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Although interleukin-4 (IL-4) has been implicated in respiratory syncytial virus (RSV)-enhanced disease, the
mechanism by which it modulates immune responses to primary RSV infection remains unclear. We have
developed a system to investigate the effect of IL-4 on RSV epitope-specific cytotoxic T-lymphocyte (CTL)
effector function in vivo, using an H-2Kd-restricted RSV M2 epitope. BALB/c mice were infected with recom-
binant vaccinia virus (rVV) constructed to express RSV M2 protein (vvM2) alone or coexpress M2 and IL-4
(vvM2/IL-4). Splenocytes were assessed for M2-specific CTL activity in a direct 51Cr release assay and
intracellular gamma interferon (IFN-g) production by fluorescence-activated cell sorting analysis. Mice in-
fected with vvM2/IL-4 had less M2-specific primary CTL activity than those infected with vvM2. M2-specific
CTL frequency, as measured by M2 peptide-induced intracellular IFN-g production, was diminished in the
vvM2/IL-4 group, partially accounting for the reduction of CTL activity. Mice immunized with either construct
were challenged intravenously with RSV 4 weeks postimmunization, and direct CTL were measured. These
results demonstrate that local expression of IL-4, at the time of antigen presentation, diminishes the cytolytic
activity of primary and memory CD81 RSV-specific CTL responses in vivo.

Cytokine production patterns of T-cell subsets can dramat-
ically affect the pathogenesis of infectious diseases. CD41 (Th)
T-helper cells and CD81 (Tc) cells can be classified as mem-
bers of two distinct subsets based on their production of cyto-
kines: type 1 CD41 Th lymphocytes characteristically secrete
gamma interferon (IFN-g), interleukin-2 (IL-2), and tumor
necrosis factor beta, while type 2 CD41 Th lymphocytes are
distinguished by the synthesis of IL-4, IL5, IL-6, IL-10, and
IL-13 (11, 22). Similarly, CD81 Tc1 cells secrete IL-2 and
IFN-g, and Tc2 cells secrete IL-4, IL-5, IL-6, and IL-10 (6, 31).
Both patterns of cytokine secretion are self-propagating and
can inhibit activation and proliferation of the complementary
subset. In many animal models of infectious diseases, a pre-
dominance of type 2 cytokines has been correlated with disease
progression, while a type 1 polarized immune response results
in disease resolution (7, 10, 14, 28, 29, 33). Although IL-4 is
known to inhibit CD41 Th1 differentiation, its role in CD81

T-cell effector function is not fully defined.
During cytotoxic T-lymphocyte (CTL) development naive

precursors (CTLp) are activated by the recognition and bind-
ing of the antigen-specific T-cell receptor to processed pep-
tides presented on major histocompatibility complex (MHC)
class I. A second signal is mediated by CD28 on the T cell and
B7.1/B7.2 (CD80/CD86) on the antigen-presenting cell (1, 16,
30). In the absence of CD28 costimulation, T cells become
unresponsive to cytokines (9, 24). Once activated, CTLp ex-
pand in response to IL-2, generally supplied by nearby CD41

Th cells (13, 17). Although the importance of IL-2 in T-cell
induction is well documented, other cytokines, such as IL-12,
IFN-g, IL-6, IL-7, and IL-15, have also been shown to promote
CTL induction (18, 19, 21, 40).

In the murine model of respiratory syncytial virus (RSV),
aberrant high levels of IL-4 production are associated with

delayed viral clearance and enhanced disease. In humans,
RSV-specific immunoglobulin E (IgE) antibody detected in
children with severe illness indirectly suggests that IL-4 may
play a role in determining disease severity (39). Previously we
have shown that systemic production of IL-4 by IL-4-overex-
pressing mice caused a delay in viral clearance and diminished
RSV-specific CTL activity compared to wild-type controls (7).
We have also shown that immunization with formalin-inacti-
vated RSV vaccine promotes increased expression of IL-4 by
lung lymphocytes upon subsequent challenge with RSV and
that treatment with anti-IL-4 diminishes illness and increases
CTL activity after challenge (34). Thus, there is evidence sug-
gesting that in both humans and mice, IL-4 may be associated
with an increase in RSV disease severity. To better understand
the role of IL-4 in RSV-specific immune responses, we de-
signed a system to investigate the effect of local IL-4 produc-
tion at the time of antigen presentation on primary RSV-
specific CD81 CTL development in vivo. BALB/c (H-2d) mice
infected with RSV recognize the viral matrix protein M2 as a
major target antigen for induction of CD81 CTL (5). It has
been shown that the M2 protein of RSV contains an immuno-
dominant H-2Kd-restricted CTL epitope consisting of amino
acid residues 82 to 90 (SYIGSINNI) shared by RSV subgroups
A and B (15). Recombinant vaccinia viruses (rVV) expressing
RSV antigen M2 (vvM2) or coexpressing M2 and IL-4 (vvM2/
IL-4) were constructed to ensure that IL-4 was present at the
site of antigen presentation. Since in vitro restimulation of
primed CTL relies on addition of exogenous stimuli that can
stimulate nonspecific proliferation of lymphocytes, we assayed
splenocytes directly (without in vitro manipulation). Spleno-
cytes were directly assayed for cytolytic activity, using M2 pep-
tide-sensitized P815 target cells. Levels of CTL activity were
significantly lower in vvM2-infected mice than in mice infected
with vvM2. Virus replication curves in the spleen were similar
in the two groups of mice, suggesting that decreased antigen
load was not responsible for diminished CTL activity. Fewer
M2 peptide-specific IFN-g-producing cells were detected in
vvM2/IL-4-infected mice than in vvM2-infected mice, indicat-
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ing that reduced expansion of CTL effectors may partially
explain the diminished cytolytic activity. Mice challenged with
RSV 4 weeks after immunization with vvM2/IL-4 experienced
decreased magnitude of secondary RSV-specific CTL activity
compared to vvM2 immunized mice, suggesting that expansion
of the CTL memory population was also diminished. These
data indicate that increased levels of IL-4 cytokine at the time
of infection or immunization can significantly diminish subse-
quent CD81 CTL activity.

MATERIALS AND METHODS

Mice. Eight- to ten-week-old pathogen-free BALB/c mice, purchased from
Harlan Laboratories (Indianapolis, Ind.), were housed and cared for in accor-
dance with Guide for the Care and Use of Laboratory Animals (4a) as previously
described (8).

Cell lines. P815 (H-2d), a mastocytoma cell line derived from a DBA/2 mouse,
and EL-4 (H-2b), a mouse lymphoma cell line, were maintained in Eagle’s
minimal essential medium containing 10% fetal bovine serum (10% EMEM).
143B, a human osteosarcoma cell line, was maintained in 10% EMEM and used
for preparation of both vaccinia virus stocks and virus titration. HEp-2 cells were
maintained in 10% EMEM.

Viruses. rVV (WR strain) containing the RSV M2 protein interrupting the
thymidine kinase (TK) gene (vvM2) was a gift from Peter L. Collins, National
Institutes of Health, Bethesda, Md. rVV containing b-galactosidase (rVVLac)
was a gift from Bernard Moss (National Institutes of Health). Plasmid pFBX-
mIL-4 expressing murine IL-4 was provided by Ian A. Ramshaw, Australia
National University. The vvIL-4 plasmid was constructed with the cytokine gene
and the herpes simplex virus TK gene flanked by vaccinia virus HindIII-F se-
quences, allowing selection of TK1 recombinant viruses. rVV constructs express-
ing RSV M2 and murine IL-4 were constructed according to the published
protocol (3, 4, 27), with modification. Briefly, 143B cells were infected with vvM2
(multiplicity of infection of 0.1) and cotransfected with pFBX-mIL-4 precipitated
by incubation in 60 mg of DNA, 0.6 ml of 103 Hanks’ balanced salt solution
(Atlantic Biologics, Norcross, Ga.), 0.3 ml of 2.5 M CaCl2, and 5 ml of sterile
distilled H2O for 45 min at room temperature. After 2.5 h, the monolayers were
washed and selection medium (10% EMEM containing 3 mM methotrexate, 15
mM thymidine, 50 mM adenosine, 50 mM guanosine, and 10 mM glycine) was
added. Virus was selected by serial passage and plaque purification prior to
production of working stocks. Each stock was titered by plaque assay and eval-
uated for mycoplasma contamination by PCR (American Type Culture Collec-
tion) before use. IL-4 secretion was confirmed by enzyme-linked immunosorbent
assay (ELISA) on infected cell culture supernatants by using commercial kits
purchased from Endogen, Inc. (Cambridge, Mass.) (data not shown).

Antibodies. 11B.11, a monoclonal antibody against murine IL-4, was kindly
provided by the Biological Response Modifiers Program, National Cancer Insti-
tute (Frederick, Md.). Hybridoma HB151, a monoclonal antibody against human
HLA-Dr5 (American Type Culture Collection), was used as an irrelevant anti-
body control. Monoclonal antibodies were administered intraperitoneally at 200
mg/dose on 5 successive days starting 2 days before rVV infection.

Synthetic peptides. Peptides synthesized by Bio-synthesis, Inc. (Lewisville,
Tex.), included H-2Kd-restricted RSV M2 82-90 (SYIGSINNI), derived from M2
protein of RSV strain A2, and FLU 147-155 (TYQRTRALV), derived from
influenza virus A/Puerto Rico/8/34 nucleoprotein (NP) (15).

Experimental design. For primary CTL assays, mice were injected in the tail
vein with 5 3 106 PFU of rVV. Splenocytes were isolated to measure CTL
activity by a direct 51Cr release assay and for intracellular IFN-g production by
fluorescence-activated cell sorting (FACS) analysis at the indicated times postin-
fection. For challenge experiments, the same mice were injected 4 weeks later
with 107 PFU of live RSV in the tail vein. Isolated lymphocytes were assayed for
CTL activity and intracellular IFN-g production on day 5 after challenge.

Plaque assays. Animals were sacrificed, and lung and spleen tissues were
removed and quick-frozen in 10% EMEM. Thawed tissues were kept chilled
while individually ground. Dilutions of clarified supernatant were inoculated on
80% confluent 143B cell monolayers and overlaid with 0.75% methylcellulose in
10% EMEM. After incubation for 2 days at 37°C, the monolayers were fixed and
stained with 0.1% crystal violet in 20% methanol, and PFU were counted and
expressed as log10 PFU per gram of tissue.

CTL assay. Lymphocytes were isolated by centrifugation (1,000 3 g) on a
cushion of Ficoll-Hypaque (specific gravity of 1.09) at room temperature, washed
twice, and resuspended in RPMI containing 10% fetal bovine serum. H-2d P815
target or H-2b EL-4 target cells were incubated with 50 ml of relevant peptides
(0.1 mg/ml) and 51Cr (100 mCi/107 cells) for 60 min at 37°C, washed three times
in 10% EMEM, and distributed in V-bottom 96-well plates (Costar, Cambridge,
Mass.) at 2 3 104 cells/100 ml per well. Splenic effector cells (2 3 106/100 ml)
were added at an effector/target (E:T) ratio of 100:1 and serially diluted to 3:1 in
triplicate. The plate was centrifuged at 150 3 g for 30 s before incubation at 37°C
for 4 h. The cells were gently pelleted, and 100 ml of the supernatant was counted
in a gamma counter (Packard, Meriden, Conn.). Spontaneous and total release
was measured by treating the targets cells with 10% RPMI or with 5% Triton

X-100 detergent, respectively. Specific release of 51Cr from target cells is defined
as 100 3 [(sample cpm 2 background cpm)/(total cpm 2 background cpm)].
One lytic unit (LU) was defined as the number of lymphocytes needed to achieve
50% specific lysis.

Intracellular staining and flow cytometry. A total of 2 3 106 spleen cells in
complete medium were cultured in 6-ml Falcon round-bottom tubes (Becton
Dickinson Labware, Lincoln Park, N.J.) and incubated with either FLU 147-155
(TYQRTRALV) or RSV M2 peptide at a concentration of 0.5 mg/ml. Cells were
incubated in the presence of peptide for 2 h before supplementation with 0.66 ml
of monensin (Golgistop; Pharmingen, San Diego, Calif.)/2 3 106 cells for an
additional 8 h. Cells were washed once in staining buffer (phosphate-buffered
saline, 0.1% sodium azide, 2% fetal calf serum) and surface stained with Cy-
Chrome-conjugated monoclonal rat anti-mouse CD8a (clone 53-6.7) antibody
and fluorescein isothiocyanate-conjugated monoclonal rat anti-mouse CD4
(clone GK1.5). Cells were washed two times in staining buffer and stained
intracellularly by using a staining kit as instructed by the manufacturer (Pharm-
ingen). For intracellular IFN-g staining phycoerythrin-conjugated monoclonal
rat anti-mouse IFN-g antibody (clone XMG1.2) and an isotype control antibody
(rat IgG1) (Pharmingen) were used. Positive control cells for intracellular cyto-
kine staining were stained with a kit provided by Pharmingen according to the
manufacturer’s instructions. Three-color analysis was performed on a FACSCali-
ber (Becton Dickinson, San Jose, Calif.) argon ion laser at 15 mW and 488 nm;
40,000 events were collected at an average of 1,000 events/s. Data were analyzed
by using CellQuest version 3.1 (Becton Dickinson).

Western blotting. A total of 4 3 106 HEp-2 cells were infected at a multiplicity
of infection of 5. Virus was allowed to adsorb for 1 h at room temperature, and
then the culture was incubated at 37°C for 24 or 48 h. Cells were lysed in a buffer
(150 mM NaCl, 10 mM HEPES, 0.6% NP-40, 1 mM EDTA) containing protease
inhibitors (5 mg each of leupeptin and aprotinin per ml and 0.5 mM phenylmeth-
ylsulfonyl fluoride [Sigma, St. Louis, Mo.]). Protein concentrations were deter-
mined by the Bio-Rad (Hercules, Calif.) protein assay according to the manu-
facturer’s instructions. Twenty micrograms of protein was loaded on a sodium
dodecyl sulfate–12% polyacrylamide gel. M2 was detected with a primary rabbit
RSV polyclonal antibody (a gift from Jim Crowe, Vanderbilt University, Nash-
ville, Tenn.) and a secondary goat anti-rabbit IgG coupled to alkaline phospha-
tase (Sigma). Untreated HEp-2 cells and vvIL-4-infected cells were controls for
nonspecific binding. Bands were visualized by using the substrate FAST Red
TR/Naphthol AS-MX (Sigma) according to the manufacturer’s instructions.

Statistics. The two-tailed Student t test was used for comparison of means,
using Corel QuattroPro version 6.0 for Windows. Scheffe and Fischer’s protected
least significant difference analysis of variance was used to evaluate primary
M2-specific T-cell receptor-bearing CD81 cell frequency detected by FACS
analysis. The Mann-Whitney analysis of the data in Fig. 5 was performed with
InStat 2.01 (GraphPad Software). Values of P , 0.05 were considered statisti-
cally significant.

RESULTS

Kinetics of rVV replication and cytokine production in lungs
and spleens. Mice were injected with either vvM2 or vvM2/
IL-4 and sacrificed on days 2, 4, 6, and 10 postinfection. Lung
and spleen supernatant were assayed for viral replication and
cytokine production (Fig. 1). The two vaccinia virus constructs
replicated in the lungs and spleens with similar kinetics, and
virus was cleared by day 10 in both groups (Fig. 1A and B).
Virus-derived IL-4 secretion could be detected in the spleen 2
days after infection, and peak IL-4 levels were attained on day
4 in both lungs and spleens of mice infected with vvM2/IL-4
(Fig. 1C and D). No IL-4 was detected in mice infected with
vvM2. Analysis of IFN-g levels in mice injected with either
vvM2 or vvM2/IL-4 showed no significant difference at any
time point (Fig. 2). Similarly, there was no significant differ-
ence in IL-2 production between groups (data not shown).

IL-4 down-regulates virus-specific CTL. To determine if
IL-4 diminished M2-specific CTL activity, we measured CTL
cell lysis by using a direct CTL assay. On day 6, splenic effector
cell cytotoxicity was measured by incubation with specific pep-
tide-sensitized P815 target cells in a direct 51Cr release assay
(Fig. 3A). M2-specific CTL activity in mice infected with vvM2
averaged 37% 6 8.6% (E:T 5 100:1); in contrast, in mice
receiving vvM2/IL-4 CTL lysis was diminished to 19% 6 0.7%
(E:T 5 100:1; P ,0.05). No specific lysis was observable in
mice receiving vvIL-4 (Fig. 3A), influenza virus hemagglutinin
peptide-loaded P815 cells, or MHC-unmatched EL-4 (H-2b)
target cells (data not shown). To adjust for lymphocyte num-
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bers in the spleen, LU were calculated on a per-spleen basis
(Fig. 3B) where 1 LU is equal to the number of lymphocytes
needed to achieve 50% lysis. The number of LU in the vvM2/
IL-4 group (134 6 24) was significantly lower than that in the
vvM2 group (267 6 61; P ,0.05).

Anti-IL-4 restores M2-specific CTL activity. To determine if
the observed decrease in M2-specific CTL response involved
secreted IL-4, we administered anti-IL-4 intraperitoneally for 5
days starting on day 22 and ending on day 12 (Fig. 4). Peak
M2-specific lysis at an E:T ratio of 100:1 was 49.5% 6 3.65%,
whereas mice receiving vvM2/IL-4 experienced marked atten-
uation of M2-specific CTL activity (17.9% 6 2.3%). Anti-IL-4
treatment of these mice restored CTL activity from 17.9% to

37.2% 6 3.8% (E:T 5 100:1; P ,0.05). HB151 control anti-
body did not increase CTL activity (data not shown).

To address the possibility that decreased expression of M2
antigen in the vvM2/IL-4 construct was responsible for the
diminished CTL activity, mice were injected with vvM2 plus
vvLac or vvM2 plus vvIL-4. Specific lysis by effectors from
individual mice are shown in Fig. 5 as a scatter plot of the
results from the E:T ratio of 100:1. Effectors from mice in-
jected with vvM2 plus vvLac induced greater specific lysis than
those from mice injected with vvM2 plus vvIL-4 (P 5 0.001).

FIG. 1. Kinetics of viral replication and cytokine production in the lungs and
spleens. Mice were sacrificed on days 2, 4, 6, and 10 postinfection. vvM2 (■) and
vvM2/IL-4 (E) viral replication was measured in the lung (A) and spleen (B) by
standard plaque assay. IL-4 protein in the lung (C) and spleen (D) was measured
by ELISA. Solid bars, vvM2; hatched bars, vvM2/IL-4. The limit of detection for
virus replication is 1.8 log10 PFU/g of tissue. Data are representative of three
independent experiments with four mice per group (n 5 4).

FIG. 2. IFN-g levels in mice infected with vvM2 (solid bars) or vvM2/IL-4
(hatched bars) on days 2, 4, 6, and 10 postinfection. IFN-g was measured from
spleen supernatant by ELISA. Data represent two independent experiments.

FIG. 3. M2-specific CTL activity. (A) CTL activity in splenocytes was mea-
sured by determination of specific lysis on day 6 postinfection in mice injected
with 5 3 106 PFU of vvIL-4 (Œ), vvM2 (■), or vvM2/IL-4 (E) (P ,0.05 between
vvM2 and vvM2/IL-4 for E:T ratios of 100:1 and 50:1). (B) LU measured on a
per-spleen basis. Solid bars, vvM2; hatched bars, vvM2/IL-4 (P ,0.05). Results
are representative of six independent experiments.

FIG. 4. Anti-IL-4 treatment restores CTL activity. Direct CTL activity was
measured in splenocytes on day 6 postinfection. Mice were injected with vvM2
(■), vvM2/IL-4 (E), or vvM2/IL-4 plus anti-IL-4 (Œ). Results are representative
of three independent experiments.
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Western blot analysis of M2 protein expression in infected
HEp-2 cells demonstrated equal expression of the M2 protein
by both vvM2 and vvM2/IL-4 constructs (Fig. 6).

To assess whether IL-4 may delay CTL activity rather than
diminish it, we measured CTL activity on days 4, 6, and 8
postinfection (Fig. 7). Kinetics for CTL activity in the vvM2/
IL-4 group was similar to that of the vvM2 group, with peak
CTL lysis on day 6 postinfection. These data demonstrate that
anti-IL-4 cytokine is able to dampen the effects of IL-4 in the
microenvironment and that the diminished CTL activity is not
due to a reduced M2 antigen load delivered by the vvM2/IL-4
construct or a delay in peak CTL activity.

Effects of IL-4 on M2-specific CD81 T-cell frequency in the
spleen. Diminished proliferation and clonal expression of M2-
specific CD81 T cells is one potential mechanism for the re-
duced CTL activity. Therefore, we compared the frequencies
of M2-specific CD81 T cells in spleens from mice infected with
vvM2 and vvM2/IL-4. M2 peptide-stimulated splenocytes were
analyzed by three-color flow cytometry for surface expression
of CD4 and CD8a and intracellular IFN-g. Combining the
results of five independent experiments with four to five mice
per group, we calculated that the percentages of M2 epitope-
specific CD81 T cells averaged 3.84% 6 1.1% in vvM2-in-
fected mice, compared to 2.39% 6 0.9% (P , 0.05) in the

vvM2/IL-4 group (Fig. 8). Levels of nonspecific IFN-g produc-
tion by CD81 T cells in the vvM2- and vvM2/IL-4-infected
mice, using an influenza virus NP peptide, were 0.30% 6
0.07% and 0.30% 6 0.04%, respectively (Fig. 8). Neither pep-
tide induced IFN-g production in CD41 T cells (data not
shown). Thus, IL-4 exerted a moderate suppression of the
expansion of CD81 M2-specific T cells, as determined by in-
tracellular IFN-g secretion. This diminution may partially ac-
count for the observed reduction in cytolytic activity.

IL-4 diminishes memory CTL activity. We next wanted to
determine if IL-4 given at the time of antigen presentation
would affect the development of CTL memory. Mice immu-
nized with vvM2 or vvM2/IL-4 were intravenously injected with
RSV 4 weeks later. Determination of splenic CTL activity on
day 5 after challenge showed that the vvM2/IL-4-primed mice
had diminished secondary CTL responses of 31% 6 7.0% in
the vvM2 group and 17.5% 6 6.4% in the vvM2/IL-4 group
(E:T 5 100:1; P ,0.05) (Fig. 9). Consistent with this observa-
tion, IFN-g production of M2-specific CD81 T cells was less in
the vvM2/IL-4 group (3.56% 6 1.0%) than in the vvM2 group
(5.07% 6 0.9%) (Fig. 8).

DISCUSSION

In this report, we show that IL-4 production during CTL
development diminishes the expansion and activity of both
primary and memory M2-specific CTL in vivo. We developed
a system to evaluate the local cytokine effects on CTL induc-
tion by constructing rVV expressing the RSV M2 antigen
(vvM2) or coexpressing M2 and IL-4 (vvM2/IL-4). Mice in-
jected with vvM2/IL-4 experienced significant attenuation of
M2-specific CTL activity whether IL-4 was expressed together
(vvM2/IL-4) or separately (vvM2 plus vvIL-4). Since IL-4 is a
known T- and B-cell proliferation factor (12, 23, 42), total
numbers of lymphocytes were accounted for by calculating LU
per spleen. Lytic activity in the vvM2/IL-4 group was twofold
less than in the vvM2 group. Our data indicate that the mech-
anism of diminished CTL activity was not due to antigen avail-
ability, delay in CTL activity, reduction of IL-2 or IFN-g, or a
dilutional effect of excess nonspecific cells.

Recent studies using rVV, IL-4 knockout mice, or immune-
complexed IL-4 have suggested that IL-4 inhibits CTL activity
and delays viral clearance (7, 20, 32, 36). Many of these studies
have relied on in vitro restimulation assays as a surrogate for in
vivo CTL activity. Interestingly, in vitro studies of effector CTL
development using purified splenocyte, thymocyte, or lymph

FIG. 5. M2-specific CTL activity of mice coinjected with vvM2 and vvIL-4.
CTL activity was measured in splenocytes on day 6 postinfection. Mice were
coinjected with vvM2 plus vvIL-4 or vvM2 plus vvLac. Scatter plot data are values
for individual mice at E:T 5 100:1, and the horizontal bar indicates the arith-
metic mean of the group. The data are derived from three independent exper-
iments, each designated by a unique symbol. P 5 0.001 by Mann-Whitney test.

FIG. 6. Western blot analysis of M2 protein expression in infected HEp-2
cells at 24 and 48 h postinfection. RSV polyclonal antibody was used to detect
M2 expression in vvIL-4-, vvM2-, and vvM2/IL-4-infected cells; 20 mg of protein
was loaded into each lane. Levels of M2 expression were similar for the two
vectors.

FIG. 7. Kinetics of splenic CTL activity. Mice were injected with vvM2 (■) or
vvM2/IL-4 (E) and sacrificed on days 4, 6, and 10 postinfection. Data represent
two independent experiments (P ,0.05 between groups for days 4 and 6).
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node cells in allogeneic mixed lymphocyte culture have shown
that recombinant IL-4 together with recombinant IL-2 in-
creases CTL activity and that both IL-2 and IL-4 can function
as growth factors for CD81 T cells and CTL generation (26, 35,
37, 41). Thus, the effects of IL-4 on CTL generation in vitro
may not apply to in vivo phenomena. We have shown that IL-4
present at the time of initial antigen presentation led to dimin-
ished memory CTL activity after challenge with RSV 4 weeks
postimmunization by a direct CTL assay. However, a previous
study in which vaccinia virus coexpressing RSV-F and IL-4
were used to study the effects of IL-4 on memory CTL re-
sponse showed that there was no difference in CTL activity
regardless of IL-4 expression (2). The major difference be-
tween that study and our work is that in the other study spleno-
cytes were restimulated in vitro for 5 days (2), whereas our

assays were performed by directly adding splenocytes to target
cells without in vitro manipulation. Our data indicate that IL-4
diminishes peptide-specific CD81 CTL activity in both the
primary and the memory responses.

New methods to quantitate and characterize cytokine pro-
duction by epitope-specific effector T cells have proven to be
highly efficient and precise (25, 38). By staining for intracellu-
lar IFN-g and surface expression of CD4 and CD8a, we
showed that M2-specific CD81 T-cell frequencies were lower
in the vvM2/IL-4-infected mice than in mice receiving vvM2.
Although IL-4 did not diminish overall IFN-g production (Fig.
2), the number of IFN-g-producing M2-specific of CD81 T
cells was diminished (Fig. 8). M2 peptide-induced IL-2 or IL-4
was not detected by intracellular staining (data not shown).
Thus, IL-4 diminution of M2-specific CTL activity may be
partially explained by the reduction of M2-specific CD81 T
cells in vivo.

In this study there was no evidence for a delay in vaccinia
virus clearance in the lung or spleen, possibly due to the nature
of immune response to vaccinia virus compared to RSV. Vac-
cinia virus can induce a broad set of immune responses, in-
cluding activation of NK cells, cytolytic CD41 T cells, and
antiviral cytokines, that may contribute to the elimination of
vaccinia virus from the spleen. These results are consistent
with a study showing that BALB/cAnN mice deficient in IL-4
display an increase in CTL activity compared to wild-type
controls, without a delay in viral clearance in either group (36).
CTL development includes a complex series of processes in-
cluding activation, proliferation, and differentiation into effec-
tor or memory CTL. Our findings suggest that the expansion of
RSV M2-specific CD81 T cells activated to produce IFN-g is
diminished by IL-4, suggesting that a step in clonal expansion
has been impaired. Although this may not be the only effect
that IL-4 has on the process of CD81 CTL induction, it is a
partial explanation for how IL-4 diminishes CTL activity in
vivo. Induction of an antiviral T-cell response is a goal of many

FIG. 8. Intracellular cytokine staining of M2 peptide-stimulated spleen cells. Mice were primarily infected (1° CTL) or immunized (2° CTL) with vvM2 or
vvM2/IL-4; 2 3 106 spleen cells were stimulated with FLU 147-155 (TYQRTRALV) or RSV M2 82-90 (SYIGSINNI) peptide for 8 h in the presence of monensin and
analyzed for IFN-g production by flow cytometry. Data for primary CTL are representative of averages compiled from five independent experiments with n 5 4 or 5
per group; data for secondary CTL are representative of two independent experiments, n 5 4 (P . 0.05 between groups for both primary and secondary CTL responses).

FIG. 9. Memory CD81 T-cell activity. Mice were injected with medium (Œ)
or with 5 3 106 PFU of vvM2 (■) or vvM2/IL-4 (E). Four weeks later, all mice
were challenged with 107 PFU of live RSV intravenously and CTL activity in
splenocytes was measured on day 5 after challenge (P , 0.05 between vvM2 and
vvM2/IL-4 for E:T 5 100:1 and 50:1).
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vaccine development efforts. Understanding the mechanism by
which IL-4 exerts its effect on T-cell development will contrib-
ute to our understanding of T-cell-mediated immune response
and improve vaccine approaches to viral diseases.
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