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Abstract

Manipulation of the cytokine microenvironment at the time
of vaccination can influence immune responses to remote
challenge, providing a strategy to study the molecular
pathogenesis of respiratory syncytial virus (RSV) vaccine-
enhanced disease in the mouse model. Although treatment
with antibody against IL-4 or recombinant IL-12 (rIL-12) at
the time of formalin-inactivated RSV vaccination induced a
similar shift in the pattern of cytokine mRNA expression
upon live virus challenge, anti-IL-4 treated mice had in-
creased CD8" cytotoxic T lymphocyte activity and reduced
illness compared with rIL-12-treated mice. To define effec-
tor mechanisms responsible for these patterns, CD4* and/or
CD8" T lymphocytes were selectively depleted in vivo at the
time of RSV challenge. In rIL-12-treated mice, CD4" lym-
phocytes made the largest contribution to IFN-y mRNA,
RSV clearance, and illness, while in anti-IL-4 treated mice,
CD8" lymphocytes were the major effector. The effector re-
sponsible for virus clearance also mediated illness, suggest-
ing that efficiency of virus clearance determined disease ex-
pression. These results demonstrate that the phenotype of
effector cells involved in the immune response to virus chal-
lenge may be a more important determinant of disease than
patterns of cytokine expression classically assigned to Thl
and Th2 lymphocytes. (J. Clin. Invest. 1997. 99:2183-2191.)
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Introduction

Respiratory syncytial virus (RSV)! is the major respiratory
pathogen of infants and young children, causing an estimated
91,000 hospitalizations and 4,500 deaths annually in the United
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States alone (1). Only partial immunity is achieved despite re-
peated infection. Clinical trials of a formalin-inactivated alum-
precipitated (FI) RSV vaccine (FI-RSV) in the 1960s showed
that the vaccine elicited complement-binding antibodies but
failed to protect against infection, and that the severity of sub-
sequent disease was frequently enhanced (2-5). Live, attenu-
ated RSV vaccines did not result in enhanced pulmonary dis-
ease upon natural infection, but were in other respects equally
unsuccessful (6-8). On the basis of these and other observa-
tions, it has been hypothesized that the immune response in-
duced by RSV may contribute to the development of disease
1,9).

The regulation of immune responses induced by pathogens
is better understood since the identification of distinct CD4*
Th lymphocyte subsets in mice (10). These cell types are cate-
gorized mainly by the constellation of cytokines they produce.
The signature cytokine of Th1 cells is IFN~y. Thl-associated
cytokines promote isotype switching from IgM to IgG2a, and
are primarily associated with cell-mediated immunity. In con-
trast, the signature cytokine of Th2 cells is IL-4. Th2-associ-
ated cytokines promote isotype switching from IgM to IgGl,
IgE, or IgA, and are mainly involved in humoral immunity
(11). In addition to Th cells, the cytokine environment is pro-
duced and influenced by other cell types. CD8" cytotoxic T
lymphocytes (12, 13) can be divided into functionally distinct
subsets that secrete different patterns of cytokines and play
unique regulatory roles. Moreover, differences in the activa-
tion of vy/d T lymphocytes (14), NK cells (15), and antigen-pre-
senting cells such as macrophages (16) and B lymphocytes (17,
18) may influence the cytokine milieu and thereby disease out-
comes.

For most infectious diseases caused by intracellular patho-
gens, a dominant type 2 cytokine response is associated with
disease progression, while a dominant type 1 cytokine produc-
tion is protective (11, 19-26). In the murine model of RSV, it
has been shown previously that the vaccine formulation used
for priming can induce distinct patterns of cytokine mRNA ex-
pression in mice challenged with live RSV (27). Immunization
with FI-RSV primes mice for an increase in IL-4 mRNA ex-
pression relative to IFN-y mRNA expression upon RSV chal-
lenge. In contrast, priming with live RSV leads to a relative de-
crease in IL-4 mRNA expression compared with IFN-y
mRNA levels.

While the cytokine expression pattern is important, other
properties of the effector cells producing the cytokines must
also be considered. Previous study has shown that interfering
with IL-4 activity at the time of RSV immunization by neutral-
izing monoclonal antibody induces a type 2 to type 1 shift in
pattern of cytokine expression after RSV challenge. This was
accompanied by an improved clinical outcome and increased
CD8" CTL activity (28). Using recombinant IL-12 (rIL-12)
treatment at the time of immunization also shifts the cytokine
response pattern from type 2 to 1 at the time of subsequent
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live virus challenge, and results in diminished RSV replication.
However, rIL-12 did not diminish illness or augment CD8"
CTL responses when given in concert with FI-RSV (29). The
complexity of the immune response to infectious pathogens
and importance of viewing cytokine-associated events with a
broader view than just the Th1/Th2 paradigm was also demon-
strated in a report examining the pathogenesis of leishmaniasis
in IL-4—knockout mice (30). To determine whether the pheno-
type of the cytokine-producing cell population impacts the
outcome of RSV-induced disease, CD4" and/or CD8" lym-
phocytes were selectively depleted in vivo before RSV chal-
lenge of mice previously immunized with FI-RSV. While
treatment with anti-IL-4 and rIL-12 at the time of FI-RSV
immunization caused similar shifts in the cytokine profiles,
rIL-12 promoted a type 1 CD4" response, and anti-IL-4 pro-
moted a type 1 CD8" lymphocyte response.

Methods

Mice, RSV immunogen, and virus. Pathogen-free female BALB/c mice,
8-10 wk old, were purchased from Charles River Laboratories, Inc.
(Wilmington, MA) and cared for according to the Guide for the Care
and Use of Laboratory Animals as previously described (31). Prepa-
rations of FI-RSV and preparation of stock of RSV have been previ-
ously reported (27). Both the vaccine preparation and the challenge
stock were derived from the A2 strain.

Cytokine and antibodies. Murine rIL-12 was expressed from
cloned cDNAs (32). The lot used in this study was MRB021693-1.2
(Genetics Institute, Cambridge, MA) with a specific activity of 5.6 X
10° U/mg as determined by phytohemagglutinin blast assay (33).
11B.11, a monoclonal antibody against murine IL-4 (34), was kindly
provided by the Biological Response Modifiers Program, National
Cancer Institute (Frederick, MD). Monoclonal antibodies GK1.5
(35), 2.43 (36), and HB151 (37) were prepared as ascitic fluid of hy-
bridoma-inoculated, pristane-primed BALB/c nu/nu mice. GK1.5
and 2.43 make monoclonal antibodies against murine L3T4 (CD4),
and Lyt2 (CD8), respectively. Hybridoma HB151 makes a mono-
clonal antibody against human HLA-DrS5, and was used as an irrele-
vant antibody control. Total protein and albumin concentrations
were quantitated using a Multistat I Microcentrifugal Analyzer (In-
strumentation Laboratory Inc., Lexington, MA). Protein electro-
phoresis was performed with a Titan Gel high-resolution REP SP-30
kit and the gamma globulin fraction was determined by densitometry
with an Electrophoresis Data Center (Helena Laboratories, Beau-
mont, TX). Ascites fluid was diluted in PBS to 1 pg immunoglobulin/
wl before injection.

Plaque assays and neutralization tests. Dilutions of the clarified
supernatant were inoculated on 2-d-old HEp-2 monolayers, 80% con-
fluent in 12-well plates (Costar Corp., Cambridge, MA) under 0.75%
methyl cellulose in 10% EMEM (31). After incubation for 4 d at
37°C, the monolayers were fixed, stained with hematoxylin-eosin, and
plaques were counted under a dissecting microscope. Plaque-reduc-
tion neutralization assays were performed by mixing dilutions of
heat-inactivated serum starting at 1:40 with equal volumes of titered
virus stock for 1 h at room temperature with the complement. The se-
rum dilution producing 60% plaque reduction was calculated by lin-
ear regression and considered the neutralization titer (31).

RSV-specific immunoglobulin isotype ELISA. BCH4, a persistently
RSV-infected BALB/c fibroblast cell line, as well as BC, its unin-
fected parent cell line, were bound to the solid phase on Immulon II
96-well plates (Nunc, Inc., Roskilde, Denmark). Serially diluted
mouse serum samples, starting at dilutions of 1:80, were added to
each well. Plates were incubated, washed, and goat anti-murine IgG1
or IgG2a conjugated to alkaline phosphatase (PharMingen, San Di-
ego, CA) diluted 1:1,000 was added. After another incubation, plates
were washed, substrate was added for 30 min at room temperature,
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and OD,y; was determined (28). A serum dilution was considered
positive if the mean optical density of two BCH4 cell wells was
greater than twice that of BC-coated wells and > 0.1.

Cytotoxic T lymphocyte assay. Whole lung lymphocytes were iso-
lated by Ficoll-Hypaque (1.09 specific gravity) cushion centrifuga-
tion. BCH4 and BC target cells labeled with 3'Cr (DuPont- New En-
gland Nuclear, Boston, MA) were incubated with effector cells for 4 h
at 37°C in 96-well microtiter plates as described (28). Spontaneous
and total releases were obtained by treating the target cells with 10%
RPMI and 5% Triton X-100 detergent, respectively. Each point is the
mean from three replicate wells using lymphocytes pooled from six
mice in each group. The specific release of >'Cr from target cells is de-
fined as 100 X (sample cpm — background cpm)/(total cpm — back-
ground cpm).

mRNA extraction and Northern blotting. The total RNA from
whole lungs was extracted, and polyA RNA was isolated, electro-
phoretically separated, and transferred to membranes as previously
described (27). Hybridization with 3P oligonucleotide probes was
performed as previously described (27). After washing, membranes
were exposed to Kodak X-omat film at —70°C (Eastman Kodak Co.,
Rochester, NY). Laser densitometry was performed with an LKB Ul-
troScan XL using GelScan XL software (Pharmacia Fine Chemicals,
Piscataway, NJ). Oligonucleotide probes for murine IL-4, IL-10, IFN-y,
TNF-q, and B-actin were purchased from R & D Systems, Inc. (Min-
neapolis, MN) or Clontech Laboratories Inc. (Palo Alto, CA). A
cocktail of oligonucleotides designed for IL-12 p40 and p35 compo-
nents was previously described (29).

In vivo T cell subset depletion. CD4*, CD8*, and both, or no lym-
phocyte subsets were depleted in mice by treatment with GK1.5, 2.43,
both, or the irrelevant control HB151. Each mouse was injected with
100 pg of the appropriate monoclonal antibody intraperitoneally on
three successive days, starting 2 d before the live virus challenge.
Thereafter, maintenance injections of 250 pg of monoclonal antibody
were given weekly (37). Efficacy of these treatments was determined
by FACS® analysis of heparinized whole peripheral blood using FITC
or phycoerythrin-conjugated rat anti-mouse antibody to CDS8 or
CD4, respectively (Becton Dickinson, Mountain View, CA). Each
antibody conjugate was incubated with 200 pl of whole blood for 30
min at room temperature. The red blood cells were lysed with a buff-
ered ammonium chloride solution and the remaining lymphocytes
were washed twice and then resuspended in PBS containing 5% FBS
before analysis on an Epic 753 FACS® (Coulter Corp., Miami, FL).

Experimental design. Each mouse was immunized with FI-RSV
containing 2.2 X 10° plaque forming unit (pfu) equivalents of virus
antigen intramuscularly, and challenged with 107 pfu of live RSV in-
tranasally 4 wk later as previously described (27, 28). For anti-IL-4
treatment, each mouse was given 200 pg 11B.11 monoclonal antibody
intraperitoneally for three successive days, starting at 1 d before im-
munization. For rIL-12 treatment, rIL-12 was administered 1 g/
mouse intramuscularly in the same syringe with the RSV immunogen.
The lymphocyte subset in vivo depletion at the time of challenge was
executed as described above. Mouse serum samples were collected on
the day of live RSV challenge and again 2 wk later. Cytokine mRNA
measurements and virus plaque assays were performed on lungs har-
vested on day 4 after challenge. Lymphocytes isolated from lung tis-
sues harvested 6 d after challenge were assayed for CTL activity.
Lung histologic samples 6 d after challenge were prepared. Illness as-
sessments, including weight loss and clinical scores, were performed
as previously described (28, 29). Data were derived from six individ-
ual mice from each group at each time point. All treatments, sample
processing time points, and immunologic assays were performed on
the same day for all experimental groups, and the entire study was
performed as a single experiment.

Statistics. Plaque assay results, weights, antibody titers, and den-
sitometry measurements between groups were evaluated by one-way
analysis of variance. Significant differences between data from spe-
cific groups were defined as those with a P value = 0.05. The relation-
ship of rIL-12 dose to subsequent cytokine responses in lung was ana-



Figure 1. Dose-effect relationship be-
tween rIL-12 and RSV-specific immuno-
globulin isotype antibody response and vi-
ral titer reduction. Mouse serum samples
; were collected 1 d before (A, eight per
group) and 2 wk after (B, five to six per
group) challenge. The virus replication
levels in lungs 4 d after challenge (six
mice per group) are measured as mean
log;opfu/g=SD. Antibody titers are ex-
pressed as mean log, reciprocal serum
dilution*=SD. Values < 1:80 were assigned
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lyzed by linear regression modeling the cytokine to the dose of rIL-12,
and asking whether the slope was significantly different than zero. The
analysis was done using SAS software (SAS Institute, Inc., Cary, NC).

Results

Dose-response effect of rIL-12. Previously we have evaluated
the adjuvant effects of rIL-12 on induction of immune re-
sponses against RSV infection in mice (29). Despite reduction
in RSV replication and shift toward a type 1 cytokine expres-
sion pattern, rIL-12 treatment did not increase CTL activity or
decrease illness after challenge. In this study, we evaluated the
dose-response effect of rIL-12 on RSV-induced immune re-
sponses. Giving 10 ng-10 pg rIL-12 treatment at the time of
immunization induced a dose-related reduction in RSV repli-
cation, an increase in IgG2a, and a decrease in IgG1 isotype
antibody titers (Fig. 1). There was also a dose-related shift in
the cytokine mRNA expression pattern. IL-4 mRNA in lung
after RSV challenge was inversely correlated with the dose of
rIL-12 given at the time of immunization (P = 0.04) (Fig. 2).
However, rIL-12 treatment did not improve illness outcome
(measured by weight loss and illness score) or increase CD8*
CTL activity after challenge regardless of dose (data not
shown). These data combined with previous results showed
that a simple shift in the pattern of cytokine expression does
not determine illness outcome, suggesting that the cell popula-
tions responsible for cytokine production, not the cytokines
themselves, may be key determinants of illness.

Illness pattern. We first sought to determine which T cell
populations were responsible for cytokine production and ill-
ness outcome. The selective depletion of CD4* and/or CD8* T
lymphocytes was performed at the time of challenge. Periph-
eral blood FACS® analysis verified that 98% of CD4" and
100% of CD8" T cells were depleted when mice were injected
with GK1.5 and 2.43 monoclonal antibodies, respectively (data
not shown). Control mice primed only with killed virus antigen
exhibited a typical 20% weight loss after live RSV challenge,

Figure 2. Dose-effect relationship between rIL-12 and cytokine

mRNA expression. Mice were immunized with FI-RSV with rIL-12
ranging from 0 to 10 g and 4 wk later were challenged with live vi-
rus. Each cytokine mRNA was detected from whole lungs dissected
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the value 1:40 for statistical calculations.
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4 d after challenge (two lungs per sample, two samples per group).
Cytokine mRNA Northern blot (A) shows two representative lanes
from each group. Below, the corresponding densitometry data are
shown as the mean and standard deviation of three samples per
group. IL-4, B IFN-y, A; IL-12, p40, (1.
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Figure 3. T lymphocyte subsets responsible for weight loss after RSV challenge. Mice (six per group) were immunized with FI-RSV plus rIL-12
(A), anti-IL-4 (B), or nothing (C), and 4 wk later were challenged with live virus. They were treated with GK 1.5 (anti-murine CD4), 2.43 (anti-
murine CD8), both, or isotype control at the time of challenge. Mean percentages of body weight loss=SD are shown. No depletion, Hli; CD*

depletion, -4-; CD? depletion, -¥-; both depleted, .

while depletion of both CD4" and CD8* lymphocytes resulted
in almost no weight loss. Mice depleted of either CD4" or
CDS8" lymphocytes had intermediate weight loss after chal-
lenge (Fig. 3 ).

In the rIL-12-treated group, depletion of CD4" lympho-
cytes significantly reduced the amount of weight loss com-
pared with the nontreated group (P = 0.01 at day 5). In con-
trast, depletion of CD8" lymphocytes had significantly less
effect on weight in the rIL-12-treated group than in the non-
treated group (P = 0.03 at day 5; Fig. 3 A). In the anti-IL-4
treated group, weight loss was reduced more by CD8" lym-
phocyte depletion than by CD4* depletion, similar to the non-
treated group (Fig. 3 B). The illness scores assigned by a
blinded observer showed the same patterns as the weight loss
curves (data not shown). These data suggest that the immune
responses responsible for illness in mice treated with rIL-12
and anti-IL-4 at the time of immunization are dominated by a
different composition of effector populations. CD4" lympho-
cytes are the major effectors in rIL-12-treated mice, while
CDS8* lymphocytes play the major role in anti-IL-4-treated
mice.

RSV replication in lung. Virus replication in lungs was eval-
uated at day 4 after challenge. In untreated mice primed only
with the FI-RSV immunogen, the virus titer was 4.41+0.28
log,opfu/g at day 4 after live RSV challenge. When both CD4*
and CD8" lymphocyte subsets were depleted, the viral titer
was 5.3620.41 log,pfu/g. Depletion of the CD4* lymphocyte
subset alone had a greater effect on virus clearance than CD8"
depletion suggesting that most virus clearance was mediated
by CD4" lymphocyte effector mechanisms (Fig. 4). As previ-
ously shown, rIL-12 treatment at the time of FI-RSV priming
resulted in a significant reduction in virus titer (P < 0.0001
comparing nondepleted groups). Mice treated with rIL-12 dur-
ing FI-RSV priming in which both CD4* and CD8* lympho-
cytes were depleted before challenge had a virus titer of
3.99%0.42 log,,pfu/g that was significantly lower than in dou-
ble-depleted mice primed with FI-RSV antigen only (0.0004),
indicating that other effector mechanisms than CD4* and
CDS8" T lymphocytes were involved in virus clearance. Deple-
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tion of CD4" lymphocytes alone eliminated the reduction of
virus titer in this group, while depletion of CD8" lymphocytes
had no effect on virus titer reduction. This suggests that CD4*
lymphocytes are major effectors responsible for viral clearance
in FI-RSV-primed mice treated with rIL-12. In contrast, anti—
IL-4-treated FI-RSV-primed mice showed the opposite pat-
tern. Mice depleted of CD4* lymphocytes had reduction in vi-
rus titers similar to the undepleted control mice, while mice
depleted of CD8" lymphocytes were no longer able to effec-
tively reduce virus titers. This suggests that CD8" lymphocytes
are major effectors for virus clearance in anti-IL-4-treated, FI-
RSV-primed mice. These data show that the reduction in virus
titer seen in mice treated with rIL-12 versus anti-IL-4 at the

Log10 pfu/Gram Lung
N

Treatment at

rilk—12 anti-IL—4 control

Immunization

Figure 4. T lymphocyte subsets responsible for the viral titers in lungs
after RSV challenge. Mice (six per group) were immunized with FI-
RSV plus rIL-12, anti-IL-4, or isotype control, and 4 wk later were
challenged with live virus. They were treated with GK 1.5, 2.43, both,
or isotype control at the time of challenge. Mean log,, pfu/g lung=SD
are shown. No depletion, []; CD* depletion, Z2; CD? depletion, N;
both depleted, l.
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Figure 5. Phenotype of RSV-specific cytotoxic T cell activity in anti—
IL-4-treated mice. Lymphocytes from lungs of six mice in each group
on day 6 after challenge were pooled. *!Cr-labeled BCH4 target cells
were used in a direct measure of RSV-specific cytotoxic activity that
did not include in vitro stimulation of effectors. Each point represents
the mean from three replicate wells. No depletion, -llF; CD* deple-
tion, -&; CD® depletion, W ; both depleted, .

time of FI-RSV immunization is mediated by different effector
populations.

CTL activity. It was demonstrated in the previous study
that interference with IL-4 activity at the time of immunization
by neutralizing monoclonal antibody induces a type 2 to type 1
immune response shift, accompanied by an improved clinical
outcome and increased CD8* CTL activity (28). Here, the pri-
mary lung CTL activity at day 6 after challenge was measured
in mice that had different cytokine manipulations at the time

Treatment at Priming

of immunization. CTL activity was not detectable after chal-
lenge in mice primed with FI-RSV intramuscularly alone or
when treated with rIL-12 (data not shown). In anti-IL-4-treated
mice, increased CTL activity was detected, and was abrogated
by selective CD8* lymphocyte depletion in vivo. Depletion of
CD4* lymphocytes alone had no effect on CTL activity (Fig.
5). These data were consistent with in vitro depletion results,
suggesting that anti-IL-4, but not rIL-12, treatment at the time
of immunization resulted in augmented CTL activity mediated
by CDS8™ effectors after RSV challenge.

Cytokine mRNA expression pattern. Next we asked how
CD4" and CDS8" lymphocyte subpopulations contribute to cy-
tokine mRNA production after live virus challenge in mice
treated with anti-IL-4 or rIL-12 at the time of FI-RSV immu-
nization. CD4" lymphocyte depletion at the time of live virus
challenge virtually eliminated IL-4 and IL-10 mRNA produc-
tion regardless of treatment, suggesting that both IL-4 and
IL-10 were produced predominantly by CD4* T lymphocytes
(Fig. 6). TNF-o mRNA increased in mice treated with either
anti-IL-4 or rIL-12 at the time of immunization (Fig. 6). In
rIL-12—treated mice, combined CD4* and CD8* depletion re-
duced, but did not eradicate, TNF-a expression, suggesting
that TNF-a was produced by CD4—/CD8~— cells in this setting.

IFN-y mRNA production levels varied in mice depleted of
different T lymphocyte subsets. In mice primed only with FI-
RSV antigen, both CD4" and CD8* lymphocytes contributed
to IFN-y mRNA expression. In rIL-12-treated mice, CD4"
depletion eliminated 59.5% of IFN-y mRNA production,
while CD8" depletion eliminated only 24.5% (Fig. 6; Table I).
Both CD4* and CDS8" depletion failed to eradicate IFN-y
mRNA expression completely, suggesting that other effector
cells contribute to IFN-y mRNA synthesis in rIL-12-treated
mice. In contrast, while CD4" depletion in anti-IL-4 treated
mice eliminated only 19.9% of IFN-y mRNA secretion, CD8*
depletion eliminated 75.2% of IFN-y mRNA expression, sug-
gesting that IFN-y in anti-IL-4-treated mice was produced
mainly by CD8" cells (Fig. 6; Table I). Taken together, these

Depletion
at
Challenge rL-12 anti-IL-4 Nothing
CD4+ - £ * + - + ™ + = + = +
CD8+ = = + + = = + + - - + +
Figure 6. T lymphocyte
subset depletion alters
IFN-y cytokine mRNA expres-
sion pattern in lungs after
RSV challenge. Mice
IL-4 were immunized with
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FI-RSV plus rIL-12,
anti-IL-4, or isotype con-
trol, and 4 wk later were
challenged with live vi-
rus. They were in vivo de-
pleted of CD4" or/and
CD8* cell subsets at the
time of challenge. Cyto-
kine mRNA Northern
blot (two lungs per sam-
ple, three samples per
group) is shown.
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Table I. Effect of In Vivo T Lymphocyte Subset Depletion on
Reduction of Whole Lung IFN-y mRNA in Mice Primed with
FI-RSV and Challenged with RSV

Treatment at immunization

T subset depletion

at challenge Control Anti-1L-4 rIL-12
CD4* 70.2% 19.9 59.5
CD8* 74.2 75.2 24.5
CD4" and CD8"* 99.1 98.6 88.2

*Mean percent reduction compared with nondepleted group.

data suggest that the responding cytokine patterns after chal-
lenge were due to phenotypically different lymphocyte effec-
tors. In the case of anti-IL-4-treated mice, it appears that
IFN-y (or type 1 cytokine pattern) is primarily a product of
CD8* T cells, whereas in rIL-12-treated mice, CD4" T cells
are the dominant source.

RSV-specific immunoglobulin isotype and neutralization
antibody responses. There were no detectable neutralizing an-
tibody titers in serum samples collected on the day of challenge
which is expected after a single immunization with FI-RSV in-
tramuscularly (Table IT). Mice primed with FI-RSV immuno-
gen alone produced relatively high IgG1 and low IgG2a anti-
body titers (35, 36; Table II). Treatment with rIL-12 at the
time of immunization results in greater induction of IgG2a iso-
type and less production of IgG1. Treatment with anti-IL-4
augments the prechallenge IgG2a response, but has little effect
on IgG1 induction. In nondepleted mice after challenge there
was a neutralizing antibody response in all groups of similar
magnitude. CD4" cell depletion before challenge prevented
the appearance of neutralizing antibody and boosting of the
isotype response in all groups, while CD8" cell depletion had
no effect on antibody production (Table II). These results sug-
gest that, regardless of the different effector populations being
activated in the context of cytokine manipulation, CD4* T
lymphocytes still play a significant role in inducing humoral
immunity to RSV.

Discussion

In vivo T lymphocyte subset depletions were performed to de-
fine the subpopulations responsible for cytokine production,
virus clearance, and illness in RSV-infected mice. Treatment
with rIL-12 or anti-IL-4 at the time of killed RSV immuniza-
tion resulted in a similar shift toward a type 1 pattern of cyto-
kine expression. However, anti-IL-4 treatment resulted in im-
proved illness outcome, and increased cytotoxic T cell activity
in lung after challenge; rIL-12 treatment did not induce these
effects (28, 29). We have shown that in anti-IL-4 treated mice,
CDS8* lymphocytes were the dominant effector cell, while in
rIL-12—treated mice CD4" lymphocytes were dominant. In ad-
dition to their roles in cytokine production, the key effector
cells in each treatment group had the greatest impact on both
viral clearance and illness expression. Thus, the price for viral
clearance is immunopathology potentially leading to illness.
Optimizing the efficiency of the effector population mediating
viral clearance should minimize RSV-induced disease, and
should be a primary goal of vaccine development.

The vaccine-enhanced illness caused by formalin-inacti-
vated RSV vaccines in the 1960s is a major impediment to ad-
vancing new RSV candidate vaccines to clinical trials, and was
associated with altered lung pathology (2-5) and an enhanced
lymphoproliferative response in vitro (38). Enhanced pathol-
ogy has also been induced after live RSV challenge in mice im-
munized with FI-RSV vaccine (27, 39, 40). The pathology is
dependent on the CD4* T lymphocyte population (37, 40),
and appears to be related to selective activation of lymphocyte
subpopulations that have different cytokine secretion profiles
(27, 41). Upon RSV challenge, mice previously immunized in-
tramuscularly with inactivated virus produced a dominant type
2 pattern of cytokine expression. In contrast, challenge of mice
immunized with live RSV by either mucosal or parenteral
routes produced a type 1 pattern (27). These findings have sug-
gested a working model for the pathogenesis of RSV vaccine-
enhanced illness: RSV immunization can selectively activate
subpopulations of lymphocytes that, upon rechallenge, result
in different levels of illness expression based on cytokine se-
cretion patterns.

Table I1. Effect of In Vivo T Lymphocyte Depletion on RSV-specific Inmunoglobulin Isotype and Neutralizing Antibody

Response in Serum*

2 wk after challenge

Immunogen/treatment Day of challenge No depletion CD4 depletion CD8 depletion Both depleted
IgG1 FI-RSV 7324251 (4/8)  9.12+2.17 (4/5)  7.82+1.97 (4/6)  9.32+224 (4/5)  832%2.10 (5/6)
FI-RSV + anti-IL-4  6.86+1.77 (4/8)  9.92+0.55(5/5)  6.99+2.58 (2/6)*  9.32+2.00 (5/6)  6.65=2.07 (2/6)*
FI-RSV + rIL-12 < 6.32(0/8) 6.15%2.04 (1/6) 582122 (1/6)  6.32=1.74 (1/5)  5.99+1.63 (1/6)
IgG2a FI-RSV 7.57+2.05(5/8) 10.12+045(5/5) 6.65+1.03 (5/6) 11.12+0.45(5/5)  8.32%1.67 (5/6)
FI-RSV + anti-IL-4  9.45+1.81 (7/8) 10.92+0.89 (5/5)  8.49=1.47 (6/6)' 10.32+2.45(5/6)  7.65=1.63 (5/6)}
FI-RSV + rIL-12  10.07+0.74 (8/8) 10.65+0.52 (6/6) 10.65=0.82 (6/6)  10.92+0.55 (5/5) 10.92=0.52 (6/6)
Neutralizing antibodyl FI-RSV <4.32(0/8) 6.18=0.97 (5/5) <432 (0/5) 6.77=1.47 (5/5) < 4.32(0/5)
FI-RSV + anti-TL-4 < 4.32 (0/8) 6.48+0.78 (5/5) < 4.32 (0/5) 6.76+0.87 (5/5) < 4.43 (0/5)
FI-RSV + rIL-12 < 4.32 (0/8) 5.02+1.67 (4/5) < 4.32 (0/5) 5.07+1.14 (5/5) < 4.32 (0/5)

*Data are shown as log, mean titer=SD or log, mean titer (No. responders/No. tested). Negative samples were assigned log, 40 for immunoglobulin
isotype and log, 10 for neutralizing antibody in statistical calculations. P < 0.035 vs. no depletion group in IgG1 treated with anti-IL-4. ¥P < 0.05 vs. no
depletion group in IgG2a treated with anti-IL-4. I[P < 0.05 among all nondepleted and CD8* depletion groups in neutralizing antibody titers by one-

way variance analysis.
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The potential importance of the composition of immune
responses to RSV has made the choice of adjuvant a critical
factor in the ultimate safety and efficacy of candidate RSV
vaccines. The nature of the primary immune response to vac-
cine can determine the composition of the response to subse-
quent challenge by the pathogen. Manipulation of the cytokine
milieu at the time of vaccination has the potential to increase
vaccine immunogenicity and safety (42). For intracellular
pathogens, including RSV, one goal of vaccination should be
to induce a type 1 cytokine environment. Certain type 1 cyto-
kines, such as IFN-y, have been given in conjunction with
immunization to help enhance immunogenicity and promote
cell-mediated responses (43). IL-12, a macrophage-derived
heterodimeric cytokine (44, 45), has been shown to have po-
tential as a vaccine adjuvant. Vaccination of BALB/c mice
with leishmania antigens and IL-12 promotes the development
of leishmania-specific CD4* Th1 cells. These mice are resistant
to subsequent infection with wild-type parasites, suggesting
that IL-12 may be a key component to vaccine efficacy when
IFN-y-dependent cell-mediated immunity is required (46). In
schistosomiasis, vaccination with antigen plus IL-12 reduces
subsequent schistosome egg—induced pathology, including
granuloma formation and tissue fibrosis (47, 48). We have
demonstrated that rIL-12 treatment at the time of immuniza-
tion shifts a type 2 to a type 1 cytokine response pattern at the
time of subsequent live virus challenge and results in dimin-
ished RSV replication (29), and others have reported that
IL-12 injected at the time of vaccination increases immunity
against a neurotropic herpes virus infection in mice (49).

CTLs play a major role in host defenses in most viral infec-
tions. CTLs control acute infection directly by destroying vi-
rus-producing cells and possibly by releasing cytokines with
antiviral activity, such as IFN-y and TNF-a. Passively trans-
ferred CD8" CTLs were shown to clear RSV rapidly, but en-
hance pulmonary pathology, when given to mice at high doses
(50). Tt was also reported that the natural occurrence of the
CDS8* T cell response after intranasal RSV infection of calves
correlated with virus clearance and recovery (51). RSV-specific
CTLs have also been shown to develop in response to natural
infection of humans, and their detection is associated with rel-
ative protection from disease (52-54). While previous studies
have shown that both CD4" and CD8* T lymphocytes are in-
volved in clearance of RSV (37), CD8" CTL clones appear to
be more efficient at clearing RSV than CD4" T cell clones
(39, 50).

This study has confirmed the results of previous studies (28,
29) showing that anti-IL-4 and rIL-12 treatment at the time of
immunization with FI-RSV promotes the development of a
type 1 cytokine environment in RSV-challenged mice. Anti-
IL-4 treatment was again shown to augment CD8" CTL activ-
ity after RSV challenge. We have now shown that the type 1
cytokine environment in mice treated with anti-IL-4 during
immunization is produced mainly by CD8* lymphocytes, while
the type 1 cytokine response in mice treated with rIL-12 dur-
ing immunization is produced mainly by CD4" lymphocytes.
In the anti-IL-4 treated mice, CD8" lymphocytes are there-
fore playing a role as cytolytic effectors to clear virus-infected
cells, and may also serve a regulatory function by contributing
to the cytokine milieu and promoting Thl CD4" lymphocyte
differentiation. The concept of CD8* lymphocytes as immune
regulators has also been suggested in other experimental
systems (12, 13). Whether the effect of CD8* lymphocytes on

T Cell Phenotype Determines Immune Response in RSV-infected Mice

illness depends only on efficient virus clearance or involves
modulation of CD4* Th differentiation and reduction of IL-4—
mediated disease mechanisms remains unclear.

In mice treated with rIL-12 at the time of immunization
with FI-RSV, there was no increase in CD8" CTL activity or
improvement in clinical outcome as there was with anti-IL-4
treatment. However, a recent study evaluating rIL-12 treat-
ment of lymphocytic choriomeningitis virus (LCMYV) infection
showed that low doses of IL-12 improved immunity to LCMV
infection and increased splenic CD8" T cell numbers. In con-
trast, high doses of IL-12 impaired resistance to LCMYV infec-
tion and reduced virus-specific CTL activity (55). The postu-
lated mechanism for IL-12-mediated immunotoxicity was that
high concentrations of IL-12 induced TNF-o expression, which
could be detrimental to protective CD8" T cell responses (56).
Therefore, we evaluated a range of rIL-12 doses on RSV-
induced immune responses. Treating with 10 ng-10 pg rIL-12
at the time of immunization produced a dose-effect on RSV
replication, immunoglobulin isotype antibody responses, and
cytokine mRNA expression pattern. However, rIL-12 treat-
ment did not improve illness outcome or increase CD8" CTL
activity after challenge regardless of dose (Fig. 1). In our sys-
tem, cytokine manipulation, including anti-IL-4 and rIL-12
treatment, was performed at the time of immunization and
TNF-a mRNA expression level was detected at the time of re-
mote virus challenge. There was no correlation of TNF-«
mRNA expression and the level of CTL activity. Therefore,
reducing the dose of rIL-12 used at immunization did not pro-
mote CD8* CTL activity as it did when used as treatment in
the LCMYV system, and CD8" CTL activity was not correlated
with TNF-a expression in RSV-infected mice.

In rIL-12—treated mice, virus titers in lungs after challenge
were significantly reduced despite depletion of both CD4" and
CD8* T lymphocytes (P = 0.0004). rIL-12—-treated mice de-
pleted of both CD4* and CD8* T lymphocytes also retained
some degree of mRNA expression of IFN-y and TNF-a (Fig.
6). While the reduced virus titers may be related to the slightly
higher prechallenge IgG2a antibody titer it is possible that,
vaccine-inducible cell populations, other than CD4" or CD8*
T lymphocytes, contributed to RSV clearance. Candidates for
this activity include NK cells and v/d T lymphocytes. The v/ T
lymphocytes are present at sites of infection in lungs and other
mucosal surfaces (57-59), and have been shown to influence
the course of microbial infection (60-63). The y/d T cells have
the potential to secrete cytokines, including IFN-y and TNF-«
(64). IL-12 not only stimulates proliferation of v/3 T cells, but
also strongly induces IFN-y production by these cells (65, 66).
It has been recently reported that y/d T cells in vivo secrete
IFN-y and IL-4 differentially in response to intracellular bacte-
ria or extracellular parasites (14). Therefore, the viral titer re-
duction may be attributable to IFN-y and TNF-a secreted by
expanded y/d T cells induced by rIL-12 treatment at the time
of killed RSV antigen immunization. However, like NK cells,
we know of no example in which the /8 T cell population has
been shown to be vaccine inducible.

Vaccine manipulation of the microenvironment to favor
the development of desired immune responses by introducing
cytokines or cytokine antagonists into vaccine formulations
promises a rational approach for future RSV vaccine develop-
ment. Administration of IL-12 with a vaccine antigen that
could be processed and presented by class I major histocom-
patibility molecules might be more likely to promote a CD8*"
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effector population upon subsequent viral challenge. Learning
how to modulate the immune response to viral pathogens by
selectively activating T cell populations at the time of immuni-
zation has the potential to increase vaccine efficacy and im-
prove vaccine safety.

Acknowledgments

The authors thank Rauf G. Kuli-Zade and Frances W. Robinson for
technical assistance; Julie E. Fischer and Dr. Kathleen M. Neuzil for
critically reading the manuscript; Stanley F. Wolf of Genetics Insti-
tute, Inc. for providing mouse recombinant IL-12; and the Biological
Response Modifiers Program, National Cancer Institute (Frederick,
MD) for providing 11B.11 monoclonal antibodies.

This study was supported by National Institutes of Health grants
RO1-AI-33933 and RO1-AI-37216.

References

1. Hall, C.B. 1994. Prospects for a respiratory syncytial virus vaccine. Sci-
ence (Wash. DC). 265:1393-1394.

2. Kapikian, A.Z., R.H. Mitchell, R.M. Chanock, R.A. Shvedoff, and C.E.
Stewart. 1979. An epidemiologic study of altered clinical reactivity to respira-
tory syncytial (RS) virus infection in children previously vaccinated with an in-
activated RS virus vaccine. Am. J. Epidemiol. 89:405-421.

3. Kim, W.H., J.G. Canchola, C.D. Brandt, G. Pyles, R M. Chanock, K.
Jensen, and R.H. Parrott. 1969. Respiratory syncytial virus disease in infants
despite prior administration of antigenic inactivated vaccine. Am. J. Epidemiol.
89:422-434.

4. Fulginiti, V.A,, J.J. Eller, O.F. Sieber, J.W. Joyner, M. Minamitani, and
G. Meiklejohn. 1969. Respiratory virus immunization—a field trial of two inac-
tivated respiratory virus vaccines; an aqueous trivalent parainfluenza virus vac-
cine and an alum-precipitated respiratory syncytial virus vaccine. Am. J. Epide-
miol. 89:435-448.

5. Chin, J., R.L. Magoffin, L.A. Shearer, J.H. Schieble, and E.H. Lennette.
1969. Field evaluation of a respiratory syncytial virus vaccine and a trivalent
parainfluenza virus vaccine in a pediatric population. Am. J. Epidemiol. 89:449—
463.

6. Friedewald, W.T., B.R. Forsyth, C.B. Smith, M.A. Gharpure, and R.M.
Chanock. 1968. Low-temperature—grown RS virus in adult volunteers. J. Am.
Med. Assoc. 204:142-146.

7. Kim, W.H., J.O. Arrobio, G. Pyles, C.D. Brandt, E. Camargo, R.M. Cha-
nock, and R.H. Parrott. 1971. Clinical and immunological response of infants
and children to administration of low-temperature adapted respiratory syncy-
tial virus. Pediatric. 48:745-755.

8. Wright, P.F., J. Mills, and R.M. Chanock. 1971. Evaluation of a tempera-
ture-sensitive mutant of respiratory syncytial virus in adults. J. Infect. Dis. 124:
505-511.

9. Murphy, B.R., S.L. Hall, A.B. Kulkarni, J.E. Crowe, Jr., P.L. Collins, M.
Connors, R.A. Karron, and R.M. Chanock. 1994. An update on approaches to
the development of respiratory syncytial virus (RSV) and parainfluenza virus
type 3 (PIV3) vaccines. Virus Res. 32:13-36.

10. Mosmann, T.R., H. Cherwinski, M.W. Bond, M.A. Giedlin, and R.L.
Coffman. 1986. Two types of murine helper T cell clone. I. Definition according
to profiles of lymphokine activities and secreted proteins. J. Immunol. 136:
2348-2357.

11. Mosmann, T.R., and R.I. Coffman. 1989. Th1 and Th2 cells: different
patterns of lymphokine secretion lead to different functional properties. Annu.
Rev. Immunol. 7:145-173.

12. Erard, F., M.-T. Wild, J.A. Garcia-Sanz, and G. Le Gros. 1993. Switch of
CD8 T cells to noncytolytic CD8 CD4~ cells that make Th2 cytokines and help
B cells. Science (Wash. DC). 260:1802-1805.

13. Croft, M., L. Carter, S.L. Swain, and R.W. Dutton. 1994. Generation of
polarized antigen-specific CD8 effector populations: reciprocal action of inter-
leukin (IL)-4 and IL-12 in promoting type 2 versus type 1 cytokine profiles. J.
Exp. Med. 180:1715-1728.

14. Ferrick, D.A., M.D. Schrenzel, T. Mulvania, B. Hsich, W.G. Ferlin, and
H. Lepper. 1995. Differential production of interferon-gamma and interleukin-4
in response to Thl- and Th2-stimulating pathogens by gamma delta T cells in
vivo. Nature (Lond.). 373:255-257.

15. Scharton, T.M., and P. Scott. 1993. Natural killer cells are a source of in-
terferon gamma that drives differentiation of CD4" T cell subsets and induces
early resistance to Leishmania major in mice. J. Exp. Med. 178:567-577.

16. Hsieh, C.-S., S.E. Macatonia, C.S. Tripp, S.F. Wolf, A. O’Garra, and
K.M. Murphy. 1993. Development of Thl CD4" T cells through IL-12 pro-
duced by Listeria-induced macrophages. Science (Wash. DC). 260:547-549.

2190  Tang and Graham

17. Scott, P., P. Natovitz, and A. Sher. 1986. B lymphocytes are required for
the generation of T cells that mediate healing of cutaneous leishmaniasis. J. [m-
munol. 137:1017-1021.

18. Shankar, A.H., and R.G. Titus. 1995. T cell and non-T cell compart-
ments can independently determine resistance to Leishmania major. J. Exp.
Med. 181:845-855.

19. Sadick, M.D., R.M. Locksley, C. Tubbs, and H.V. Raff. 1986. Murine
cutaneous leishmaniasis: resistance correlates with the capacity to generate in-
terferon-gamma in response to Leishmania antigens in vitro. J. Immunol. 136:
655-661.

20. Heinzel, F.P., M.D. Sadick, B.J. Holaday, R.L. Coffman, and R.M.
Locksley. 1989. Reciprocal expression of interferon-y or interleukin 4 during
the resolution or progression of murine leishmaniasis: evidence of expansion of
distinct helper T cell subsets. J. Exp. Med. 169:59-72.

21. Gazzinelli, R.T., F.T. Hakin, S. Hieny, G.M. Shearer, and A. Sher. 1991.
Synergistic role of CD4* and CD8" T lymphocytes in IFN-y production and
protective immunity induced by an attenuated Toxoplasma gondii vaccine. J.
Immunol. 146:286-292.

22. Sher, A., R.L. Coffman, S. Hieny, and A.W. Cheever. 1990. Ablation of
eosinophil and IgE responses with anti-IL-5 or anti-IL-4 antibodies fails to af-
fect immunity against Schistosoma mansoni in the mouse. J. Immunol. 145:
3911-3916.

23. Romani, L., S. Mocci, C. Bietta, L. Lanfaloni, P. Puccetti, and F. Bistoni.
1991. Th1 and Th2 cytokine secretion patterns in murine candidiasis: associa-
tion of Th1 responses with acquired resistance. Infect. Immun. 59:4647-4654.

24. Yamamura, M., K. Uyemura, R.J. Deans, K. Weinberg, T.H. Rea, B.R.
Bloom, and R.L. Modlin. 1991. Defining protective responses to pathogens: cy-
tokine profiles in leprosy lesions. Science (Wash. DC). 254:277-279.

25. Griffin, D.E., and B.J. Ward. 1993. Differential CD4 T cell activation in
measles. J. Infect. Dis. 168:275-281.

26. Clerici, M., F.T. Hakim, D.J. Venzon, S. Blatt, C.W. Hendrix, T.A.
Wynn, and G.M. Shearer. 1993. Changes in interleukin-2 and interleukin-4 pro-
duction in asymptomatic, human immunodeficiency virus-seropositive individu-
als. J. Clin. Invest. 91:759-765.

27. Graham, B.S., G.S. Henderson, Y.W. Tang, X. Lu, K.M. Neuzil, and
D.C. Colley. 1993. Priming immunization determines T helper cytokine mRNA
expression patterns in lungs of mice challenged with respiratory syncytial virus.
J. Immunol. 151:2032-2040.

28. Tang, Y.W., and B.S. Graham. 1994. Anti-IL-4 treatment at immuniza-
tion modulates cytokine expression, reduces illness, and increases cytotoxic T
lymphocyte activity in mice challenged with respiratory syncytial virus. J. Clin.
Invest. 94:1953-1958.

29. Tang, Y.W., and B.S. Graham. 1995. Interleukin 12 treatment during
immunization elicits a Th1-like immune response in mice challenged with respi-
ratory syncytial virus and improves vaccine immunogenicity. J. Infect. Dis. 172:
734-738.

30. Noben-Trauth, N., P. Kropf, and I. Miiller. 1996. Susceptibility to Leish-
mania major infection in interleukin-4—deficient mice. Science (Wash. DC). 271:
987-989.

31. Graham, B.S., M.D. Perkins, P.F. Wright, and D.T. Karzon. 1988. Pri-
mary respiratory syncytial virus infection in mice. J. Med. Virol. 26:153-162.

32. Schoenhaut, D.S., A.O. Chua, A.G. Wolitzky, P.M. Quinn, C.M. Dwyer,
W. McComas, P.C. Familletti, M.K. Gately, and U. Gubler. 1992. Cloning and
expression of murine IL-12. J. Immunol. 148:3433-3440.

33. Wolf, S.F., P.A. Temple, M. Kobayashi, D. Young, M. Dicig, L. Lowe,
R. Dzialo, L. Fitz, C. Ferenz, R.M. Hewick, et al. 1991. Cloning of cDNA for
natural killer cell stimulatory factor, a heterodimeric cytokine with multiple bi-
ologic effects on T and natural killer cells. J. Immunol. 146:3074-3081.

34. Ohara, J., and W.E. Paul. 1985. B cell stimulatory factor (BSF-1): pro-
duction of a monoclonal antibody and molecular characterization. Nature
(Lond.). 315:333-336.

35. Dialynas, D.P., Z.S. Quan, K.A. Wall, A. Pierres, J. Quintanes, M.R.
Loken, M. Pierres, and F.W. Fitch. 1983. Characterization of the murine T cell
surface molecule, designated L3T4, identified by monoclonal antibody GK1.5:
similarity of L3T4 to the human Leu-3/T4 molecule. J. Immunol. 131:2445-
2451.

36. Sarmiento, M., A.L. Glasebrook, and F.W. Fitch. 1980. IgG or IgM
monoclonal antibodies reactive with different determinants on the molecular
complex bearing Lyt-2 antigen block T cell-mediated cytolysis in the absence of
complement. J. Immunol. 125:2665-2672.

37. Graham, B.S., L.A. Bunton, P.F. Wright, and D.T. Karzon. 1991. The
role of T cell subsets in the pathogenesis of primary infection and reinfection
with respiratory syncytial virus in mice. J. Clin. Invest. 88:1026-1033.

38. Kim, W.H., S.L. Leikin, J.O. Arrobio, C.D. Brandt, R.M. Chanock, and
R.H. Parrott. 1976. Cell-mediated immunity to respiratory syncytial virus in-
duced by inactivated vaccine or by infection. Pediatr. Res. 10:75-78.

39. Alwan, W.H., W.J. Kozlowska, and P.J.M. Openshaw. 1994. Distinct
types of lung disease caused by functional subsets of antiviral T cells. J. Exp.
Med. 179:81-89.

40. Connors, M., A.B. Kulkarni, C.-Y. Firestone, K.L. Holmes, H.C. Morse
III, A.V. Sotnikov, and B.R. Murphy. 1992. Pulmonary histopathology induced
by respiratory syncytial virus (RSV) challenge of formalin-inactivated RSV-



immunized BALB/c mice is abrogated by depletion of CD4" T cells. J. Virol.
66:7444-7451.

41. Alwan, W.H., F.M. Record, and P.J.M. Openshaw. 1993. Phenotypic
and functional characterization of T cell lines specific for individual respiratory
syncytial virus proteins. J. Immunol. 150:5211-5218.

42. Audibert, F.M., and L.D. Lise. 1994. Adjuvants: current status, clinical
perspectives and future prospects. Immunol. Today. 14:281-284.

43. Playfair, JH.L, and J.B. DeSouza. 1987. Recombinant gamma inter-
feron is potent adjuvant for a malaria vaccine in mice. J. Clin. Immunol. 67:5-
10.

44. Kobayashi, M., L. Fitz, M. Ryan, R.M. Hewick, S.C. Clark, S. Chan, R.
Loudon, F. Sherman, B. Perussia, and G. Trinchieri. 1989. Identification and
purification of natural killer cell stimulation factor, a cytokine with multiple bi-
ologic effects on human lymphocytes. J. Exp. Med. 170:827-845.

45. Stern, A.S., F.J. Podlaski, J.D. Hulmes, Y.-C.E. Pan, P.M. Quinn, A.G.
Wolitzky, P.C. Familletti, D.L. Stremlo, T. Truitt, R. Chizzonite, and M.K.
Gately. 1990. Purification of cytotoxic lymphocyte maturation factor from hu-
man B-lymphoblastoid cells. Proc. Natl. Acad. Sci. USA. 87:6808-6812.

46. Afonso, L.C.C., T. M. Scharton, L.Q. Vieira, M. Wysocka, G. Trinchieri,
and P. Scott. 1994. The adjuvant effect of interleukin 12 in a vaccine against
Leishmania major. Science (Wash. DC). 263:235-237.

47. Wynn, T.A., I. Eltoum, I.P. Oswald, A.W. Cheever, and A. Sher. 1994.
Endogenous interleukin 12 (IL-12) regulates granuloma formation induced by
eggs of Schistosoma mansoni and exogenous IL-12 both inhibits and prophylac-
tically immunizes against egg pathology. J. Exp. Med. 179:1551-1561.

48. Wynn, T.A., A'W. Cheever, D. Jankovic, R.-W. Poindexter, P. Casper,
F.A. Lewis. and A. Sher. 1995. An IL-12-based vaccination method for pre-
venting fibrosis induced by schistosome infection. Nature (Lond.). 376:594-596.

49. Schijns, V.E.C.J., B.L. Haagmans, and M.C. Horzinek. 1995. IL-12 stim-
ulates an antiviral type 1 cytokine response but lacks adjuvant activity in IFN-
y-receptor—deficient mice. J. Immunol. 155:2525-2532.

50. Cannon, M.J., P.J.M. Openshaw, and B.A. Askonas. 1988. Cytotoxic T
lymphocytes clear virus but augment lung pathology in mice infected with respi-
ratory syncytial virus. J. Exp. Med. 168:1163-1168.

51. Taylor, G., L.H. Thomas, S.G. Wyld, J. Furze, P. Sopp, and C..
Howard. 1995. Role of T-lymphocyte subsets in recovery from respiratory syn-
cytial virus infection in calves. J. Virol. 69:6658-6664.

52. Bangham, C.R.M., and A.J. McMichael. 1986. Specific cytotoxic T cells
recognize B cells persistently infected with respiratory syncytial virus. Proc.
Natl. Acad. Sci. USA. 83:9183-9187.

53. Chiba, Y., T. Minagawa, K. Mito, A. Nakane, K. Suga, T. Honjo, and T.
Nakao. 1987. Effect of breast feeding on responses of interferon and virus-spe-

cific lymphocyte transformation in infants with respiratory syncytial virus infec-
tion. J. Med. Virol. 21:7-14.

54. Isaacs, D., C.R.M. Bangham, and A.J. McMichael. 1987. Cell-mediated
cytotoxic response to respiratory syncytial virus in infants with bronchiolitis.
Lancet. 1i:769-771.

55. Orange, J.S., S.F. Wolf, and C.A. Biron. 1994. Effects of IL-12 on the re-
sponse and susceptibility to experimental viral infections. J. Immunol. 152:
1253-1264.

56. Orange, J.S., T.P. Salazar-Mather, S.M. Opal, R.L. Spencer, AH.
Miller, B.S. McEwen, and C.A. Biron. 1995. Mechanism of interleukin 12-medi-
ated toxicities during experimental viral infections: role of tumor necrosis fac-
tor and glucocorticoids. J. Exp. Med. 181:901-914.

57. Havran, W.L., and J.P. Allison. 1988. Developmentally ordered appear-
ance of thymocytes expressing different T-cell antigen receptors. Nature
(Lond.). 335:443-445.

58. Carding, S.R., W. Allan, S. Kyes, A. Hayday, K. Bottomly, and P.C.
Doherty. 1990. Late dominance of the inflammatory process in murine influ-
enza by gamma/delta® T cells. J. Exp. Med. 172:1225-1231.

59. Hiromatsu, K., Y. Yoshikai, G. Matsuzaki, S. Ohga, K. Muramori, K.
Matsumoto, J.A. Bluestone, and K. Nomoto. 1992. A protective role of gamma/
delta T cells in primary infection with Listeria monocytogenes in mice. J. Exp.
Med. 175:49-56.

60. Barnes, P.F., C.L. Grisso, J.S. Abrams, H. Band, T.H. Rea, and R.L.
Modlin. 1992. Gamma/delta T lymphocytes in human tuberculosis. J. Infect.
Dis. 165:506-512.

61. Mombaerts, P., J. Arnoldi, F. Russ, S. Tonegawa, and S.H. Kaufmann.
1993. Different roles of alpha/beta and gamma/delta T cells in immunity against
an intracellular bacterial pathogen. Nature (Lond.). 365:53-56.

62. Skeen, M.J., and H.K. Ziegler. 1993. Induction of murine peritoneal
gamma/delta T cells and their role in resistance to bacterial infection. J. Exp.
Med. 178:971-984.

63. Fu, Y.X., C.E. Roark, K. Kelly, D. Drevets, P. Campbell, R. O’Brien,
and W. Born. 1994. Immune protection and control of inflammatory tissue ne-
crosis by gamma/delta T cells. J. Immunol. 153:3101-3115.

64. Haas, W., P. Pereira, and S. Tonegawa. 1993. Gamma/delta cells. Annu.
Rev. Immunol. 11:637-685.

65. Cesano, A., S. Visonneau, S.C. Clark, and D. Santoli. 1993. Cellular and
molecular mechanisms of activation of MHC nonrestricted cytotoxic cells by
IL-12. J. Immunol. 151:2943-2957.

66. Skeen, M.J., and H.K. Ziegler. 1995. Activation of gamma/delta T cells
for production of IFN-gamma is mediated by bacteria via macrophage-derived
cytokines IL-1 and IL-12. J. Immunol. 154:5832-5841.

T Cell Phenotype Determines Immune Response in RSV-infected Mice ~ 2191



