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In order to investigate if immune responses to the fusion (F) protein of
respiratory syncytial virus (RSV) could be influenced by cytokines, recombinant
vaccinia viruses (rVV) carrying both the F gene of RSV and the gene for murine
interleukin-2 (IL-2), IL-4, or gamma interferon (IFN-g) were constructed. In vitro
characterization of rVV revealed that insertion of the cytokine gene into the VP37
locus of the vaccinia virus genome resulted in 100-to 1,000-fold higher expression
than insertion of the same gene into the thymidine kinase (TK) locus. In
comparison, only a two- to fivefold difference in the level of expression of the F
protein was observed when the gene was inserted into either of these two loci.
Mice vaccinated with rVV expressing the F protein and high levels of IL-2 or IFN-g
cleared rVV more rapidly than mice inoculated with a control rVV and developed
only low levels of RSV-specific serum antibody. In addition, these recombinants
were much less effective at priming RSV-specific memory cytotoxic T lymphocytes
(CTL) and IFN-g production by spleen cells than rVV expressing the F protein
alone. In contrast, mice vaccinated with rVV expressing high levels of IL-4 showed
signs of delayed rVV clearance. RSV-specific serum antibody responses were
biased in favor of immunoglobulin G1 (IgG1l) in these mice, as there was a
significant reduction in IgG2a antibody responses compared with serum antibody
responses in mice vaccinated with rVV expressing the F protein alone. However,
vaccination with rVV expressing the F protein together with high levels of IL-4 did
not alter the development of RSVspecific memory CTL or IFN-g production by RSV-
restimulated splenocytes.




Infection of inbred mouse strains with a number
of pathogens has revealed that the selective
differentiation and development of effector T cells
have profound implications for disease resistance
or disease susceptibility. Thl-like immune
responses, producing high levels of interleukin-2
(IL-2) and gamma interferon (IFN-g) (25, 26, 28),
are protective against the intracellular pathogens
Leishmania major and Candida albicans (31, 36),
whereas hosts that mount Th2-like responses are
susceptible to progressive infection. In contrast,
Th2 cells which secrete IL-4, IL-5, IL-6, and IL-10
(23, 26) are protective against extracellular
pathogens such as Trichuris muris and Borrelia
burgdorferi (22, 36), and the induction of Thl
responses is nonprotective. Hence, most
pathogens are usually preferentially susceptible
to one type of immune response, and the
identification of strategies for the induction of
specific types of immunity will aid vaccine design.

The development of naive Th cells into Thl- or
Th2-like cells is influenced by the cytokine
microenvironment upon activation. Thus, IL-4 can
direct the development of Th cells

into Th2 cells (20, 33, 41) while IL-12 or IFN-g can
induce the development of Th cells into Thl cells
(6, 16, 34). Furthermore, cytokines produced by
one Th subset can block the production or activity
of cytokines produced by the other subset (13,
40). This feedback mechanism allows the
possibility of the use of vector vaccines
expressing cytokine genes to manipulate the
microenvironment to favor the development of
appropriate protective immune responses. Both
Thl and Th2 cells provide B-cell help to antibody-
producing B cells, but the differential secretion of
IL-4 and IFN-g can regulate the relative quantities
of immunoglobulin G1 (IgG1), IgG2a, and IgE that
are made (10).

The BALB/c mouse model of respiratory
syncytial virus (RSV) infection has revealed that T
lymphocytes and the cytokines that they produce
play an important role in determining the outcome
of RSV infection (3, 15, 42, 43). Of particular
interest is evidence that the fusion (F) and the
attachment (G) proteins of RSV prime for different
Th-cell responses in BALB/c mice (1). Thus,
recombinant vaccinia viruses (rVV) expressing
the F protein of RSV prime for cytotoxic T lympho-

cytes (CTL) and a Thl response, resulting in a
* Corresponding author. Mailing address: Institute for Animal characterlsjuc pOIqurphonUC|ear (PMN) efflux in the
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response, which induces large numbers of

TABLE 1. Ability of rVV expressing different levels of murine cytokines to protect mice against RSV challenge 3 weeks after vaccination



Gene inserted at

Cytokine

Vaccine the following VVgenome locus: Titer of Fproteina expression(ng)b Antibody responseto RSVc Lung RSVtitera BAL cellcounte
TK VP37 SIN C/A

VSCF F 759 ND ND 5260.3 A.7" 5.860.2
VRBF F 1,995 ND ND 51604 A.7" ND
VRBmIL-2 IL-2 ND 3,470 210 , 1.5 44603 ND
VRBF.mlIL-2low IL-2 F 1,738 5 1 4560.19 A1.7" ND
VSCF.mIL-2high F IL-2 708 3,400 310 4.160.1° .70 5860.1
VRBmIL-4 IL-4 ND 8,650 840 , 1.5 ND ND
VRBF.mlL-4low IL-4 F 2,884 7 1 5160.2 17" ND
VSCF.mIL-4high F IL-4 776 6,700 490 5.060.2 1.7 5760.1
VRBmMIFN-g IFN-g ND 3,430 315 , 1.5 4.260.2 ND
VRBF.mIFN-glow IFN-g F 1,548 BD BD 4560.29 17" ND
VSCF.mIFN-ghigh F IFN-g 794 3,630 300 3.060.2f .70 5.660.1
VA-bgal bgal ND ND ND , 1.5 4.360.2 52601

aMeans (n 5 3) of titers of F glycoprotein determined by an ELISA. ND, not determined. ® Total cytokine levels in 60-mm-diameter petri dish. BD, below
detection. S/N, supernatant; C/A, cell associated. ¢ Mean 6 SD logio titer of antibody to RSV determined by an ELISA 3 weeks postvaccination. ¢ Mean 6 SD logio
PFU of RSV per gram recovered from lungs of mice 5 days after RSV challenge. ¢ Mean 6 SD logio cells per milliliter 5 days after RSV challenge. f The
probabilities of the differences in antibody responses between VSCF-vaccinated mice and VSCF.mIL-2- or VSCF.mIFN-g-vaccinated mice were ,0.02 and
,0.0001, respectively, as calculated by Student'’s t test. 9 Antibody responses between VRBF-vaccinated mice and VRBF.mIL-2- or VRBF.mIFN-g-vaccinated

mice were significantly different, as determined by Student’s

ttest (P, 0.02 and P, 0.06, respectively). "Virus titers between vaccinated and control mice were significantly different, as determined by Student’s t test
(P, 0.0001). 'BAL cell counts in vaccinated mice were significantly different from those in VA-bgal-treated control mice, as determined by Student’s t test

(P, 0.006).
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eosinophils in pulmonary exudate following RSV challenge (1, 27). The cytokines produced as a result
of these different Th responses are therefore reflected by characteristic changes in pulmonary
pathology of vaccinated mice following RSV challenge.

Most studies to date have only examined the effects of vaccinia virus (VV)-expressed cytokines on
primary immune responses. In the studies described here, we investigated the effects of cytokines on
the establishment of memory to the F glycoprotein of RSV expressed in rVV. The ability of the
coexpressed cytokines IL-2, IL-4, and IFN-g to influence the isotype of RSV-specific antibody, CTL,
and Th priming was assessed. This approach provides a model for studying the role of Th subsets
and T-lymphocyte—virus interactions and may be a practical approach for the design of effective
vaccines.

MATERIALS AND METHODS

Viruses. rVV were constructed according to standard methods briefly described below. Two parental
VVs were used: strain WR and strain vRB12, a strain WR-derived virus defective for plague formation
(5). The vRB12 virus lacks the gene encoding protein VP37, insertion plasmid pRB21 provides a
complete copy of the VP37 gene, allowing rVV to be selected on the basis of plaque formation (5).
Plasmid pSCF and the corresponding rVV VA-F have been described elsewhere (21) and are referred
to here as VSCF. Plasmid pRBF was obtained by subcloning a fragment of plasmid LF1 containing
the F gene of the Long strain of RSV (7) into the Stul-Hindlll-cleaved pRB21 vector and was used to
produce the rVV VRBF. The coding regions for murine cytokine genes were obtained from plasmids
pCD-IL-2 for IL-2 (47), pCD2A-E3 for IL-4 (19), and pRB322-IFN-g for IFN-g. Cytokine genes were
subcloned into the Smalcleaved pSC11 plasmid or into the Stul-Hindlll-cleaved pRB21 plasmid. rvVV
were obtained following the transfection of parental VV-infected CV-1 cells with the corresponding
recombinant plasmids. At 48 h postinfection, viral progeny were recovered. WR-derived single rvVV
were selected in HUTK2 143B cells containing 25 mg of bromodeoxyuridine mi21. vRB12-derived
single rVV were selected in CV-1 cells by their ability to plaque. vRB12-derived double rVV expressing
the F protein and a given cytokine were selected in HUTK2 143B cells by their ability to produce blue
plagues in the presence of 5-bromo-4-chloro-3indolyl-b-D-galactopyranoside (X-Gal). The resulting
rvV and site of insertion of the RSV F protein gene or the murine cytokine gene within the VV genome
are indicated in Table 1. rVV were propagated in CV-1 cells and titrated on HTK cells as described
previously (39). The A2 strain of human RSV was grown in fetal calf kidney cells. A single pool of virus
that contained approximately 3 3 106 PFU/ml was stored in liquid nitrogen and used in all experiments.

Mice. Six-week-old specific-pathogen-free BALB/c female mice, obtained from Charles River
Breeding Laboratories, were inoculated intraperitoneally (i.p.) with 2 3 106 PFU of rVV. Serum
samples were obtained on weeks 1 to 3 postinoculation by bleeding live mice from the tail vein. Three
weeks postimmunization, mice were challenged intranasally (i.n.) with approximately 105 PFU of the
A2 strain of RSV. Five days after challenge, groups of five mice were killed and the titer of RSV in lung
homogenates was determined by a plaque assay (45). Other groups of five mice were killed and
subjected to one round of bronchoalveolar lavage (BAL) as described previously (8), but with 1 ml of
12 mM lidocaine in phosphate-buffered saline. The numbers of neutrophils and eosinophils in
cytocentrifuge preparations of BAL cells stained with May-Grunwald Giemsa stain were counted.
Between 300 and 400 cells per mouse were examined on each slide. BAL cells for use in flow
cytometric analysis were isolated in the same manner; lungs were subjected to three successive
rounds of lavage, and cells from groups of five mice were pooled.

To examine the kinetics of VV clearance, groups of four mice were inoculated i.p. with 2 3 106 PFU
of rVV. At intervals after virus inoculation, mice were killed with an overdose of sodium pentobarbital.
Samples of liver and spleen were obtained and homogenized to yield 10 or 20% suspensions as
described previously (45). Virus infectivity in tissue samples was assayed on HTK cell monolayers
incubated for 48 h at 37°C. Titers of virus were expressed as log10 PFU per gram of tissue.
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Flow cytometry. Two color flow cytometric examinations of isolated BAL cells were done with rat anti-
mouse CD4 coupled to fluorescein isothiocyanate (Sigma, Poole, United Kingdom) and biotinylated
rat anti-mouse CD8 (Pharmingen, San Diego, Calif.) followed by streptavidin-phycoerythrin (Southern
Biotechnology Associates, Birmingham, Ala.). Levels of background staining were assessed with
irrelevant isotype-matched monoclonal antibody (MAb) controls (Pharmingen). Staining was analyzed
on a FACScan (Becton Dickinson, Mountain View,

Calif.).

Antibody assays. The presence of antibodies to RSV was determined by an enzyme-linked
immunosorbent assay (ELISA) as described previously (39). Bound antibody was detected by adding
goat anti-mouse IgG serum coupled to horseradish peroxidase (Kirkegaard and Perry Laboratories
Inc., Gaithersburg, Md.) or horseradish peroxidase-conjugated rabbit anti-mouse 1gG1, lgG2a, or
IgG2b (ICN Biomedicals Inc., Thame, United Kingdom).

Cytokine assays. Splenocytes from mice immunized 3 weeks previously were stimulated with RSV-
infected autologous splenocytes as described elsewhere (14). Supernatants were harvested on days
1 to 4 and assessed for cytokine production (see below). Cytokines present in the supernatant or cell-
associated material of VV-infected cells were assessed with a cytokine-specific antigen capture
ELISA. Maxisorp plates (Nunc, Roskilde, Denmark) were coated overnight with 50 ml of rat anti-mouse
IL-2 MAb (JES6-1A12), rat anti-mouse IL-4 MAb (BVDV-1D11), or rat anti-mouse IFN-g MAb (R4-
6A2), (all MAbs from Pharmingen) at 2 mg/ml in 0.1 M NaHCO3 (pH 8.2). After being washed with
phosphate-buffered saline containing 0.05% Tween 20 (PBSTw) the plates were blocked for 2 h with
PBSTw containing 5% pig serum. Samples or standards (recombinant murine IL-2, IL-4, or IFN-g;
Pharmingen) were added and incubated for 20 h at 4°C. The plates were washed and then incubated
with 100 ml of biotinylated anti-IL-2 MAb (JES6-5H4), anti-IL-4 MAb (BVDV-24G2), or antilFN-g MAb
(XMG1.2) (all MAbs from Pharmingen) at 1 mg/ml followed by avidin-peroxidase (Sigma) before the
addition of 3,39,5,59-tetramethylbenzidine and hydrogen peroxide in 0.1 M sodium acetate buffer (pH
6.0) as a substrate. To determine the concentration of cytokine, mean background levels (62.5
standard deviations [SD]) were subtracted from the mean values for triplicate samples.

CTL assays. Spleen lymphocytes from mice immunized 4 or 5 weeks earlier with rvV were
restimulated in vitro with RSV-infected splenocytes for 5 days as described previously (14) and used
as a source of secondary CTL. Target cells for cytotoxicity assays were BCH4 cells, which is a BALB/c
fibroblast line (H-2d) persistently infected with the Long strain of RSV (9), BALB/c fibroblasts (44), and
the mouse fibroblast line L-929 (H-2k). Cell lines were used uninfected or infected with the A2 strain
of RSV and were labelled with 51Cr as described previously (14). Lytic units (LU) were taken as the
number of effector cells necessary to cause 33% specific lysis (44).

RESULTS

In vitro expression of the F protein and murine cytokines by rVV. The construction of double rvV
allowed insertion of the F glycoprotein or cytokine gene into either of two loci within the VV genome,
namely, the thymidine kinase (TK) or VP37 locus. In order to determine whether the site of insertion
and/or promoter usage influenced the levels of expression of the F protein or of the cytokines,
supernatants or cell-associated antigens from CV-1 cells infected with an equivalent multiplicity of
infection of different rvVV were compared. Levels of expression of the F protein under the control of the
p7.5 promoter (inserted into the TK locus) were two- to fivefold lower than those in constructs
expressing the F protein under the control of a synthetic early or late promoter in the VP37 locus (5).
Results of typical endpoint titrations are shown in Table 1. Expression of the IL-2, IL-4, or IFN-g
cytokine genes in the VP37 locus resulted in 100- to 1,000-fold more cytokine in both supernatants
and cell-associated material than did expression in the TK locus (Table 1). Furthermore, the level of
IFN-g in both supernatants and cell-associated material from VRBF.mIFN-g-infected CV-1 cells was
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below the level of detection in the ELISA. rVV that coexpressed the F protein and high levels of
cytokines are referred to hereafter as VV-F.mIL2high, VV-F.miIL-4high, and VV-F.mIFN-ghigh.
Similarly, rVV that expressed low levels of cytokines are given the suffix “low”.

Coexpression of IL-2 or IFN-g reduces antibody responses to RSV. The antibody responses
induced by the various rVV in mice were examined to determine whether the coexpression of murine
cytokines with the F protein could influence antibody responses to RSV. Groups of mice inoculated 3
to 4 weeks previously with rVV expressing the F protein either alone or together with murine cytokines
developed RSV-specific antibody, with endpoint titers ranging from logio 3 to 5 (Table 1). Antibody
responses induced with VV-F.mIL-4high or VVF.mlIL-4low had titers similar to that induced by VSCF,
but significantly lower titers were obtained in mice vaccinated with rVV expressing the F protein
together with IL-2 or IFN-g.

In order to determine the effect of cytokines on the isotype of RSV-specific antibody, sera were
collected from immunized
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FIG. 1. Effect of cytokines on isotype-specific serum antibody responses to RSV. Mice were vaccinated with (A) VRBF (h), VV-F.mIL-2low (m), VVF.mIFN-
glow (), or VV-F.ml|-4low (1) or with (B) VSCF (h), VVF.mIL-2high (m), VV-F.mIFN-ghigh ('), or VV-F.mIL-4high (1). ND, Not determined. Data are given as
logio mean antibodyiters 6 SD.
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mice on a weekly basis and examined by an ELISA with isotype-specific secondary reagents. Mice
inoculated with VRBF developed high levels of IgG1 and IgG2a antibodies 1 week after immunization
(Fig. 1A). Mice that received rVV expressing F and low levels of IL-2 (VRBF.mIL-2) exhibited a delayed
and reduced IgG1 antibody response which was undetectable 1 week after vaccination and which had
a titer fourfold lower than that in controls vaccinated with VRBF after 3 weeks. IgG1 antibody titers
were also reduced 7 days postvaccination in mice given rVV coexpressing F and low levels of either
IFN-g or IL-4, whereas titers of IgG2a and IgG2b antibodies were similar to those detected in mice
vaccinated with VRBF. There was no significant difference in antibody titers by 3 weeks
postvaccination (Fig. 1A).

More dramatic effects on antibody responses were observed for mice inoculated with rVV expressing
higher levels of murine cytokines from the VP37 locus (Fig. 1B). Thus, 7 days after vaccination with
either VV-F.mIL-2high or VV-F.mIFNghigh, little or no IgG1, IgG2a, or 1IgG2b serum antibody was
detected, whereas high levels of all three isotypes were detected in sera from VSCF-vaccinated mice.
Furthermore, titers of all antibody isotypes were significantly lower in mice given VV-F.mlIL-2high and
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VV-F.mIFN-ghigh than in those given VSCF 3 weeks after vaccination. Serum samples were not taken
in the first week from mice immunized with VV-F.mIL4high. A mortality of 100% was observed for mice
immunized with VRBmIL-4, and up to 20% mortality was observed for some groups of mice immunized
with VV-F.mlIL-4high. These mice appeared ill by 7 days, with a ruffled coat and peritoneal edema, but
the majority made a good recovery and showed no signs of ill health 9 to 11 days after immunization.
This outcome contrasted with that for mice immunized with rVV expressing low levels of IL-4
(VRBF.mIL-4), which showed no ill effects. There were no significant differences in IgG1 antibody
titers in sera from mice vaccinated with VSCF or VV-F.mIL4high 3 weeks after inoculation. However,
a significant reduction in IgG2a antibody titers was detected 2 weeks after vaccination with VV-F.mlL-
4high, and 1gG2a antibody titers were still significantly lower than those in mice vaccinated with VSCF
3 weeks previously (Fig. 1B).

TABLE 2. Replication of VSCF, VV-F.mIL-2high, VV-F.mlL-4high, and VV-F.mIFN-ghigh in spleens and livers after i.p. inoculation of
groups of four BALB/c mice with approximately 2 3 10° PFU of virus

Mean 6 SD logio PFU of the indicated virus/g (no. of infected mice) in:

Day Spleer Liver
VSCF  VW-FmIL-2 W-FmIFN-g VV-F.miL-
VSCF VV-F.miL-2 VV-F.mIFN-g VV-F.miL-4 4

1 34609(4) ,17(0) 2.5(1) 2.960.4(3)2.960.2(4) ,1.4(0) 1.40)  45(1)

2 35605(4) 2.660.4(3) 1.70) 4.2606(4)3.060.2(2) ,1.4(0) 14(0) 2960
(3)

3 40604 (3) 2.860.4(2) 1.7(0) 3.7608(4) ,1.4(0) 1.4 (0) 1.4(0) 43608
(4)

4 35605(4) ,1.7(0) 1.7(0) 3.6607(4) ,1.4(0) 1.4 (0) 14(0) 40607
(4)

9 1.7 (0) 1.7 (0) 1.7 (0) 248 (1) ,14(0) ,1.40) 140  25(1)

Although there was evidence that higher levels of the F protein were expressed from the VP37 locus
than from the TK locus (Table 1), there were no significant differences in IgG1, IgG2a, or IgG2b serum
antibody responses in mice vaccinated with either VSCF or VRBF. These findings indicate that
differences in RSV-specific antibody isotypes were due to the effects of the different levels of cytokines
produced by the rVV and did not simply reflect differences in the level of expression of the F protein
by the recombinant viruses. We therefore chose to further characterize the immune responses elicited
by rVV that expressed high levels of cytokines.

High levels of IL-2 or IFN-g attenuate rVV replication, whereas high levels of IL-4 increase
virulence in euthymic mice. In order to determine the effect of high levels of cytokines on the
replication of rVV, the virulence of VV-F.mIL-2high, VV-F.mIFN-ghigh, and VV-F.mIL-4high was
compared with that of VSCF after i.p. immunization of mice with 2 3 10° PFU of the various rvV.
Samples of liver and spleen were removed from groups of four mice on days 1, 2, 3, 4, and 9 after
immunization. Virus was recovered from the spleens of VSCF-immunized mice on days 1 to 4 and
from the livers on days 1 and 2 and was cleared from these tissues by day 9 (Table 2). In contrast,
virus was recovered from the spleens of three of four VV-F.mlIL-2high-immunized mice on day 2 and
two of four mice on day 3 but not from the livers at any time after vaccination. Virus was not recovered
from the spleens after day 3. Replication of VV-F.mIFN-ghigh appeared to be severely restricted in
Vivo, as virus was recovered only from the spleen of one of four mice inoculated 24 h previously (Table



repiSalud

2). Although the levels of virus recovered from the spleens of VVF.mIL-4high-immunized mice were
similar to those recovered from the spleens of VSCF-immunized mice (Table 2), the levels of virus
recovered from the livers of VV-F.mlL-4highimmunized mice were 10-fold higher. Furthermore,
clearance of VV-F.mlIL-4high might have been delayed compared with that of VSCF, as virus was still
detectable in one of four mice 9 days after inoculation (Table 2). Thus, the resolution of rVV infection
was delayed in mice given virus carrying the gene encoding IL-4, whereas rVV carrying the gene
encoding IL-2 or IFN-g was cleared more rapidly from the spleen and liver than was VSCF.

Priming of RSV-specific CTL memory is inhibited by rVV expressing high levels of IL-2 and IFN-
g but not by rvVV expressing high levels of IL-4. Studies with rVV expressing individual RSV proteins
have shown that the F protein primes BALB/c mice for RSV-specific CTL (2, 29). In order to investigate
whether CTL priming by the F protein could be influenced by the cytokines IL-2, IL-4, and IFN-g,
secondary CTL were generated from splenocytes of mice immunized with rVV expressing F together
with high levels of cytokines and stimulated with RSV in vitro. In order to estimate the relative
RSVspecific CTL activities in spleens from mice vaccinated with the different recombinants, LU/10°
cells were calculated.

Lymphocytes from mice immunized with VSCF specifically lysed BCH4 cells (H-2%) and RSV-infected
BALBI/c fibroblasts (data not shown) but not uninfected BALB/c fibroblasts or

VSCF VV-F.mlL2high
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FIG. 2. Effect of cytokines on priming of RSV-specific CTL. Shown is the cytotoxic activity of splenocytes from mice immunized with VSCF, VV-F.mIL2high,
VV-F.mlIL-4high, VV-F.mIFN-ghigh, or VA-bgal (VAb-gal) at different effector cell/target cell (E:T) ratios on BCH4 cells (H-2%) (m), RSV-infected L-929 cells (H-
24 (h), or uninfected BALB/c fibroblasts (}).

TABLE 3. Peak levels of cytokine production from in vitro-restimulated immune splenocytes®

Production (pg/ml) of:

Vaccine
IL-2 IL-10 IFN-g
(72 h) IL-4 15 (96 h) (96 h)
VSCF 22766 ,15 ,10 2,4236100 24,7746 695

VV-F.mlL-2high 16361 ,15 ,10 411610 3,241 6 315

VV-F.mlL-4high 20966 ,15 ,10 2,2736209 25,513 6
1,413

VV-F.mIFN-ghigh 203610 ,15 ,10 3146 10 9,641 6 362
VA-bgal 118610 ,15 ,10 7869 4,097 6 174

2 Spleens were removed from mice 3 to 4 weeks after immunization with rVV and restimulated with gamma-irradiated RSV-infected (multiplicity of infection,
1) autologous splenocytes at a 5:1 effector cell/stimulator cell ratio. Supernatants were harvested on a daily basis and assessed for cytokines by an ELISA.
Results are given as mean 6 SD.

virus-infected, major histocompatibility complex-mismatched L-929 cells (H-2¥) (Fig. 2) and contained
3.3 LU/108 cells. A similar level of RSV-specific CTL activity was observed in splenocytes from VV-
F.mlL-4high-immunized mice (3.8 LU/ 10° cells). However, in comparison with the level of RSV-
specific CTL activity in VSCF-immunized mice, the level of CTL activity in mice vaccinated with VV-
F.mIL-2high or VVF.mIFN-ghigh was significantly reduced (Fig. 2) (0.2 LU/10° cells). Nevertheless,
the level of CTL activity in splenocytes from these mice was higher than that observed in splenocytes
from mice vaccinated with rVV expressing b-galactosidase (VA-bgal) (0.0004 LU/108 cells) (Fig. 2).

Cytokine production is reduced by RSV-specific memory T cells from mice vaccinated with rvVv
expressing IL-2 or IFN-g but not IL-4. In order to study the effect of coexpressed cytokines on Th
priming, the levels of cytokines produced by isolated immune splenocytes following in vitro
restimulation with RSV were analyzed (Table 3). IL-2 was detectable in all cultures and peaked at 72
h. The highest levels were produced by lymphocytes from VSCF-primed mice, although similar levels
were also found in supernatants of restimulated splenocytes from mice primed with VV-F.mlIL-2high,
VV-F.mlL-4high, and VV-F.mIFN-ghigh. IFN-g was detectable in supernatants from all restimulated
splenocyte cultures and was still increasing on day 4. The highest levels were found in culture
supernatants from VSCF-primed mice, and the lowest levels were found in supernatants from mice
primed with VV-F.mIL-2high and VA-bgal. VV-F.mIL-2high-primed mice produced almost 8-fold less
IFN-g than did VSCF-primed mice, while VVF.mIFN-ghigh-primed mice produced only 2.5-fold less.
Surprisingly, the level of IFN-g produced by lymphocytes from mice vaccinated with VV-F.mlL-4high
was similar to that produced by lymphocytes from VSCF-primed mice. IL-10 was also found in all
culture supernatants, and levels were still increasing on day 4. The highest levels of IL-10 were
produced by mice vaccinated with VSCF or VV-F.mlL-4high, and the concentrations were
approximately six- to eightfold higher than those produced by mice primed with VV-F.mIL-2high or
VVF.mIFN-ghigh. Only low levels of IL-10 and IL-2 were detected in splenocyte supernatants from
VA-bgal-vaccinated mice. IL-4 and IL-5 were not detected in supernatants from any of the lymphocyte
cultures.

Ability of rVV to protect against RSV challenge. Protection against RSV challenge was examined
4 weeks after immunization with the various rvV (Table 1). All rVV expressing the F protein of RSV
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induced protection against a subsequent RSV infection, as virus was not recovered from the lungs of
any of the vaccinated mice 5 days after RSV challenge (Table 1). In order to determine if the high
levels of cytokines produced by rVV affected RSV titers after challenge, mice were immunized with
rvV that did not express the F protein, namely, VRBmIL-2 or VRBmIFN-g, and challenged. These
mice were not protected against RSV infection, and titers of RSV recovered from the lungs of these
mice were similar to those in the control (VA-bgal-treated) group (Table 1).

Vaccination with rVV expressing F together with high levels of IL-2, IL-4, or IFN-g does not have
amajor impact on the pulmonary inflammatory response after RSV challenge. To determine the
influence of the cytokines IL-2, IL-4, and IFN-g on the pulmonary cell responses of vaccinated mice 5
days after RSV challenge, animals were subjected to repeated BAL. The numbers of leukocytes
recovered from the lungs of mice immunized with VSCF, VV-F.mlIL-2high, VV-F.mlIL-4high, and VV-
F.mIFN-ghigh were increased 5 days after RSV challenge compared with those in mice primed with
VA-bgal (Table 1). Analysis of BAL showed that VSCF-vaccinated mice developed neutrophil (PMN)
efflux into the lungs (median value, 39 3 10%/ml). PMN efflux also occurred in groups of mice inoculated
with VV-F.mIL-2high (88 3 10%/ml), VVF.mIL-4high (45 3 10%/ml), and VV-F.mIFN-ghigh (52 3 10%/ ml).
Fewer leukocytes were present in BAL from mice immunized with VA-bgal, and this finding was
reflected in the decreased numbers of neutrophils in the lungs (18 3 10%/ml). Few eosinophils (,1%)
were present in BAL from any of the mice.

The effect of immunization with rVV that coexpressed IL-2, IL-4, or IFN-g with the F protein on the
recruitment of CD4! and CD8! subsets into the lungs 5 days after RSV challenge was examined by
flow cytometry. Although there was a slight reduction in the number of CD4* cells in BAL from mice
immunized with VV-F.mIFN-ghigh or VV-F.mIL-2high 5 days after RSV challenge compared with the
number recovered in BAL from VSCF- or VV-F.mIL-4high-immunized mice, there was no significant
change in the ratio of CD4'to CD8! T cells, and CD8! T-cell numbers always exceeded CD4! T-cell
numbers (Table 4).

DISCUSSION

Immunization of mice with rVV that coexpressed the genes for murine IL-2, IL-4, or IFN-g and the F
protein of RSV allowed us to investigate the influence of these factors on the development of immunity
to RSV. The data presented here show that high levels of cytokine expression by rVV containing the
gene for IL-2 or IFN-g in the VP37 locus markedly reduced the replication of the rVV in euthymic mice.
This re-

TABLE 4. Analysis of BAL lymphocyte subsets 5 days after RSV challenge?®

No. of cells/ml (10%)

Vaccine®

CD4?CD8? CD4! cDs! CD4'CcD8!
VSCF 493 535 779 0.7
VV-F.miL-2high 246 208 311 0.7
VV-F.miL-4high 378 330 453 0.7
VV-F.mIFN-ghigh 360 200 407 0.5
VA-bgal 105 198 178 1

a Cells obtained from repeated BAL of groups of five mice were pooled, and total cells were counted by light microscopy. Cells were stained for CD4*
and CD8' and analyzed by flow cytometry. The percentage of cells displaying CD4* or CD8! was converted into thousands of cells per group of five mice.
b Mice were immunized i.p. with 2 3 10° PFU of rvV and challenged i.n. with RSV 3 weeks after vaccination.
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duction in virus replication resulted in a reduction in all RSVspecific antibody isotypes, a marked
reduction in CTL priming, and a reduction in IFN-g and IL-10 production. In contrast, although IL-4
biased the RSV-specific antibody response in favor of IgG1, priming of RSV-specific CTL and IFN-g
production were not adversely affected.

Previous studies demonstrated that an rVV expressing murine IL-2 was less virulent in
immunodeficient mice than a control rVV but did not show any significant attenuation based on the
kinetics of virus clearance in euthymic mice (30). However, our findings that IL-2 and IFN-g resulted
in more rapid clearance of rVV from the spleen and liver are similar to those reported previously, where
IL-2 and IFN-g enhanced the clearance of rvVV from the ovaries of euthymic mice (17, 18). In contrast,
inclusion of the gene encoding IL-4 resulted in greater replication and delayed clearance of rvV from
the liver and spleen. This observation is similar to those reported previously, where clearance of rvVv
from the ovaries and clearance of influenza virus from the lungs were delayed by IL-4 (24, 35).

Infection of mice with rVV expressing IL-4 appears to be lethal in female but not in male CBA/H mice,
with a mean time to death of 5 to 7 days (4). This difference in susceptibility to infection has been
attributed to the high titers of rVV recovered from the ovaries of infected mice (17). However, others
have reported that CBA/H mice are able to clear rVV expressing IL-4 (35). We found that VRBmIL-4
(high levels of IL-4) was lethal in female BALB/c mice. This virus is thymidine kinase positive and is
therefore likely to grow to higher titers than VV-F.mIL-4high, which is thymidine kinase negative but
which expresses a level of IL-4 similar to that expressed by VRBmIL-4 in vitro. The observed peritoneal
edema in mice immunized with an rVV expressing IL-4 (VV-F.mlIL-4high) is similar to that reported
elsewhere (4); however, we observed no adverse effects or signs of peritonitis in mice immunized with
VV-F.mIL-4low. This vascular leak syndrome is similar to that seen following the systemic
administration of recombinant murine IL-2 (32), and we also saw increased peritoneal swelling in mice
immunized with VV-F.mlIL-2high but not in mice immunized with VV-F.mIL-2low. These observations
suggest that the high levels of cytokine production in VV-F.mIL-2high, VV-F.mlIL-4high, and VV-
F.mIFN-ghigh compared with VVF.mIL-2low, VV-F.mIL-4low, and VV-F.mIFN-glow act in a systemic
rather than a localized fashion.

Itis well known that lymphokines can control immunoglobulin isotype selection in vivo. IFN-g has been
shown to enhance IgG2a and inhibit IgG1 production (10, 11). In contrast, IL-4 can induce activated
B lymphocytes to secrete IgG1 and IgE (37, 46). Although immunization with rVV expressing F
together with low levels of IL-2 or IFN-g (VRBF.mIL-2 or VRBF.mIFN-g) induced significantly lower
titers of RSV-specific antibody than did immunization with VRBF, we did not find the preferential
induction of any particular isotype. Furthermore, antibody titers and isotypes induced by VV-
F.mlL4low- or VRBF-immunized mice were similar. These findings are broadly in agreement with other
published data, where the genes encoding IL-2, IL-4, and IFN-g were inserted into the TK locus (18,
35), but are in contrast to the more dramatic reduction in serum antibody responses to RSV induced
by rVV expressing F together with high levels of IL-2 or IFN-g (VVF.mIL-2high or VV-F.mIFN-g high,
respectively), where the cytokine genes were inserted into the VP37 locus. However, the reduction in
antibody responses was not isotype specific. In contrast, high levels of IL-4 (VV-F.mlIL-4high) resulted
in a preferential induction of IgG1 antibody. Thus, although the IgG1 titer was similar to that in sera
from VSCF-immunized mice, the IgG2a titer was significantly reduced in animals vaccinated with VV-
F.mlL-4high. The abilities of IL-4 to induce IgG1 antibody and to inhibit IgG2a antibody in VV-
F.miL4high-immunized mice but not in VV-F.mlL-4low-immunized mice suggest that high levels of IL-
4 are required to exert an effect on B-cell responses during infection with VV.
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Although IL-4 biased the antibody isotype in favor of IgG1, therefore reflecting a Th2-like immune
response, few eosinophils were detected in the BAL of VV-F.mlL-4high-vaccinated mice following
RSV challenge. Cytokines in culture supernatants from spleen cells of mice scarified with rvVv
expressing the G protein of RSV are typically Th2-like following restimulation with RSV in vitro, and
large numbers of eosinophils are present in the BAL following RSV challenge (1, 27). However, the
route of vaccination is critical to inducing a pulmonary eosinophilic response following RSV challenge
(4a). Hence, vaccination by the i.p. route with rVV expressing the G protein does not result in an
eosinophilic response, whereas scarification with the same rVV does. The abilities of VV-F.mIL-4high
to induce a Th2-like immune response to the F protein when mice are vaccinated by dermal
scarification and to induce a pulmonary eosinophilic response after RSV challenge are currently under
investigation.

Perhaps surprisingly, the priming of RSV-specific CTL was not impaired in mice vaccinated with VV-
F.mlIL-4high. It has been reported that the VV-specific precursor CTL frequency in spleens determined
6 days after infection of mice with an rVV expressing IL-4 was 12-fold lower than that in mice infected
with a control rVV and remained suppressed throughout the course of the infection (35). The
expression of IL-2, IL-12, and IFN-g mRNAs was also reduced during the acute phase of rVV infection
in these mice (35). This down-regulation of Thl cytokines and antiviral CTL responses is a likely
explanation for the delayed rVV clearance and increased virus titers in mice immunized with VV-F.mIL-
4high. However, our findings suggest that the development of Thl and CTL memory for a coexpressed
F protein is not impaired by IL-4 at the time of vaccination. Delayed virus clearance and reduced CTL
activity were also observed for IL-4-treated mice during primary influenza virus infection (24) and for
mice that constitutively overexpressed IL-4 during RSV infection (12). Our experimental design differs
in one significant respect from those of other groups, who assayed CTL activity while virus-expressed
or exogenous IL-4 was still present during an acute viral infection (24, 35). We assayed CTL activity
from a memory rather than an effector cell population at a time when virus-expressed IL-4 was no
longer present in the system. The ability of secondary CTL to lyse RSV-infected target cells in vitro
may not necessarily correspond to their ability to clear virus in vivo. CTL generated from influenza
virus-infected mice and restimulated in vitro in the presence of IL-4 retained their ability to lyse
appropriate targets in vitro but did not clear virus following adoptive transfer to influenza virus-infected
mice (24). The ability of RSV-specific CTL from VV-F.mlL4high-primed mice to clear virus as readily
as CTL from VSCF-primed mice following adoptive transfer into infected recipients is yet to be tested.

Splenocytes from VSCF-immunized mice restimulated with RSV-infected autologous splenocytes
produce an array of cytokines, including IL-2, IL-3, IL-4, and IL-5, although the latter two are produced
at significantly lower levels than those produced by splenocytes from mice vaccinated with an rvv
expressing the G protein of RSV (1). We found that the predominant cytokines detectable in
supernatants from splenocytes of mice vaccinated with rVV expressing the F protein and restimulated
in vitro with RSV were IL-2, IL-10, and IFN-g. These findings are essentially the same as those
reported by Srikiatkhachorn and Braciale (38). However, those investigators found that the effector T-
lymphocyte population exhibits a cytokine profile different from that of memory T-lymphocyte
precursors (38). We are therefore currently investigating the cytokine profile of restimulated
splenocytes obtained from VV-F.mlIL-4high-immunized mice 5 days after i.n. challenge with RSV to
determine whether the coexpression of IL-4 in rVV can prime for an effector Th2-like response
following RSV challenge.
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Data obtained from this study indicate that although a Th2 cytokine (IL-4) present at the time of acute
rvV infection resulted in delayed virus clearance, there was no effect on the development of RSV-
specific memory CTL or IFN-g production, and mice were resistant to subsequent RSV challenge. It
therefore appears that the coexpression of IL-4 with the F protein in a live-virus vector delivery system
(rVV) failed to subvert the Th1l memory response on subsequent exposure to RSV. Further studies
are in progress to examine the ability of coexpressed cytokines to influence the response to rvv
expressing the G protein of RSV, a protein known to induce a Th2-like immune response. These
studies suggest that the changes observed in the vaccine-induced immune response are the result of
an altered antigen load due to differences in viral vector replication, rather than of a direct effect of the
cytokines on the developing immune response. In order to determine if the immune response to the F
or G protein of RSV can be influenced by cytokines, further studies with plasmids carrying RSV F or
G protein and cytokine genes are currently in progress.
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