
Introduction
Because of the inability to implement an effective vac-
cination program, measles virus (MV) epidemics still
rage across many developing countries, infecting
approximately 40 million people and resulting in near-
ly 1 million deaths annually (1–4). MV infection is
often associated with a generalized state of immuno-
suppression (1, 2, 4–7), resulting in increased suscepti-
bility to secondary infections that can have a substan-
tial effect not only on the health but in some cases on
the survival of the infected individual (8).

To better understand the mechanisms involved with
MV-induced immunosuppression, we used transgenic
mice (YAC-CD46) expressing a full-length human
CD46 genomic clone that allows for viral replication
and analysis of MV pathogenesis (7, 9). After
intraperitoneal or intravenous inoculation, infectious
MV can be recovered from CD8+ T cells, CD4+ T cells,

B cells, and macrophages by cocultivation on suscep-
tible feeder cells. Moreover, MV RNA and proteins
were expressed in the CNS, cervical, mesenteric, and
peribronchial lymph nodes, Peyer’s patches, spleen,
and peribronchial endothelial cells (7, 10) (our
unpublished data). In our analysis of secondary bac-
terial infection, we used Listeria monocytogenes (LM), a
gram-positive intracellular bacterium. Although other
microbes such as Mycobacterium tuberculosis and Staphy-
lococcus aureus are most frequently associated with
complications of MV infection (1, 2), we chose LM in
this initial study because of its ease of handling, its
low biohazard classification, and our familiarity with
the LM model (11, 12) and because LM has been
reported as an emerging cause of human infections
(13), especially among immunocompromised indi-
viduals (14). LM was also chosen for this study
because both innate immunity and adaptive immune
responses play clearly defined roles in the control of
this infection, thus providing an opportunity to
simultaneously examine MV-associated effects on
both these arms of the immune response to a second-
ary bacterial infection. For instance, innate effector
cells — including activated macrophages, NK cells,
and neutrophils — provide the first line of defense
against LM infection (15). However, sterilizing immu-
nity and protection from reinfection requires effective
T cell–mediated immune responses (16–19) and per-
haps antibodies (20, 21).
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In this report, we examined the effects of concurrent
MV infection on the host immune response to a bacteri-
al infection by LM. Concurrent MV infection resulted in
the suppression of innate immunity, as shown by the
decreased accumulation of macrophages and neutrophils
in the spleen, a major site of LM infection and replication.
In addition, MV infection resulted in a decreased adap-
tive immune response, as indicated by a lower frequency
of IFN-γ–producing CD4+ T cells after concurrent LM
infection. Together, these MV-associated defects in innate
and adaptive immune responses resulted in a decreased
ability to clear the bacterial infection. Such data on how
MV infection suppresses antibacterial immune respons-
es should allow a better understanding of MV pathogen-
esis in infected humans and aid in the development of
improved strategies for treatment.

Methods
Mice. The generation of the YAC-CD46 transgenic
mouse line on the FVB/N background has been
described in detail (7). Mice were bred at The Scripps
Research Institute, screened for expression of the
CD46 transgene (7), and used in the experiments at
7–12 weeks of age.

MV and LM infection of mice. YAC-CD46 transgenic
mice were infected intravenously with 1 × 106 PFUs of
the Edmonston strain of measles virus (7, 22). Five days
after MV infection, mice were coinfected with 2 × 103

CFUs of LM strain 10403s (12). LM CFUs were deter-
mined by homogenization of infected tissues in ster-
ile H2O containing 1% Triton X-100 followed by 
plating dilutions of homogenate onto brain-heart
infusion plates. Colonies were scored after 24 hours
of growth at 37°C.

Flow cytometry and intracellular cytokine staining. Spe-
cific cell types in the spleen were identified using the
following antibodies: macrophages (CD11b), den-
dritic cells (CD11c), NK cells (DX5+CD3–), neu-
trophils (Gr-1+CD3–), B cells (B220), and T cells (CD4
or CD8). All antibodies were purchased from
Pharmingen (San Diego, California, USA).

Annexin V staining. Single-cell suspensions obtained
from spleens were stained for surface antigens (CD4,
CD8, etc.), washed, and subsequently incubated for 15
minutes with Annexin V FITC and 7AAD according to
the manufacturer’s recommendations (Pharmingen).
After staining, cells were immediately acquired with-
out further washes on a FACSCalibur (BD Biosciences,
San Jose, California, USA). To analyze IFN-γ produc-
tion, T cells were stimulated directly ex vivo using anti-
CD3 (clone 2C11, Pharmingen) at a concentration of
0.1 µg/ml in 200 µl of RPMI containing 2 µg/ml
Brefeldin A (Sigma-Aldrich, St. Louis, Missouri, USA),
5% FBS, 2 mM L-glutamine, 20 mM HEPES, and
antibiotics for 6 hours at 37°C with 5% CO2. Cells were
then stained for CD4 or CD8, washed, fixed in 2%
formaldehyde in PBS, permeabilized in 0.1% saponin
in PBS containing 1% FBS, and stained intracellularly
for IFN-γ (Pharmingen). The cells were then washed

and resuspended in 2% formaldehyde before acquisi-
tion of 100,000–200,000 gated events on a FACSCAN
flow cytometer and were analyzed using CellQuest
software (BD Biosciences).

In vivo proliferation assay using BrdU. A BrdU (Sigma-
Aldrich) solution of 0.8 mg/ml in sterile water was
prepared fresh daily and supplied as drinking water
during days 4–6 or days 6–8 after infection. Intracel-
lular detection of BrdU was performed using
reagents and protocols provided by the manufactur-
er (BrdU flow kit; PharMingen).

Statistical analyses. Data handling, analysis, and graph-
ic representation was performed using SigmaStat
(SPSS, Chicago, Illinois, USA) and Prism 2.01 (Graph-
Pad Software, San Diego, California, USA).

Results
In these studies, CD46 transgenic mice were infected with
MV 5 days before challenge with LM, and their spleen
sizes and weights compared with those of age-matched
naive and LM-infected mice that did not receive MV. Sys-
temic infection with LM typically results in severe
splenomegaly, with spleen weights 8 days after infection
increasing by three- to fivefold above that of spleens from
uninfected mice (Figure 1a). In marked contrast, if mice
were concurrently infected with MV, then the size of the
LM-infected spleen was significantly reduced (0.40 g vs.
0.29 g, P = 0.009). These substantial differences in spleen
size indicate that MV infection had a profound effect on
the immune response to secondary bacterial infection.

We next measured LM CFUs in the spleens of mice
infected in the presence or absence of concurrent MV
infection to determine if MV had an effect on bacteri-
al clearance. MV infection did not significantly alter
LM growth kinetics at early time points (data not
shown), but by 8 days after LM challenge, MV-infect-
ed mice had a significant sixfold higher LM titer than
mice infected with LM alone (6.3 × 103 CFUs/g vs. 
3.8 × 104 CFUs/g, P = 0.001) (Figure 1b). We found no
difference in LM growth kinetics in the livers of MV-
infected mice (data not shown), which might be
expected since there is a low-to-negligible degree of
MV replication within this tissue (2).

To determine why LM clearance was delayed in 
MV-infected mice, we first examined the recruitment of
effector cells of the innate immune system into the
splenic compartment (Figure 2). Although macrophages
(CD11b+) are initially targets of LM replication, on acti-
vation these cells become strongly bactericidal and con-
tribute greatly to the subsequent control of LM growth
in vivo. As compared with uninfected mice, in LM-infect-
ed mice there is about a fivefold increase in the number
of CD11b+ cells in the spleen by 8 days after infection.
However, concurrent MV infection resulted in signifi-
cantly fewer CD11b+ cells accumulating in the spleen 
(P = 0.02) in response to the secondary bacterial infection
(Figure 2a). The number of dendritic cells (CD11c+) and
NK cells (DX5+, CD3–) in the spleens of LM-infected
mice 8 days after infection increased only slightly above
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those observed in naive mice and were not significantly
different from the numbers observed in LM-infected
mice concurrently infected with MV (Figure 2, b and c).
LM infection alone resulted in a sevenfold increase in
neutrophils (Gr-1+CD3–) in the spleen by 8 days after
infection, and similar to the decrease in macrophage
numbers, the recruitment of neutrophils was signifi-
cantly reduced if LM-infected mice were infected with
MV (P = 0.02) (Figure 2d). LM infection caused an
increase in the total number of CD4+ T cells, CD8+

T cells, and B220+ B cells in the spleen as compared 
with naive mice (increased by 0.23-fold, 0.53-fold, and

0.30-fold, respectively), but these numbers were not sig-
nificantly altered by concurrent MV infection (data not
shown). These studies indicate that MV suppresses the
innate immune response mounted against a secondary
bacterial infection, but the immunosuppression was not
absolute. Innate effector cells that showed the highest
increase in cell number during LM infection (macro-
phages and neutrophils) appeared to be the ones most
strongly inhibited by MV, whereas the numbers of other
cell types (dendritic cells and NK cells) were not greatly
influenced by MV infection.

To explain the reduced numbers of CD11b+

macrophages and Gr-1+CD3– granulocytes, we tested for
three potentially complimentary mechanisms. Reduction
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Figure 1
Concurrent MV infection impairs the clearance of LM from the host.
YAC-CD46 transgenic mice were either untreated (naive), infected
with MV alone, infected with LM alone, or infected with MV and 5
days later coinfected with LM. (a) LM-induced splenomegaly is
reduced during acute MV infection. Representative spleens were pho-
tographed 8 days after LM infection (i.e., 13 days after MV infec-
tion). Based on 6 to 21 samples per group, the average spleen
weights (± SD) were as follows: naive, 0.13 ± 0.02 g; MV, 0.18 ± 0.06
g; LM, 0.40 ± 0.15 g; and MV and LM, 0.29 ± 0.09 g. Concurrent
infection with MV and LM resulted in significantly reduced
splenomegaly as compared with LM infection alone (P = 0.009, Stu-
dent’s t test). The scale on the left side of the figure is in centimeters.
(b) Five days after MV infection, YAC-CD46 transgenic mice were
coinfected with LM, and bacterial titers in the spleen were compared
with those of mice that received LM in the absence of MV infection.
Eight days after LM challenge, there was a sixfold increase in LM
CFUs/g of spleen in mice concurrently infected with MV. This differ-
ence is statistically significant (P = 0.001, Student’s t test), indicat-
ing that coinfection with MV resulted in an increased persistence of
bacteria during secondary infection. The results show the average 
(± SEM) of six mice per group. Equivalent results were observed in
two additional experiments.

Figure 2
MV infection alters the recruitment of innate effector cells into the spleen after secondary infection with LM. Mice were either untreated
(naive), infected with MV alone, infected with LM alone, or infected with MV and 5 days later coinfected with LM. Cell numbers were quan-
titated by flow cytometry 8 days after LM infection (i.e., 13 days after MV infection). The total numbers of cells expressing (a) CD11b+

(macrophages), (b) CD11c+ (dendritic cells), (c) DX5+CD3– (NK cells), and (d) Gr-1+CD3– (neutrophils) were calculated per spleen, and the
average (± SEM) of four to eight mice per group is shown. Statistical significance was determined using Student’s t test. Equivalent results
were observed in two additional experiments.



in splenic numbers of distinct immune cell populations
during LM and MV infection may result from increased
apoptosis, reduced proliferative expansion, or altered dis-
tribution of cells between lymphatic and nonlymphatic
organs. Apoptosis among CD11b+, CD11c+, Gr-1+, and
CD3+ cells was evaluated by annexin V staining.
Enhanced apoptosis in MV-infected dendritic cells was
reported earlier for in vitro studies (23, 24) and seen in
our in vivo model. Likewise, Gr-1+ cells showed a trend of
increased apoptosis during concurrent MV and LM infec-
tions. However, the observed changes in apoptosis were
subtle and not statistically different among mice infect-
ed with LM and MV, LM alone, or MV alone (Figure 3).

Proliferation was evaluated in vivo by an early (days
4–6) and a late (days 6–8) 48-hour pulse of BrdU. BrdU
was administered by intraperitoneal injection (1 mg) fol-
lowed by 0.8 mg of BrdU placed in the drinking water for
the indicated periods of time. CD11b+, CD11c+, Gr-1+,
CD4+, and CD8+ cells were segregated by FACS (Figure
4), and the number of BrdU-positive cells present in each
population were identified using an antibody to BrdU
(25). As shown in Figure 4, proliferation of CD11b+ and
CD11c+ cells was significantly reduced in mice infected
with MV and LM as compared with mice infected with
LM alone (P = 0.003 and P = 0.04, respectively). Our find-
ings in the CD46 MV transgenic model showing defects
in the proliferation of macrophages (2, 26, 27) have also
been described in humans infected with MV. In contrast,
no substantial decrease occurred in Gr-1+ cells from MV-
and LM-infected mice as compared with mice infected
with LM alone (data not shown). Compared with those
from LM-infected mice, CD4+ and CD8+ T cells from
concurrently infected mice (MV and LM) exhibited a
reduced proliferative response 4–6 days and 6–8 days
after infection (Figure 4). At the earlier time points (4–6
days after infection), BrdU incorporation by T cells in
concurrently infected mice was approximately half of
that observed in mice infected with LM alone, and these
differences approached statistical significance (CD8, 
P = 0.06, and CD4, P = 0.05). Although a decrease in T
cell proliferation was also noted 6–8 days after infection,
these differences were not statistically significant (CD8,
P = 0.23, and CD4, P = 0.16). Other experiments com-
pared the differential distribution of macrophages,

granulocytes, and T cells in blood, spleen, and mesen-
teric lymph nodes from LM-, LM- and MV-, and MV-
infected mice. No significant differences were found
among these three groups (data not shown). Hence, 
MV-induced immune suppression appeared to be medi-
ated primarily by decreased proliferation/expansion of
some, but not all, immunologically relevant cell types,
rather than by an increased induction of apoptosis or
altered distribution of these cells to other anatomical
compartments such as the lymph nodes.

We next examined the effects of MV infection on adap-
tive cell-mediated immune responses by determining the
IFN-γ–producing potential of both CD4+ and CD8+ T
cells. Antigen-experienced T cells produce IFN-γdirectly
ex vivo after anti-CD3 stimulation (28), and this assay
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Figure 3
Minor alterations in apoptosis occur during concurrent MV infection. CD46 transgenic mice were infected with MV, LM, or MV and LM,
and the levels of apoptosis occurring in vivo were determined 8 days after secondary bacterial infection (i.e., day 13 after primary MV infec-
tion). The degree of apoptosis was measured by quantitating the number of annexin V+/7AAD– cells in (a) CD11b+, (b) CD11c+, (c) Gr-1+,
and (d) CD3+ T cells. The results show the average (± SEM) of three mice per group.

Figure 4
MV-induced immunosuppression results in reduced proliferative
expansion of CD11b+ and CD11c+ APCs and CD3+ T cells. Studies
were performed using transgenic mice expressing the MV receptor
CD46 (7). These mice were infected with MV, LM, or MV and LM and
given BrdU from days 4–6 after LM infection (days 9–11 after MV
infection) (a–c), or BrdU was administered from days 6–8 after LM
infection (d). Spleen cells were stained for CD11b (a), CD11c (b), or
CD4 and CD8 (c and d) before permeabilization and staining for
BrdU that was incorporated into the DNA of proliferating cells. The
results show the average (± SEM) of three mice per group.



was used to quantitate the number of T cells activated
during LM infection in the presence or absence of a con-
current MV infection (Figure 5). The numbers of IFN-γ–
producing CD8+ T cells identified after direct ex vivo
stimulation were similar in naive and MV-infected mice
(4.1% ± 1.1% and 3.5% ± 1.2%, respectively). In contrast,
22% ± 8% of anti-CD3–stimulated CD8+ T cells produced
IFN-γ 8 days after LM infection. Concurrent MV and LM
infection resulted in a reduced percentage of IFN-γ–pro-
ducing CD8+ T cells (15.6% ± 4.5%), but this reduction
was not significantly different from the CD8+ T cell
response of mice challenged with LM in the absence of
MV infection (P = 0.09). Quantitation of IFN-γ–produc-
ing CD8+ T cells that simultaneously produced TNF-α
also indicated a similar decrease in cytokine-producing
potential (LM, 15.3% IFN-γ producing and TNF-α pro-
ducing; LM and MV, 10.6% IFN-γproducing and TNF-α
producing). Only a small percentage (<1%) of CD4+ T
cells from either naive or MV-infected mice produced
IFN-γ after direct ex vivo stimulation with anti-CD3. In
contrast, a relatively large percentage of CD4+ T cells
(14% ± 8%) were activated by 8 days after LM infection to
produce IFN-γ after direct ex vivo stimulation. The per-
centage of IFN-γ–producing CD4+ T cells in LM-infect-
ed mice that were concurrently infected with MV
dropped by nearly threefold (to 6% ± 2%), indicating that
MV infection significantly repressed the CD4+ T cell
responses mounted during secondary bacterial infection

(P = 0.02). Quantitation of CD4+ T cells capable of dual
IFN-γ/TNF-α production also indicated a substantial
decrease in antimicrobial cytokine production (LM,
11.7% IFN-γ producing and TNF-α producing; LM and
MV, 5.2% IFN-γ producing and TNF-α producing). In
addition, Figure 3c shows that MV also suppressed the
proliferative expansion of CD4+ and CD8+ T cells after a
pulse of BrdU during coinfection, demonstrating that
MV dramatically altered both T cell proliferation (Figure
4) and T cell function (Figure 5).

Discussion
Our findings demonstrate that an acute, concurrent
MV infection of CD46 transgenic mice results in an
increased susceptibility to secondary bacterial infection.
We found that MV increased the host’s susceptibility to
LM challenge and that this was associated with defects
in both innate and adaptive immune responses that
together lead to a defect in clearance of the bacterial
infection. The results presented here lay the foundation
for further studies into the mechanisms involved with
MV-induced immune suppression as it relates to oppor-
tunistic infections, one of the main causes of mortality
associated with MV infection in humans (8).

Our studies show that MV infection sharply decreased
the innate immune response mounted against a sec-
ondary bacterial infection, but interestingly, the
immunosuppression was not absolute. Our results indi-
cate that the effector cells of the innate system that
showed the highest increase in cell number during LM
infection (macrophages and neutrophils) appeared to
be the ones most strongly inhibited by MV infection,
whereas the numbers of other cell types (dendritic cells
and NK cells) were not greatly influenced by MV. More-
over, preliminary experiments have also revealed a sub-
stantial defect in the ability of neutrophils from MV-
and LM-infected mice to phagocytose 0.5-µm YG fluo-
rescently-labeled microspheres as compared with neu-
trophils from LM-infected animals (data not shown).
Further biologic significance for our findings in the
CD46-MV transgenic model is reflected by reports of
defects in both neutrophils (29) and macrophages (26,
27) in humans infected with MV.

IFN-γ plays a critical role in host resistance to primary
LM infection (30). Antibacterial protection by CD4+ T
cells is correlated with their ability to express this impor-
tant inflammatory cytokine (31). This is likely to be due
to the effects of IFN-γ on macrophage activation (32)
but may also be linked to the role of CD4-dependent
help required for antibody production (33). CD8+ T
cells, on the other hand, can provide immunity against
LM either by IFN-γ production or through perforin-
mediated lysis of infected cells (31, 34). Our results show
that IFN-γ production is significantly downregulated in
CD4+ T cells and partially downregulated in CD8+ T
cells (albeit not statistically significantly) after concur-
rent MV infection (Figure 5). These results provide
strong evidence for MV-induced immune suppression
of cell-mediated immunity during secondary infection.
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Figure 5
MV-induced immunosuppression results in a decreased frequency
of IFN-γ–producing T cells. T cell responses from naive mice were
compared with mice infected with MV, infected with LM, or infect-
ed with MV and 5 days later coinfected with LM. T cell–mediated
cytokine production was analyzed 8 days after LM infection (i.e., 13
days after MV infection) by intracellular cytokine staining after 6
hours of direct ex vivo culture with anti-CD3. Less than 0.4% of
CD8+ or CD4+ T cells were IFN-γ producing after 6 hours of in vitro
culture without anti-CD3 stimulation (data not shown). Only a
small percentage of CD8+ T cells or CD4+ T cells from naive or MV-
infected mice produced IFN-γ after anti-CD3 stimulation. In con-
trast, LM infection resulted in a large percentage of T cells that
could be identified by IFN-γ production after anti-CD3 stimulation.
MV and LM coinfection resulted in a slight decrease in IFN-γ–pro-
ducing CD8+ T cells (P = 0.09) but a significant reduction in the per-
centage of IFN-γ–producing CD4+ T cells (P = 0.02). Equivalent
results were observed in two additional experiments.



This, in turn, could be a contributing factor that also
complements the observation of decreased innate anti-
bacterial immunity, because IFN-γ plays a critical role in
macrophage activation (32). In addition, reduced CD4+

T cell responses could result in diminished antibacteri-
al B cell–mediated immunity (20, 21), since CD4-
dependent help is required for optimal antibody
responses (33, 35, 36).

The ability to mimic MV-induced immunosuppres-
sion and susceptibility to secondary bacterial infec-
tion, using a small laboratory animal and Listeria as
model for bacterial pathogenesis, provides a means to
acquire the knowledge necessary to understand MV-
associated mechanisms of disease and to develop effec-
tive treatments for this illness. Indeed, the novel avail-
ability of mice with genetic deficiencies of innate
and/or adaptive immunity and the ability to comple-
ment those defects by immune reconstitution, cou-
pled with the advantages of a reverse genetic system
for MV (37), provides the opportunity to critically
examine host-bacterial interactions with MV. For
instance, is bacterial growth enhanced in cells that are
coinfected with MV? Or is bacterial replication en-
hanced indirectly because of the suppressive effects of
MV infection on normally bactericidal innate and
adaptive immune responses? From our observations
here, it appears clear that MV utilizes a multifactoral
approach in aborting the host’s immune system.
Included in these MV-induced defects is a reduced pro-
liferative expansion of CD11b, CD11c, CD8, and CD4
T cells and a sharp reduction in the ability of CD4 T
cells to secrete IFN-γ. All these factors in sum most
likely act in a complementary way to suppress the
immune response, giving a replicative advantage to a
secondary bacterial agent that also coinfects the host.
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