that
MV-Ed infection led to an approximately threefold decrease in
cyclin D3, while cyclin E was decreased sevenfold. Expression
of cyclin A, an S-phase cyclin, was also reduced in MV-Ed-

infected cells, likely due to inefficient passage of the cells into
S phase (Fig. 4C). As a control, blots probed with antibodies
specific to actin showed equal levels in MV-Ed-infected cells
and mock-infected cells (Fig. 4D). The Western blots are rep-
resentative examples of 5 to 10 experiments carried out on cells
from different donors.

Activated nondividing MV-Ed-infected T cells do not down-
regulate expression of the universal Cdk inhibitor p27. Ex-
pression of inhibitors of Cdk activity also regulates entry into S
phase. p27kip1, which inhibits all Cdk, is constitutively ex-
pressed in quiescent cells, thus inhibiting passage to S phase. In
normal lymphocytes, p27kip1 expression decreases upon stim-

FIG. 2. MV-Ed-infected T cells upregulate but do not downregulate CD69
after stimulation compared to mock-infected T cells. T cells were labeled with
CFSE, mock (bold curve) or MV-Ed (fine curve) infected, and left unstimulated
(D) or cultured with PHA (2 mg/ml) and IL-2 (50 U/ml) (A to C). Cells were
surface labeled with antibodies specific to CD69 followed by a secondary phy-
coerythrin-conjugated immunoglobulin and then analyzed by flow cytometry at
24 h, 72 h, and 4 days p.i. Panel D shows CD69 expression on nonstimulated T
cells at 72 h p.i.
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ulation to relieve the block in Cdk activity. Expression of other
Cdk inhibitors, such as p21cip1, can be induced in response to
DNA damage via the p53 protein.

Expression of these inhibitors was first analyzed by perform-
ing Western blotting with specific antibodies on lysates from
unsorted mock-infected and MV-Ed-infected T cells. We did
not observe a difference in p27 expression and observed no
significant induction of p21 in lysates from unsorted cells (Fig.
5A). The total population of MV-Ed-infected T cells was then
sorted on a FACStar in order to separate the growth-arrested
cells remaining highly fluorescent after CFSE labeling from the
low-fluorescence proliferating cells having diluted their CFSE
content. These sorted populations were then lysed and probed
by Western blotting. The level of p27 expression was higher in
growth-arrested MV-Ed-infected cells than in proliferating
MV-Ed-infected cells. The p27 block was thus maintained in
MV-Ed-infected arrested cells but not in MV-Ed-infected pro-
liferating cells (Fig. 5B). p21, however, was expressed at similar
levels in both populations of sorted cells (Fig. 5B). These
results suggest that MV-Ed, in addition to leading to a de-
crease in cyclin expression, also prevents the p27 block from
being lifted.

MV infection suppresses Rb synthesis and upregulation of
rRNA. The observed decrease in G1 cyclin levels suggested that
Rb hyperphosphorylation was occurring less efficiently in MV-
Ed-infected cells. Rb protein expression is upregulated during

the G1 phase and appears as a hypophosphorylated 110-kDa
species. Rb becomes progressively hyperphosphorylated by cy-
clin-Cdk complexes, resulting in a 114-kDa form at the G1/S
phase boundary. The Rb phosphorylation state was therefore
analyzed by Western blotting. Mock- or MV-Ed-infected T
cells were lysed at 4 days p.i., and the cellular proteins were
probed with an antibody to Rb that recognizes both the hypo-
and hyperphosphorylated forms (clone G3-245; Pharmingen).
Rb protein was undetectable in unstimulated cells (Fig. 6, lane
1). Analysis of the level of expression of Rb revealed an ap-
proximately sevenfold decrease in the total Rb protein level in
MV-Ed-infected cells. Both the hypophosphorylated G1-phase
form and the hyperphosphorylated S-phase form of Rb were
underexpressed compared to the levels in noninfected cells
(Fig. 6). If the nonproliferating MV-Ed-infected fraction had
been blocked in a classical G1 phase, we would expect the same
overall quantity of Rb to be present in MV-Ed-infected and
noninfected cells, with an increased relative proportion of the
hypophosphorylated form of Rb in MV-Ed-infected cells. This
would be observed even in a mixed population of growth-
arrested and proliferating cells. However, no difference was
observed in the relative proportions of the hypophosphory-
lated Rb species present in MV-Ed-infected T cells. Since
PHA-stimulated lymphocytes are not synchronized, it is likely
that both the hypo- and the hyperphosphorylated Rb proteins
in these samples represent the cycling subpopulation. Thus, the

FIG. 3. Activation markers CD25 and CD71 are expressed on MV-Ed-infected cells following stimulation. Mock-infected (bold curve) or MV-Ed-infected (fine
curve) T cells were cultured with PHA and IL-2. At various times, cells were surface labeled with antibodies specific to CD25 or to CD71 followed by a secondary
phycoerythrin-conjugated immunoglobulin. Analysis was done by flow cytometry.
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low level of Rb expression in MV-Ed-infected cells suggested
an inability to enter G1 phase from G0.

Since the pattern of Rb expression was inconsistent with the
expression of G1 cell surface activation markers, we used the
technique of acridine orange staining of RNA as an alternative
method to determine whether the growth-arrested cells were in
G1 or in G0. Progression through the cell cycle is associated
with an increase in cellular RNA content. As approximately
80% of total cellular RNA is rRNA, and resting G0 cells have
5- to 10-fold fewer ribosomes than do cycling cells, acridine
orange staining discriminates between G0 cells with few ribo-
somes and G1, S, and G2 cells with a much higher level of
ribosomes (9).

Acridine orange is a metachromatic dye that is absorbed and
emitted at very different wavelengths when bound to double-
stranded versus single-stranded nucleic acids. When interca-
lated into double-stranded DNA it fluoresces green, and when
bound to single-stranded RNA it fluoresces red (8). Permeabi-
lization of cells in the presence of EDTA ensures denaturation
of the RNA into single-stranded molecules. MV-Ed-infected
and mock-infected T lymphocytes were stimulated as in previ-
ous experiments, permeabilized, and stained with acridine or-

ange at various times poststimulation. RNA and DNA levels
were assessed by flow cytometry. At 48 h after stimulation and
infection, higher RNA levels could be seen in mock-infected
cells than in MV-Ed-infected cells (Fig. 7A and C). At 4 days
p.i., an increase in DNA content was seen (Fig. 7B), indicating
progression through S phase. The DNA content of most of the
cells in the MV-Ed-infected population did not increase by 4
days p.i. (Fig. 7D), as would be expected in growth-arrested
cells. Nevertheless, the RNA content was also decreased by
approximately 50% in MV-Ed-infected cells (Fig. 7C and D)
compared to that in uninfected cells. If the MV-Ed-infected
cells were arrested in G1, it would be predicted that RNA
levels would increase even if DNA levels did not. These results
suggest, however, that the MV-Ed-infected arrested lympho-
cytes were blocked not in G1 phase but rather in a G0-like
state.

FIG. 4. MV-Ed-infected T cells exhibit decreased expression of cyclins E and
A. T cells were mock or MV-Ed infected, cultured with PHA and IL-2, and lysed
at equal numbers in SDS-PAGE sample buffer at 4 days p.i. Lysates were
subjected to SDS-PAGE, proteins were transferred onto PVDF filters, and blots
were probed with antibodies specific to cyclin D3, cyclin E, cyclin A, and actin
and then incubated with 125I and autoradiographed. Lanes 1 to 3 show non-
stimulated cells, stimulated mock-infected cells, and stimulated MV-Ed-infected
cells, respectively.

FIG. 5. MV-Ed-infected T cells do not downregulate protein expression of
the Cdk inhibitor p27kip following stimulation. T cells were labeled with CFSE,
mock or MV-Ed infected, and cultured with PHA and IL-2. At 4 days p.i.
unsorted cells were either lysed (A) or sorted on a Becton Dickinson FACStar
cell sorter according to their fluorescence intensity (high fluorescence [nonpro-
liferating cells] and low fluorescence [proliferating cells]) and then lysed (B). Cell
lysis, SDS-PAGE, and protein blotting were carried out as described in Materials
and Methods. Blots were then probed with antibodies to p27kip and p21cip. Lanes
1 to 3 show nonstimulated cells, stimulated mock-infected cells, and stimulated
MV-Ed-infected cells, respectively. Numbers on the right are molecular masses,
in kilodaltons.
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DISCUSSION

This work demonstrates that two populations of MV-Ed-
infected cells can respond differently to mitogenic stimulation.
The majority of the MV-Ed-infected cells undergo activation
but do not upregulate rRNA synthesis necessary for cell cycle
progression. G1 cyclins and Rb are expressed at lower levels

and a high level of the Cdk inhibitor p27 is maintained. Despite
the expression of G1-phase activation markers, such as CD69,
the lymphocytes are in a quiescence-like G0 state in terms of
rRNA production and DNA synthesis.

We have extended previous studies documenting normal
activation marker expression in MV-infected T lymphocytes
(25, 37). There are conflicting reports in the literature con-
cerning IL-2Ra/CD25 surface expression on MV-Ed-infected
stimulated T cells. Previous work in our laboratory has shown
no difference in IL-2Ra expression between stimulated mock-
and MV-Ed-infected T cells (25), whereas a study by Bell et al.
(2) has shown a downregulation of IL-2Ra surface expression
in MV-Ed-infected antigen-stimulated T-cell clones and mito-
gen-stimulated bulk PBMC. We found that mitogen-induced
upregulation of IL-2Ra expression on MV-Ed-infected cells is
slower than on mock-infected T cells up to 72 h p.i., reaching
equal levels of expression by 4 to 5 days p.i. Thus, a likely
explanation for these discrepancies is that Bell et al. (2) ana-
lyzed upregulation of IL-2Ra at 48 h p.i. and not later time
points. McChesney et al. (25, 26) analyzed the cells at 24 and
48 h p.i. after stimulation with tetradecanoyl phorbol acetate-
ionophore. This combination is a stronger T-cell activator than

FIG. 6. Upregulation of Rb protein is impaired in MV-infected stimulated T
cells. T cells were mock or MV-Ed infected, cultured with PHA and IL-2, and
lysed at equal numbers in SDS-PAGE sample buffer at 4 days p.i. Lysates were
subjected to SDS-PAGE, proteins were transferred onto PVDF filters, and blots
were probed with anti-Rb clone G3-245 (Pharmingen). Lanes 1 to 3 show non-
stimulated cells, stimulated mock-infected cells, and stimulated MV-Ed-infected
cells, respectively. The number at the left is a molecular mass, in kilodaltons.

FIG. 7. Upregulation of cellular RNA is severely impaired in MV-infected T cells stimulated with PHA. Cultures of mock- or MV-infected stimulated T cells were
permeabilized and stained with acridine orange at 48 h or 4 days after infection and stimulation. The cells were analyzed on a FACScan. The horizontal marker has
been set on nonstimulated PBMC.
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either PHA or antigen stimulation, and so any defect in IL-
2Ra upregulation was likely masked.

Mitogen-stimulated T lymphocytes asynchronously leave G0,
progress through G1, and initiate DNA replication. As cells
enter G1, rRNA synthesis levels increase, allowing the cell to
translate the mRNAs necessary for DNA replication and cell
division. It has been observed that a 50% reduction in trans-
lation is sufficient to cause proliferating cells to withdraw from
the cycle (4). Our results show a 50% inhibition of RNA
synthesis, which is likely sufficient to prevent cells from enter-
ing the cycle. The rate of progression of the cells through S
phase has been shown to be inversely correlated to the number
of ribosomes in a cell. Thus, the duration of S phase varies
from cell to cell, with the shortest S phase lasting 5 h and the
longest lasting up to 30 h (9). Our results in Fig. 1 show that
MV-Ed-infected proliferating cells progress through the cell
cycle more slowly than do mock-infected cells. We can hypoth-
esize that the growth-arrested subpopulation of MV-infected T
cells does not upregulate RNA and thus cannot leave G0, while
the proliferating subpopulation of MV-infected T cells upregu-
lates rRNA less efficiently than do mock-infected T cells and so
progresses through S phase more slowly due to a decreased
number of ribosomes.

Our and others’ results clearly show that MV-infected T cells
express G1 activation markers which, under normal conditions,
are not expressed during G0 phase. This suggests that the
signaling required to induce CD69, CD71, and CD25 mRNA
transcription is likely unaffected by MV-Ed. Furthermore, as
resting cells are not devoid of ribosomes and have a basal level
of translation, these mRNAs could be translated. MV-Ed in-
fection, therefore, appears to have uncoupled activation of
signal transduction from cell cycle progression. This hypothesis
is supported by the high levels of CD69 expression observed in
MV-infected growth-arrested T cells. As there are few, if any,
cases of CD69 expression in the absence of proliferation, many
investigators have used CD69 expression not only as a marker
of activation but also as a marker of proliferation (6, 23). The
extent of upregulation of CD69 has been considered to be a
correlate of the proliferative capacity of mitogen-stimulated
PBMC from human immunodeficiency virus-infected patients
(22). MV-Ed infection therefore uncouples CD69 upregula-
tion from G0-to-G1 transition and from mitogen-induced pro-
liferation.

We have not yet elucidated the mechanism by which MV
induces sustained CD69 expression while maintaining the cell
in a G0-like state. The signals necessary for cell cycle-induced
upregulation of Rb synthesis and rRNA production have not
yet been clearly defined. Furthermore, the role of p27 in these
events is unknown. However, dysregulation of proteins in-
volved in rRNA transcription and processing, such as RNA
polymerase I and nucleolin, could be potential targets for the
observed MV-induced suppression. The observation that MV
may affect resting T cells at a much earlier state than previously
suspected provides a starting point from which to study up-
stream events leading to the perturbation of the cell cycle
machinery (i.e., signal transduction and cytokine production)
as well as a basis for studying downstream effects of this block
(i.e., nonresponsiveness and apoptosis). MV-Ed infection may
have a direct effect on rRNA processing proteins or an indirect
effect via induction of a growth-inhibitory cytokine or trans-
duction of a growth-inhibitory signal. Unlike MV, viruses such
as simian virus 40 and polyomavirus have been shown to lead
to an early increase of rRNA in infected cells. This occurs via
a direct virus effect potentiating a cellular increase in polymer-
ase I transcription (27).

We have studied a population of cells that were infected at

a level of .90%, strongly suggesting that our observation is
most likely due to direct interaction of MV with the T lym-
phocyte. However, we cannot exclude the involvement of a
soluble factor, as reported earlier by Sanchez-Lanier et al. (28).
Studies by others also suggest that MV-induced immunosup-
pression could be due to cytokine imbalances, including a de-
crease in IL-12 production (16, 19, 34). Schlender and col-
leagues, however, did not observe a soluble-factor-mediated
growth suppression but obtained evidence suggesting transmis-
sion of a growth-inhibitory signal from an infected cell to an
uninfected cell (29). Regardless of the upstream cause, the
downstream effect on the cell cycle is likely to be similar.

The question as to whether direct perturbation of the cell
cycle has physiological relevance to immunosuppression re-
mains. In terms of numbers of infected cells, at day 3 of the
rash, it has been observed that approximately 1 in 18 to 1 in 300
PBMC is infected (13). We can assume that the numbers of
infected cells are more elevated at the peak of virus replica-
tion, which occurs before the rash, and that limitations in
detection sensitivity are likely to lead to an underestimation of
the number of infected cells. Furthermore, the infection level
in lymph nodes, where the majority of the lymphoid cells re-
side, has not been determined for humans and is likely to be
significantly higher than the observed numbers of infected cir-
culating PBMC. This conclusion is strongly suggested by recent
observations in the rhesus macaque model of MV infection, for
which infectious-center assays show 5 3 105 50% tissue culture
infective doses of MV present per 106 lymph node cells at day
6 p.i. (38).

Immunosuppression as defined by T-cell nonresponsiveness
is prolonged well after clearance of detectable virus (14). Di-
rect infection may, then, be relevant in the lymph nodes at
early times of infection, while the long-lasting immunosuppres-
sion could be due to downstream events associated with MV
infection. Our studies suggest that MV has different effects on
different subpopulations within the general population of
CD41 and CD81 T cells. The suppression of rRNA and Rb
protein upregulation in a subpopulation of T cells may well
lead to apoptosis of these T cells and/or to a long-lasting
imbalance in T-cell function, including cytokine secretion.
Studies to resolve the molecular and biologic differences be-
tween the two subpopulations of cells (G0-blocked and prolif-
erating MV-infected T cells) are currently under way, as are
investigations of whether the corresponding cell cycle dysfunc-
tions also occur in vivo during acute natural MV infection of
humans or experimental MV infection of macaques.
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