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During and after measles virus (MV) infection humans are highly
susceptible to opportunistic infections because of a marked immu-
nosuppressive effect of the virus. The mechanisms by which the
virus induces this phenomenon is not well understood. In partic-
ular, detailed information is missing on the targets of suppression
in relation to antigen-specific T and B cell responses. Because such
studies require animal experiments, we used the cotton rat model,
in which the MV causes a respiratory tract infection. Primary as well
as secondary T cell responses were impaired in vivo and ex vivo by
MV infection. The proliferation of T cells was greatly reduced, but
their effector functions, such as cytolysis or cytokine secretion,
were not. In contrast, primary and secondary B cell responses in
vivo as measured by the frequency of antigen-specific plasma cells
in an enzyme-linked immunospot (ELISPOT) assay were not altered
by MV infection. Only the secretion of immunoglobulins was
reduced slightly in animals primarily infected with MV after 2
weeks. These data demonstrate that MV-induced immunosuppres-
sion acts primarily on the T cell responses in vivo.

M easles virus (MV) infection leads to acute measles with fever
and rash in seronegative individuals. For weeks to months
after the acute disease, children are highly susceptible to opportu-
nistic infections as a result of MV-induced immune suppression (for
review, see ref. 1). In contrast to HI'V infection, where the depletion
of infected CD4 T cells and the subsequent lack of help for CD8 T
cells during the late phase of the disease are known to be the main
mechanisms of immune suppression, it is not well understood to
what extent the immune response is impaired during MV infection.
Exvivo, proliferation of peripheral blood lymphocytes from humans
and accidentally infected monkeys in response to both T cell and B
cell mitogens is reduced (for review, see ref. 1). In vitro, a plethora
of B and T cell functions have been demonstrated to be impaired
by MV infection including proliferation and secretion of cytokines
and immunoglobulins (for review, see ref. 2). However, it is not
known how far tissue culture experiments reflect the in vivo
situation.

To address the question of whether in vivo both T and B cell
responses are suppressed by MV we have used the cotton rat
model (Sigmodon hispidus) because such studies are difficult to
carry out in patients. Cotton rats (outbred and inbred animals)
are the only rodents susceptible to MV infection of the respi-
ratory tract (3, 4), and this infection is accompanied by an
inhibition of B and T cell responses ex vivo after mitogen
stimulation. In this paper, with the cotton rat model we dem-
onstrate that in vivo primary and secondary antigen-specific T
cell responses are severely suppressed during MV infection
whereas B cells are only slightly affected.

Methods

Infection and Immunization of Animals. Four- to eight-week-old
inbred cotton rats (strain cotton N/Ico; Iffa Credo) of both sexes
were used. Animals were infected with 2-4 X 10° plaque-
forming units (pfu) of MV Edmonston strain intranasally. For
immunizations, 107 mouse spleen cells [mixed leukocyte reaction
(MLR)], 2 X 10° pfu of vaccinia virus MVA strain (5), 100 or

1,000 g of 2,4-dinitrophenyl-conjugated keyhole limpet hemo-
cyanin (KLH-DNP), or 1 ml of normal horse serum (NHS)
containing equine immunoglobulins was given i.p.

Proliferation Assays. Cotton rat spleen cells (5 X 103 per well of
a 96-well plate) were stimulated in triplicate with 5 X 103
mitomycin C-treated mouse spleen cells, 15 pg/ml KLH (Cal-
biochem), 5% NHS (GIBCO), or 2.5 pg/ml Con A (Sigma). B
cell stimulation was done by incubation with a cross-reactive
rabbit anti-rat-Ig serum for an hour followed by the addition of
a donkey anti-rabbit-Ig (Dianova, Hamburg, Germany) serum
and 10 ug/ml Salmonella typhosa lipopolysaccharide (Sigma).
Cultures were labeled with [*H]thymidine after 2 days for 16-20
h and harvested as described (4).

Stimulation of Cytotoxic T Cells and Lysis Assay. For MLR, 1.5 X 107
spleen cells from cotton rats were stimulated with 1.5 X 107
mitomycin C-inactivated mouse (C3H strain) spleen cells in an
upright, 50-ml flask containing 20 ml of RPMI medium 1640/
10% FCS and 2 X 10" M 2-mercaptoethanol. Five days after in
vitro stimulation, T cells were counted and cytotoxic activity was
assessed by a standard chromium (Na’!CrOg4; DuPont) release
assay. 1929 (mouse fibroblast) cells and primary cotton rat
fibroblasts were used as target cells. Natural killer cell activity in
cotton rats was monitored by lysis of YACI cells (data not
shown) and never exceeded background levels of lysis.

For vaccinia virus-specific (strain MVA) (5) cytotoxic T
cells, 1.5 X 107 spleen cells from immune animals were
stimulated with mitomycin C-inactivated MV A-infected [mul-
tiplicity of infection (moi) of 1 for 1 h] spleen cells from naive
animals as stimulator cells. Two days later, 5% IL-2-containing
supernatant from Con A-stimulated rat spleen cells was added.
Five days after in vitro stimulation, cells were counted and
tested against MV A-infected and noninfected cotton rat mac-
rophages (moi of 4 for 6 h). To obtain macrophages, cotton rats
were inoculated with 5 X 10° colony-forming units of Listeria
monocytogenes (strain EGD) i.p. Three days later, macro-
phages with a purity of about 90% (as shown by adherence)
were obtained by peritoneal lavage.

Cytokine Assays. Cytokines were measured with bioassays (6).
Supernatants of 5 X 107 spleen cells in 5 ml of RPMI medium
1640/10% FCS were stimulated with 15 ug/ml KLH and
harvested after 24 [IL-2 and tumor necrosis factor (TNF)] to 48 h
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(IFN-v) and tested for cytokine secretion. IL-2 was measured by
growth of the CTLL-2 CL 3 cell line. Its growth depends on
supplementation with mouse, rat, or cotton rat IL-2. TNF was
measured by the induction of cell death of 1929 cells after
incubation with actinomycin D (Sigma). IFN-y activity was
measured as the ability to protect autologous fibroblasts against
infection with vesicular stomatitis virus (serotype Indiana).

Sensitization Assay. For sensitization, the right ear of an animal
was painted with 40 ul of PBS/1% 2,4-dinitrofluorobenzene
(DNFB; Sigma) on 3 consecutive days (7). On day 4, the draining
lymph nodes were removed and lymphocytes were plated in
triplicate in a 96-well plate at 5 X 103 cells per well with 0.5 uCi
of [*H]thymidine (Amersham; 1 uCi = 37 kBq) for 18 h to
measure proliferation.

ELISA and Enzyme-Linked Immunospot (ELISPOT) Assays. ELISPOT
assays and ELISAs were performed according to standard
procedures. For the ELISA, 15 pg/ml KLH-DNP in 0.05 M Tris
buffer (pH 9.6) was used overnight to coat a plate, which was
blocked with PBS/10% FCS or BSA, and incubated with cotton
rat serum for 1 h at room temperature. After washing, the plate
was incubated overnight at 4°C with a horseradish peroxidase-
coupled antiserum specific for rat IgM and IgG (cross-reactive
with cotton rat immunoglobulins; Dianova) and subsequently
was developed with dinitrophenyl phosphate in diethanolamine
buffer.

To detect B cells, 25-well plates (Bibby Sterilin, Stone, Stafford-
shire, U.K.) were coated with an antiserum specific for rat immu-
noglobulins or KLH-DNP overnight. After blocking, 4-fold dilu-
tions of spleen cells were plated, incubated for 20 h at 37°C, and
subsequently removed by washing. Bound cotton rat antibody was
detected by incubation with the aforementioned cross-reactive
antiserum (4 h 4°C) and developed by a 5-bromo-4-chloro-3-indolyl
phosphate solution buffered with 2-amino-2-methyl-1-propanol.

Results

Influence of MV Infection on Primary and Secondary Responses in a
MLR. To test the influence of MV on the primary (1°) MLR,
mouse spleen cells were inoculated on day 0 into cotton rats, and
the secondary (2°) stimulation was done ex vivo on day 28 with
mitomycin C-inactivated mouse spleen cells (MLR). Ex vivo,
MV-induced inhibition of proliferation is most pronounced in
cotton rats 4 days after infection (4). Therefore, animals were
infected with MV on days —4 and 24 to inhibit the primary or
secondary response, respectively. After 5 days of in vitro stim-
ulation the number of living cells (determined by trypan blue
exclusion) was counted in cultures from infected vs. noninfected
animals and was found to be reduced by half in cultures of
infected animals (see Fig. 1 legend). Similarly, MLR of cotton rat
spleen cells was reduced on day 5 in cultures from infected
compared with noninfected animals (Fig. 14).

To test whether, in addition to proliferation, cytotoxic effector
functions of T cells also were affected by MV infection, a
chromium release assay was performed on day 5 after stimula-
tion. At the same effector-to-target ratio, T cells from infected
and noninfected animals lysed mouse fibroblasts (L929 cells)
equally well (Fig. 1B). This indicates that proliferation, but not
the effector function of cytotoxic T cells, is impaired.

Influence of MV Infection on the Cytotoxic T Cell Response Against
Vaccinia Virus. To investigate the influence of MV infection on the
cytotoxic T cell response in a homologous system, the vaccinia
virus (MVA)-specific cytotoxic T cell response was investigated
in cotton rats immunized with vaccinia virus. As shown in Fig.
2A, the secondary ex vivo stimulation resulted in reduced T cell
growth from spleen cells of MV-infected animals in comparison
with noninfected animals. However, at the same target-to-
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Fig. 1. Inhibition of MLR proliferation but not of cytotoxic activity against

mouse fibroblasts by MV infection. For primary stimulation, cotton rats were
injected i.p. with mouse spleen cells (C3H strain), and 4 weeks later their spleen
cellswere stimulated in vitro by cocultivation with mitomycin C-treated mouse
spleen cells (MLR). The number of living cells was determined by trypan blue
exclusion on day 5 of culture. From 3 X 107 spleen cells per original culture in
controls, 2.7 + 0.8 X 107 cells were recovered; in animals infected with MV
before the primary stimulation, 1.4 + 0.1 X 107 cells were recovered; and from
animals infected before the secondary stimulation, 1.3 = 0.2 X 107 cells were
recovered (average of five animals per group = SD). In addition, [3H]thymidine
incorporation was measured in cpm = SD (A, representative of four experi-
ments) and the lytic activity of T cells in was measured in percentage of lysis +
SD (B). Cytotoxic T cells from noninfected animals (squares) and animals
infected before the primary (circles) or secondary (triangles) stimulation were
tested against mouse (L929 cells, open symbols) and cotton rat fibroblasts
(solid symbols). YAC 1 cells that were lysed by cotton rat natural killer cells
(data not shown) were never lysed above background. No consistent differ-
ence between cultures from infected and noninfected animals was detected
in five separate experiments.

effector ratio, T cells from MV-infected and noninfected ani-
mals lysed vaccinia virus-infected cotton rat macrophages
equally well (Fig. 2A4).

Influence of MV Infection on Primary and Secondary T Cell Responses
Against Protein Antigens. To test the influence of MV infection on
the T helper cell function in more detail, MV-infected and
noninfected cotton rats were immunized with protein antigens
[equine Ig (elg) and KLH]. The primary as well as secondary
proliferative response to elg (not shown) and KLH was reduced
after MV infection (Fig. 2B). Animals that had been infected 4
days before the 2° stimulation still harbor MV in their lung tissue,
and mitogen-driven as well as antigen-specific responses were
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Fig. 2. Effect of MV infection on vaccinia virus-specific cytotoxic T cells and
proliferation and cytokine secretion of KLH-specific T cells. (A) For primary
stimulation, cotton rats were injected with 2 X 108 pfu of vaccinia virus (MVA
strain), and 3 weeks later their spleen cells were stimulated in vitro by
cocultivation with mitomycin C-treated, MVA-infected mouse spleen cells. On
day 5 after in vitro stimulation, per 1.5 X 107 cells, 7.5 = 0.3 X 10° cells were
recovered from the original culture from noninfected animals and 3.6 = 0.2 X
10° cells were recovered from animals infected with MV before the secondary
stimulation (average of two and three animals per group = SD). Pooled T cells
from two noninfected (squares) and three MV-infected animals (triangles)
were used at the same effector-to-target ratio on vaccinia virus-infected (open
symbols) and noninfected (solid symbols) cotton rat macrophages (percent
lysis = SD). (B) For primary stimulation, cotton rats were injected with KLH, and
4 weeks later their spleen cells were stimulated in vitro with KLH (Upper) to
test the antigen-specific T cell response (cpm =+ SD). In addition, Con A-stim-
ulated antigen-unspecific proliferation (Lower, in com =+ SD) was tested as an
indicator of immune suppression at the time of assay. Groups of noninfected
animals or animals infected with MV before the primary or the secondary
stimulation were tested. Data are the average of two animals per group and
were similar in four experiments. The difference in suppression of KLH- and
Con A-stimulated proliferation of spleen cells from animals infected with MV
before the primary stimulation indicates a suppression of memory T cells.

Niewiesk et al.

Table 1. Effect of MV infection on cytokine secretion of
KLH-specific T cells

MV infection MV infection
before 1° stimulation before 2°
(day 0) and analysis stimulation
Cytokine Control on day 28 on day 28
IL-2 3,681 = 4,794 com 2,054 = 1,661 com 2,635 = 2,507 cpm
IFN-y + + +
TNF - - -

For primary (1°) stimulation, cotton rats were injected with KLH, and 4
weeks later their spleen cells were stimulated in vitro with KLH (see also Fig.
2B). After 24 h, supernatants were harvested to assay for the presence of IL-2
and TNF, and after 48 h, supernatant was harvested to assay for the presence
of IFN-y. With biological assay systems, the amount of cytokine produced by
KLH-stimulated spleen cells from noninfected animals, and animals infected
with MV before the primary or before the secondary (2°) stimulation were
compared (7-11 animals per group). The proliferation (com =+ SD) of the
IL-2-dependent CTLL clone 3 cells was used as an assay system for IL-2. IFN-y
was tested as protection of primary cotton rat fibroblasts against infection
with vesicular stomatis virus (serotype Indiana). +, Protection at a 2- to 4-fold
dilution of T cell supernatants. TNF was assayed as killing of mouse fibroblast
cell line L929. Although no killing was observed here, cotton rat T cells with
different antigenic specificities secrete TNF measurable in this assay (data not
shown).

reduced. In contrast, animals that had been infected before the
1° stimulation had overcome the infection at the time of analysis
(4 weeks later), and mitogen-driven responses were not reduced
(Fig. 2B). Still, the antigen-specific response was impaired. This
indicates that MV-induced immune suppression acts temporarily
and that an impaired generation of T cells results in a reduced
memory response. To test whether MV also impaired the
effector function of T helper cells, we tested the secretion of
cytokines (Table 1). KLH-specific T cells did not secrete TNF.
In contrast, KLH-specific T cells from infected as well as
noninfected animals secreted IL-2. Although the amount of IL-2
secretion was higher in noninfected animals, the difference

cpm
= © p<002
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Lymphocytes Lymphocytes
from lymph nodes draining from lymph nodes draining
the ear the ear

without DNFB application with DNFB application

Fig. 3. Inhibition of DNFB specific T cell proliferation by MV infection. To
induce the generation of DNFB-specific T cells, one ear of cotton rats was
painted with 40 ul of a 1% DNFB solution on 3 consecutive days. Mock-
infected and cotton rats infected 3 days before sensitization were used. On
day 4, the draining lymph nodes from both ears were sampled and single cell
suspensions were produced. Triplicates of 5 X 10° lymphocytes per well in a
96-well plate were labeled with 0.5 uCi of [3H]thymidine per well and har-
vested 20 h later to measure proliferation. The data are given as an average
of four animals per group.
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Fig. 4. Slight influence of MV infection on the KLH-DNP-specific B cell

response. (A) Spleen cells from animals (infected 4 days previously or nonin-
fected) immunized with 100 ug of KLH-DNP were analyzed for the numbers of
B cells secreting IgM and IgG specific for KLH-DNP from days 4, 14, and 21 (four
animals per group) by ELISPOT. The number of B cells per spleen was estimated
with a cross-reactive serum (rabbit anti-ratimmunoglobulins) and the number
of cells secreting KLH-DNP-specific antibodies were expressed per 1,000 B cells
in the spleen. There was no difference in the number of B cells secreting IgM
and 1gG specific for KLH-DNP between infected and control animals. Animals
immunized with 1 mg of KLH-DNP were tested on day 28 (nine animals per
group). The high dose of antigen led to an increase in IgM- but not IgG-
secreting B cells, and the difference between infected and noninfected ani-
mals was weakly significant (P > 0.04). (B) Sera taken from the same animals
on days 4, 14, 21, and 28 were tested at a 1:200 dilution in an ELISA assay for
KLH-DNP-specific IgG and expressed as OD = SD. The only difference between
infected and noninfected animals was seen on day 14 (P < 0.006).

statistically was not significant. T cells from all groups of animals
secreted low amounts of IFN-y. These data indicate that the
proliferation inhibition of T helper cells does not interfere with
cytokine secretion.

Inhibition of T Cell Responses in Vivo in a Skin-Sensitization Assay. Ex
vivo, T cell proliferation was severely reduced by MV infection.
To test whether the same was true for the in vivo situation, we
used the local lymph node assay (7) after sensitization with
DNFB. The ear of infected or mock-infected animals was
painted with DNFB on three consecutive days to induce DNFB-
specific T cells. On day 4, lymphocytes from the draining lymph
nodes [Lnn. mandibulares et parotidei (8)] from both ears were
counted and their activation and proliferative capacity was
measured by [*H]thymidine incorporation overnight. Although
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Fig. 5. Inhibition of mitogen-stimulated B cell proliferation ex vivo by MV

infection. Spleen cells from infected animals 4 days after infection and non-
infected animals were stimulated either with pokeweed mitogen (PWM)
(stimulating T and B cell growth) or a cross-link by antiserum reacting with
cotton ratimmunoglobulins and 10 ug/ml S. typhosa lipopolysaccharide (LPS)
(stimulating B cells only). After stimulation with PWM, proliferation ranged
from 50,000 to 80,000 cpm, and after B cell-specific stimulation, proliferation
ranged from 13,000 to 20,000 cpm. Proliferation with medium alone was
100-1,000 cpm. The stimulation index was calculated as cpm stimulation/cpm
medium and expressed as an average of four animals per group.

the number of lymphocytes in the draining lymph nodes from the
right ear of infected animals was similar to that in mock-infected
animals, the proliferation was reduced severely (Fig. 3). This
result demonstrates that MV-induced immune suppression ob-
served in ex vivo experiments is relevant for T cell responses in
vivo, too.

No Influence of MV Infection on T Cell—B Cell Collaboration and B Cell
Responses. The T cell antigen KLH coupled to DNP groups has
been used to investigate T and B cell collaboration as KLH-
specific T cells provide B cell help. To test whether the reduced
T helper response to KLH leads to a reduced B cell response,
animals were infected with MV and, 4 days later, given KLH-
DNP (100 pg) i.p. The number of B cells secreting IgM and IgG
specific for KLH-DNP was estimated by using an ELISPOT
assay from day 4 to day 21. As shown in Fig. 44, there is no
difference in the number of KLH-DNP-specific B cells from
infected vs. noninfected animals. After inoculation of a higher
dose of KLH-DNP (1,000 wg), the difference in IgM- but not
IgG-secreting cells reached marginal statistical significance (P <
0.04, day 28). Simultaneous to the ELISPOT assays, titers of IgG
antibodies specific for KLH-DNP in the serum were measured
by ELISA. Titers of IgG rose from day 4 to day 28 in infected and
noninfected animals. The only significant difference between
titers from infected and noninfected animals was seen on day 14
(Fig. 4B). Production of antibodies was lower in sera from
infected animals on day 14, but levels similar to noninfected
animals were reached on day 21. It therefore seems that the
production of antibody was delayed although the numbers of
plasma cells did not differ significantly. The secondary B cell
response was never affected by MV infection (data not shown).

Ex Vivo B Cell Proliferation Is Impaired by MV. We have published
previously that infection with MV leads to reduced ex vivo
stimulation of spleen cells with lipopolysaccharides (LPS) (4). In
vivo, however, we found nearly no effect of MV infection on the
B cell response. LPS stimulates cotton rat cells poorly, whereas
stimulation by crosslinking of membrane-bound immunoglobu-
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lins results in good B cell proliferation. However, independent of
the mode of stimulation of B cell growth, the ex vivo response of
B cells always was reduced from infected compared with non-
infected animals (Fig. 5).

Discussion

Immune suppression resulting from MV infection and the sub-
sequent susceptibility to secondary infections is a well estab-
lished clinical phenomenon (for review, see ref. 1). To explain
the underlying mechanism, tissue culture experiments have been
performed investigating the inhibition of proliferation of either
infected peripheral blood lymphocytes (PBL) (9-11) or PBL
after contact with MV-infected cells or inactivated MV (12, 13).
In these systems, the inhibitory effect on proliferation of both B
and T cells correlates well with a cell cycle arrest in the Go/G;
phase. Also ex vivo, PBL from MV-infected monkeys and
humans show inhibited T and B cell responses after mitogen
stimulation (1, 14). In addition, MV infection reduces the sponta-
neous secretion of immunoglobulins by human B cells in a severe
combined immunodeficiency—hu model (15).

Because cotton rats are fully immunocompetent and MV
replicates in their respiratory tract, we used this animal model to
investigate the immunosuppressive effect of MV on B and T cells
in vivo. In cotton rats, T cell responses are impaired in vivo and
ex vivo whereas B cell proliferation was reduced only ex vivo. The
difference in suppression of the B and T cell response measured
in vivo and ex vivo might be due to a difference in activation of
these cells. Ex vivo, both cell populations were driven to prolif-
erate for 3 days by mitogen. In vivo, the generation of antigen-
specific T cell responses also occurs within a few days in a
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