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SUMMARY

CD8* T lymphocytes play a major role in the clearance of bovine respiratory syncytial virus
(BRSV), an important respiratory pathogen of young calves that shares many of the epidemio-
logical and pathological features of human respiratory syncytial virus (HRSV) in infants.
Recombinant vaccinia virus (rVV) and recombinant fowlpox virus (rFPV), expressing individual
BRSV proteins, were used to demonstrate that the F, N and M2 proteins were the major antigens
recognized by bovine CD8" T cells in major histocompatibility complex (MHC)-defined cattle.
BRSV protein recognition by CD8" T cells was analysed using cytotoxic T lymphocyte (CTL)
assays or by the production of interferon-y (IFN-y) following restimulation with BRSV proteins.
Strong recognition of the G protein by CD8™ T cells was observed in cattle that had been vaccinated
with rVV expressing this protein and subsequently challenged with BRSV. Although there is
variation in the number of expressed MHC genes in cattle with different class I haplotypes, this did
not appear to influence BRSV protein recognition by CD8" T cells. Knowledge of the antigenic
specificity of BRSV-specific CD8™ T cells will facilitate the qualitative and quantitative analysis of
BRSV-specific CD8" T-cell memory in cattle and help to ensure that potential vaccines induce a
qualitatively appropriate CD8" T-cell response.

INTRODUCTION

Bovine respiratory syncytial virus (BRSV) is a major cause of
lower respiratory tract disease in young calves and has also been
associated with outbreaks of respiratory disease in dairy
cows."? BRSV is closely related to human respiratory syncytial
virus (HRSV), which is the predominant cause of hospitaliza-
tion of infants with pneumonia and bronchiolitis, and the
epidemiology and pathogenesis of infection with these viruses
are similar.' There are two major problems that have hampered
the development of effective bovine and human RSV vaccines.
First, prior vaccination can enhance the severity of disease
following infection, indicating that the immune response can
contribute to the pathogenesis of disease;>* and second, natural
infection does not provide complete protection against reinfec-
tion."> The role of the immune response in protection and
pathogenesis of RSV infections has been studied extensively in
a murine model of HRSV. Such studies have demonstrated that
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both CD8" and CD4™ T cells not only play a role in virus
clearance, but also contribute to lung pathology.>® However,
the utility of this model is limited because the disease produced
in mice infected with HRSV differs in a number of important
aspects from that in the natural host. BRSV is therefore not only
an important pathogen in its own right, but is also a valuable
model for HRSV.

Studies in calves have demonstrated that the F and G surface
glycoproteins, and the N protein, are major protective antigens
of BRSV; ' that neutralizing, fusion-inhibiting antibodies to the
F protein can mediate protection;'! and that CD8" T cells play a
crucial role in virus clearance.'? Therefore, calves in which
CDS8™ T cells have been depleted showed delayed virus clear-
ance and increased pulmonary pathology, similar to that seen in
HRS V-infected immunocompromised individuals.'? In contrast,
the kinetics of BRSV infection was unaffected in calves depleted
of CD4™ or v8 T cells.'> BRSV-specific, major histocompatibi-
lity complex (MHC) class I-restricted cytotoxic T lymphocytes
(CTLs) can be detected in the blood and lungs of calves 7-10 days
after infection with BRSV,14 and CD8" T-cell numbers are
increased in the nasal passages, trachea and lungs at this time."”
Taken together, these studies indicate that an effective vaccine
should prime both virus-specific CD8* T cells and antibody.

The lack of complete protection against reinfection with RS
viruses may be related to antigenic variation between virus
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strains, short-lived immunological memory and/or a defect in T-
cell effector function at the site of virus replication. Given the
crucial role of CD8" T cells in clearance of BRSV, the short
duration of protection following BRSV infection may be caused
by poor CD8" T-cell memory. Knowledge of the antigenic
specificity of BRSV-specific CD8% T cells will allow the
development of methodologies to investigate qualitative and
quantitative aspects of BRSV-specific CD8" T-cell responses
and investigation of factors that regulate the generation and
long-term survival of memory CTLs. CD8* T-cell responses
tend to be focused on a limited number of dominant epitopes in
individual animals. Consequently, the response of different
animals may be directed towards different proteins. Therefore,
it is also important to determine the extent to which the MHC
influences the antigenic specificity of BRSV-specific CD8"
T-cell responses.

Following HRSV infection of BALB/c mice, the major target
for HRSV-specific CTLs is the M2 protein,'® and CD8" T cells
mediate protection against HRSV in mice vaccinated with
recombinant vaccinia virus (rVV) expressing the M2 pro-
tein.'”'® However, resistance induced by rVV-M2 is short-
lived." CTLs from HRSV-infected BALB/c mice also recog-
nize the HRSV F and N proteins, but there is little or no
recognition of the SH, M, P or G proteins.'® Identification of
K% restricted epitopes in the HRSV M2% and F proteins21 has
provided the opportunity to quantify antigen-specific CTLs in
the lungs of HRSV-infected mice and to analyse the kinetics of
pulmonary HRSV-specific CTLs following infection.>' These
studies have demonstrated that HRSV infection in mice inhibits
pulmonary CD8™ T-cell effector activity by interfering with T-
cell receptor (TCR)-mediated signalling.?'** Such an effect
may help to explain the limited duration of protective immunity
in RSV infections.

The major target protein of HRSV recognized by human
CTLs appears to be the N protein.”>** Human CTLs also
recognize the SH, F, M and NSI1 proteins, but few of the
individuals studied recognized the M2, G, P or NS2 proteins.
Recognition of the F and M2 proteins appears to be associated
with recent infection and there does not appear to be any
correlation between MHC phenotype and HRSV protein recog-
nition.?* There is little information on the epitopes recognized
by HRSV-specific human CD8™ T cells. Two human leucocyte
antigen (HLA)-restricted CTL epitopes in the HRSV F protein,
and one in the N protein, have been identified.”>® Identification
of the HLA B7-restricted epitope in the HRSV N protein
allowed the construction of HLA-B7-RSV-NP tetrameric com-
plexes that were used to stain human CD8" T cells.>> These
studies demonstrated that only a small number of CD8™ T cells
are specific for this HRSV N-protein epitope in the peripheral
blood of healthy adults.

The BRSV proteins recognized by bovine CD8™ T cells have
not been identified. In this study, rVV and/or recombinant
fowlpox virus (rFPV) expressing the F, G, N and M2 proteins
of BRSV were used in CTL assays or in assays to detect
interferon-y (IFN-y) production by CD8" T cells to identify
BRSV proteins recognized by bovine CD8" T cells in MHC-
defined cattle. MHC class I expression in cattle is unusually
complex. International workshops have identified approxi-
mately 50 class I specificities,”” and it was assumed that the
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majority of these represented products at a single locus. More
recent molecular studies have shown that haplotypes may
express one, two or three class I genes from a putative total
of five, in any combination.?® At present, only about 40 full-
length cDNA sequences are available and thus DNA-based
typing methods are of limited use. However, a polymerase
chain reaction using sequence-specific primers (PCR-SSP)
has been developed® for typing (at the level of expressed
genes) the inbred cattle herd produced at the IAH (Compton,
Newbury, UK). Many of the animals used in this study were
those in which MHC class I haplotypes have been completely
characterized at the level of expressed genes. Knowledge of the
BRSYV proteins and epitopes recognized by bovine CD8™ T cells
will increase our understanding of the role of CD8" T cells in
RSV infections and will help to ensure that vaccination induces
a qualitatively appropriate CTL response.

MATERIALS AND METHODS

Cattle

Calves that were used to investigate the MHC restriction of the
primary BRSV-specific CTL response were BRSV seronega-
tive, gnotobiotic or specific pathogen-free (SPF) calves, housed
in a barrier-maintained building. The haplotypes of these calves
were characterized at the level of the expressed class I genes.
Calves were infected intranasally (i.n.) and intratracheally (i.t.)
with 2 x 10 plaque-forming units (PFU) of the Snook strain of
BRSV.*

The BRSV proteins recognized by memory CD8" T cells
were analysed in five different groups of cattle (Table 1). Group
I (animals 1- 4), comprised 18—24-month-old-cattle (housed in
a barrier-maintained building) that had been infected i.n. and i.t.
with 2 x 10° PFU of the Snook strain of BRSV on three or four
occasions. Groups II and III were cattle that had been vaccinated
as gnotobiotic calves, on one or two occasions, 8 weeks apart,
by intradermal scarification with 1-2 x 103 PFU of rVV
expressing either the F (Group II) or the G (Group III) protein
of the 391-2 strain of BRSV.?"** These cattle were then housed
conventionally and either infected experimentally, as described
above (animals 5-10), or infected naturally with BRSV (animal
11). Group IV cattle were 4—6-year-old conventionally reared
animals that had been immunized subcutaneously (s.c.) with 108
glutaraldehyde-fixed NM7 cells plus Quil A at 6—12 months of
age (animals 12-14). The NM7 cell line is a bovine nasal
mucosa cell line persistently infected with the 127 strain of
BRSV.* Cattle 12 and 13 were further immunized with NM7
cells, as described previously, at 7 and 9 months following the
first immunization, and all animals may have also undergone
natural BRSV infections. Group V was a control group of
uninfected gnotobiotic calves, 4 weeks of age (calves 15—
17). All cattle used were seronegative for BRSV at the start
of the experiment and tested negative for bovine viral diarrhoea
virus (BVDV).

The majority of animals used in this study were from an
inbred herd, generated by back-crossing, in which several MHC
class I haplotypes have been completely characterized at the
level of expressed genes: Al8, A31, All, A10, A14.%® The
haplotypes are named according to serological specificity, but it
should be noted that although a single specificity is designated
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Table 1. Calves used for studying memory CD8" T-cell responses
to bovine respiratory syncytial virus (BRSV)

Calf no. Haplotype Immunogen
Group I

1 A18%/A17 BRSV x 3

2 A18%/A17 BRSV x 4

3 A18*/A31* BRSV x 3

4 A20/A20 BRSV x 2
Group II

5 A18/A20 rVV-F, BRSV

A18/A10 rVV-F, BRSV

7 A18/A18 rVV-F, BRSV

8 A31#/A31* rVV-F x 2, BRSV
Group III

9 Al4/W9 rVV-G, BRSV

10 A31*/A31* rVV-G x 2f, BRSV

11 Al4/A14 rVV-G, BRSV
Group IV

12 A18*/A31* NM7, BRSV

13 A18%/A31* NM7, BRSV

14 A18*/A18* NM7, BRSV
Group V

15 ND None

16 ND None

17 ND None

*Haplotype characterized at the level of the expressed genes. All other
haplotypes were only determined serologically.

1The calf was also inoculated subcutaneously with 40 pg of purified G protein
prior to the BRSV challenge.

ND, not determined; rVV, recombinant vaccinia virus.

in each case, the number of genes expressed is variable. A18 and
A10 each express a single gene (HD6, JSP.1), A31 and A11 each
express two genes (HD1, HD7 and D18.2, D18.3) and Al4
expresses three genes (D18.1, D18.4, D18.5) (Table 2). Animals
were typed either by PCR-SSP at the IAH or by complement-
dependent microcytotoxicity testing, using alloantisera, by Dr
Mike Stear (Glasgow University, Glasgow, UK). In the case of
MHC types found outside the inbred herd (i.e. A17, w9, A20),
there is no information available regarding the number or nature
of class I genes expressed.

All experiments were performed under the regulations of the
Home Office Scientific Procedures Act (1986).

Table 2. Class I genes expressed on different haplotypes within
Institute for Animal Health (IAH; Compton, Newbury,

UK) cattle
Haplotype Class I genes expressed
Al8 HD6
A31 HD1, HD7
All D18.2, D18.3
Al10 JSP.1
Al4 D18.1, D18.4, D18.5
A20 Unknown
Al7 Unknown
w9 Unknown

Viruses

The Snook strain of BRSV® was isolated from a calf with
pneumonia and passaged once in calf testis cells and six times in
calf kidney (CK) cells. Stocks of virus for inoculation of cattle
were prepared in primary CK cells and stored in liquid nitrogen.
Titres of BRSV were determined by plaque assay on secondary
CK cells, as described previously.*®> Recombinant VV expres-
sing the F, G, N and M2 proteins of the 391-2 strain of BRSV
were obtained from Dr G. Wertz (University of Alabama,
Birmingham, AL)'®*'"? and grown and assayed on HuTK~
143B cells. For inoculation of calves, rVV was first purified over
a 35% sucrose gradient.

Recombinant FPV, expressing F, N and M2 of the Snook
strain, was constructed using the recombination vector, pEFL29,
obtained from Dr M. Skinner (IAH).>* Briefly, cDNAs contain-
ing full-length N, M2 or F genes were generated by reverse trans-
cription on mRNA extracted from BRSV Snook-infected fetal
CK cells followed by PCR amplification. Primers were designed
to introduce BamHI, EcoRI and Smal restriction sites at the 5’
and 3’ ends of the full-length genes. The cDNAs were then
cloned, using standard techniques, into the BamHI/EcoRlI site of
pGEM.TA (Promega, Madison, WI). Restriction enzyme diges-
tion products of the expected size were obtained using BamHI
and EcoRI. The genes were excised from pGEM.TA using Smal,
and blunt-end cloned into the Smal site (downstream of the p7.5
promoter) of pEFL29, which contains the lacZ gene. Cloned
plasmids with the F, N or M2 genes in the correct orientation
with respect to the p7.5 promoter were selected and recombi-
nants made using FP9.*®> Recombinant FPV was identified as
blue plaques in monolayers of chicken embryo fibroblasts
(CEFs) overlaid with agarose containing 5-bromo-4-chloro-3-
indolyl-B-D-galactosidase. Recombinant FPV was plaque-
purified four times, and expression of the N, M2 or F proteins
was confirmed by indirect immunofluorescence on rFPV-
infected CEFs and/or by enzyme-linked immunosorbent assay
(ELISA) analysis using lysates of rFPV-infected CEFs and
monoclonal antibodies (mAbs) 6 (anti-N), 8 (anti-M2) or 19
(anti-F).3%37

Effector cells

Peripheral blood mononuclear cells (PBMC) were isolated from
heparinized blood by centrifugation at 1200 g for 40 min at 20°
over Histopaque 1083 (Sigma, St. Louis, MO). Lung mono-
nuclear cells were obtained by enzyme digestion, as described
previously'? before centrifugation over Histopaque. Cells from
the interface were washed three times with phosphate-buffered
saline (PBS) and resuspended in complete medium: RPMI-1640
with Glutamax-1 (Gibco BRL, Paisley, UK), containing 10%
heat-inactivated fetal calf serum (FCS), 5 x 107> M 2-mercap-
toethanol, 100 pg/ml streptomycin and 100 U/ml penicillin.

Cytotoxicity assays

Cytotoxicity assays were carried out as described previously.'*
Briefly, 50 pl of >'Cr-labelled target cells was mixed with 100 pl
of effector cells to give effector : target (E : T) cell ratios
ranging from 6 : 1 to 100 : 1, in triplicate wells of a V-shaped
microtitre plate. The cells were gently pelleted and incubated
for 4 hr at 37° in 5% CO, in air before 25 pl of supernatant was
removed from each well and >'Cr release calculated, in counts
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per minute (c.p.m.), in a gamma counter. The percentage
specific lysis was calculated as follows:

% Specific lysis = 100 x [(c.p.m. in test — c.p.m. in
spontaneous release) < (c.p.m. in total release — c.p.m. in
spontaneous release)],

using the mean value of triplicate wells, provided the individual
values did not exceed 20% of the mean value. Spontaneous and
total release were determined from wells containing target cells
and 100 pl of medium or 1% sodium dodecyl sulphate (SDS),
respectively.

Target cells

Target cells were autologous skin or testicular fibroblasts
infected at 0-5 PFU/cell with the 391-2 strain of BRSV®’ by
rolling at 37° in a 1-ml volume for 18 hr. Target cells were
cultured as an adherent monolayer for a further 24 hr, trypsi-
nized to provide a single-cell suspension, labelled for 1 hr with
sodium chromate (5 1Cr) (40 pCi/ 10° cells) and washed by
centrifugation. Stable mouse L-cell transfectants expressing
the cattle class I gene, HD6, infected with BRSV, were used
as targets in some assays. HD6 is the only class I gene expressed
on the A18 haplotype. BRSV infection of target cells was
confirmed by immunostaining of cells (fixed with 80% acetone
in water) using a mAb, 19, specific for the BRSV F protein,
followed by peroxidase-labelled goat anti-mouse antibody
(1 : 20 dilution: Kirkegaard and Perry Laboratories Inc., Guild
Ford, UK) and 3,3’-diaminobenzidine tetrahydrochloride
(DAB; Sigma) as substrate. Cells infected with rVV at a multi-
plicity of infection (MOI) of 5 for 1 hr at 37° and labelled with
80 uCi of >'Cr for a further 1 hr, were also used as targets in
some assays. After labelling with >'Cr, cells were washed twice
in medium and incubated at 37° for a further 2 hr prior to the
cytotoxicity assay.

In vitro stimulation of lymphocytes

Stimulator cells were either NM7 cells or, more usually, auto-
logous fibroblasts infected with BRSV (as described above), or
autologous concanavalin A (Con A) blasts (PBMC incubated
for 48 hr in medium containing 10 pg/ml Con A) infected with
rVV at a MOI of 5 overnight in 1-ml volumes. All stimulator
cells were glutaraldehyde-fixed, as described previously,®® and
incubated with effector cells at an E : Tratioof 5 : 1 for 7 days
in complete medium. On day 4, 50% of the medium was
removed and replaced with complete medium containing
12% T-cell growth factor (supernatant from 48-hr Con A-
stimulated PBMC treated with methyl o-D-mannpyranoside;
Sigma) and 20 U/ml of recombinant human IL-2 (Sigma).
Target cells and virus stocks were free from BVDV and myco-
plasmas.

Flow cytometric analysis of intracellular IFN-y

PBMC (4-6 x 10°) were infected for 2 hr by rolling at 37° in
1 ml of complete RPMI with BRSV (as for target cells), with
rVV at a MOI of 5, or with rFPV at a MOI of 2. As controls,
PBMC were incubated with medium alone or with uninfected
cell lysates. Cells were washed and aliquoted (2 x 10%well) in
duplicate and incubated at 37° for 8 hr for assays in which
PBMC were stimulated with rVV, or for 22 hr in assays where
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stimulation with BRSV or rFPV was carried out. The shorter
incubation time-period for rVV was because rVV reduced the
viability of the PBMC if left overnight. IFN-y was retained
within the cell by the addition of Brefeldin A (1 pg/ml; Cal-
biochem, Nottingham, UK) for the final 4 hr of the assays. As
controls, PBMC were incubated for 8 or 22 hr, as appropriate,
with phorbol 12-myristate 13-acetate (PMA, 0-02 pg/pl;
Sigma). Ionomycin (0-4 pg/ml; Calbiochem) was added for
the final 5 hr and Brefeldin A for the final 4 hr. Following
incubation, all cells were washed in buffer [1% bovine serum
albumin (BSA), 0-1% sodium azide in PBS], fixed in 1%
paraformaldehyde in PBS for 10 min at 20°, washed and frozen
in 10% dimethyl sulphoxide (DMS0)/90% FCS at —70°. To
detect CD8" IFNy™" lymphocytes, cells were stained with mAb
CC63 (anti-bovine CD8x)* or an isotype-matched control
mAD, for 10 min at 20°, washed and stained with R-phycoer-
ythrin (PE)-labelled goat anti-mouse I1gG2a for 10 min at 20°.
After washing, cells were permeabilized with Permeabilization
solution™ (Becton-Dickinson, Oxford, UK) for 10 min at 20°.
Cells were then washed and stained for IFN-y using mAb
CC302*' at 1 pg/ml, or an isotype control. After 1 hr of
incubation at 4°, cells were stained with fluorescein isothioca-
nate (FITC)-labelled goat anti-mouse immunoglobulin G1
(IgG1) (1 : 400 dilution) for 15 min at 20°, washed, resus-
pended in buffer and analysed using a FACSCalibur flow
cytometer (Becton-Dickinson). Data analysis was performed
using FCSexpress software (DeNovo Software, Ontario,
Canada); the gate was set to include live mononuclear cells
based on light-scattering properties and excluded cell doublet
and triplets. Quadrants were set to include only those cells
expressing a high level of CDS8, as shown in Fig. 4(a). The
means of duplicate samples were taken to give results based on a
minimum of 6 x 10* high CD8 events. The variation between
the duplicate samples was usually less than 12% of the mean
value.

RESULTS

Presentation to BRSV-specific CTLs by class I alleles
expressed on the haplotypes A18, A31 and A14

It was generally difficult to elicit CTL activity following in vitro
restimulation of memory T cells with BRSV. Therefore, primary
CTLs were used in the majority of studies to investigate the
ability of MHC class I alleles expressed by A18, A31 and Al14
haplotypes to present BRSV to CD8 ™ T cells. PBMC from A18/
A31 calves, infected 10 days previously with BRSV, lysed
BRSV-infected A18/A18 targets (Fig. 1a, 1b), indicating that
Al18, and therefore the HD6 gene product, could present
BRSV peptides to CD8"' T cells. This was further confirmed
by the ability of lung lymphocytes, from an A18/A10 calf,
restimulated in vitro with BRSV-infected, autologous fibro-
blasts, to lyse BRSV-infected mouse L-cells expressing the
HD6 gene (Fig. 2).

BRSV-infected target cells, homozygous for A31, were
lysed by PBMC from an A31/A19 calf, infected 9 days pre-
viously with BRSV, and by lung lymphocytes, from an A31/A31
calf, that had been restimulated in vitro with BRSV-infected
autologous fibroblasts (Fig. 1c, 1d). These findings indicate that
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Figure 1. Presentation of bovine respiratory syncytial virus (BRSV) by
class I alleles expressed on haplotypes A18, A31 and Al4. (a) Lysis of
A18/A18 homozygous (A) or A20/A11 (M) BRSV-infected cells by
peripheral blood mononuclear cells (PBMC) from calf no. 3397 (A18/
A31) infected 10 days previously with BRSV. (b) Lysis of A18/A18
homozygous (A) or A10/w8 (M) BRSV-infected cells by PBMC from
calf no. 7292 (A18/A31) infected 10 days previously with BRSV. (c)
Lysis of A31/A31 homozygous (A ) or untyped (M) BRS V-infected cells
by PBMC from calf no. 3796 (A19/A31) infected 9 days previously
with BRSV. (d) Lysis of A31/A31 homozygous (A) or A14/A1l (M)
BRSV-infected cells by lung lymphocytes from calf no. 3395 (A31/
A31), infected 10 days previously and restimulated in vitro with BRSV-
infected autologous fibroblasts. (e) Lysis of A14/A31 (A), A14/A11 (W)
or A20/A11 (@) BRSV-infected cells by lung lymphocytes from calf no.
6130 (A14/A31) infected 10 days previously with BRSV. E : T, effec-
tor : target ratio.

either the HD1 and/or HD7 MHC class I gene products
(expressed on the A31 haplotype) can present BRSV peptides.
Lung lymphocytes from an A14/A31 calf infected 10 days
previously with BRSV, were able to lyse both MHC-matched
(A14/A31) and partially matched (A14/A11), BRSV-infected
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Figure 2. Lysis of bovine respiratory syncytial virus (BRSV)-infected
HDG6 transfected mouse L-cells by BRSV-specific cytotoxic T lympho-
cytes (CTL). The percentage specific lysis of BRSV-infected HD6
transfected mouse L-cells (M), uninfected HD6 transfected cells (1),
BRSV-infected A18/A18 fibroblasts (A) and uninfected A18/A18
fibroblasts (A) by lung lymphocytes from calf no. 4795 (A18/A10),
infected 11 days previously with BRSV and restimulated in vitro
with BRSV-infected autologous fibroblasts. E : T, effector : target
ratio.

cells, but not mismatched (A20/A11) cells (Fig. 1e). Therefore,
one or more of the three MHC class I gene products expressed
by A14 can present BRSV peptides. These studies demonstrated
that at least some of the MHC class I genes expressed by each of
the A18, A31 and A14 haplotypes can present BRSV peptides to
BRSV-specific, MHC-restricted CTL.

BRSV-specific CTL recognize F, N and M2 proteins

In order to investigate the BRSV proteins recognized by BRSV-
specific CTLs, A18/A14 lung lymphocytes, from a calf infected
10 days previously with BRSV, were restimulated in vitro with
either BRS V-infected cells (NM7 cells) or with autologous Con
A blasts infected with either rVV-F or rVV-M2. Following
restimulation, lymphocytes were analysed for their ability to
lyse BRSV-infected, MHC-matched (A18/A14), partially
MHC-matched (A14/A11) or MHC-mismatched (A11/A20)
targets (Fig. 3a). Virus-stimulated lymphocytes lysed BRSV-
infected A18/A14 and A14/A11 targets to a greater extent than
infected-mismatched (A11/A20) cells, indicating that BRSV
proteins were presented by Al8 and/or Al4 and by Al4.
Similarly, the F protein of BRSV was able to stimulate CTLs
that lysed both BRSV-infected A18/A14 and A14/A11 targets,
demonstrating that gene products expressed by both A18 and
A14 haplotypes can present the F protein. Lung lymphocytes
restimulated with the rVV-M2 lysed BRSV-infected A18/A14
cells, but not A14/A11 targets, suggesting that in this calf, only
A18 MHC class I, i.e. the HD6 gene product, presented the M2
protein. Therefore, the HD6 gene product is able to present both
the F protein and the M2 protein to CTL.

PBMC from an A18/A31 calf, infected with BRSV 7 days
previously, were analysed for their ability to lyse A18/A18
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Recognition of BRSV proteins by bovine CDS' T lymphocytes 225

—_
Q0
~

80 1

60 1

40 1

% Specific lysis

20 1

>
s

[

rvv-m2

Stimulator

—
(=)
~

40 1

30 1

20 A

% Specific lysis

10

rVV-F
rVV-G

rvV-mM2

rvVV-N
rVV-control
BRSV-A18/A31
BRSV-A18/A18
BRSV-A10/W8

Target

Figure 3. Recognition of the F, N and M2 proteins by major histo-
compatibility complex (MHC) class I Al14- and A18-restricted bovine
respiratory syncytial virus (BRSV)-specific cytotoxic T lymphocytes
(CTL). (a) Lysis of BRSV-infected, MHC-matched A18/A14 (white
bars), partially MHC-matched A14/A11 (black bars) or MHC-mis-
matched A11/A20 (hatched bars) target cells by lung lymphocytes from
an A18/A14 calf, infected 10 days previously with BRSV and resti-
mulated in vitro with glutaraldehdye-fixed BRSV-infected NM7 fibro-
blasts, recombinant vaccinia virus (rVV)-F-infected concanavalin A
(Con A) blasts or rVV-M2-infected Con A blasts [effector : target
(E : T) ratio of 100 : 1] (b) Lysis of A18/A18 targets infected with
rVV expressing individual BRSV proteins, or with BRSV-infected,
MHC-matched (A18/A31) partially matched (A18/A18) and mis-
matched (A10/W8) targets, by peripheral blood mononuclear cells
(PBMC) from an A18/A31 calf, infected 7 days previously with BRSV
(E : T ratio of 100 : 1).

targets infected with rVV expressing different BRSV proteins.
BRSV-specific CTL from this calf recognized the M2 and N
proteins to a greater extent than the F or G proteins of BRSV
(Fig. 3b). Similar results were also obtained with PBMC from
this calf on day 8 of BRSV infection. Therefore, MHC class I
HD6-restricted CTLs recognized the M2 and N proteins.

BRSV-specific induction of IFN-y by CD8" T cells

As restimulation of memory T cells with BRSV in vitro did not
reproducibly generate BRSV-specific CTLs, the ability of
BRSV to activate memory CD8™ T cells for IFN-y production
was analysed by flow cytometry to detect intracellular IFN-y.
Only cells expressing high levels of CD8 were analysed
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Figure 4. Two-colour flow cytometric analysis of intracellular inter-
feron-y (IFN-y) production by peripheral blood CD8" T cells taken
from an A20 homozygous calf (animal 4) which had been experimen-
tally infected with bovine respiratory syncytial virus (BRSV)
~12 months previously. Quadrants were set to include only CD8 high
T cells by (a) single staining for CD8 and (b) by double staining for CD8
and IFN-v, following stimulation in the presence of phorbol 12-myr-
istate 13-acetate (PMA) and ionomycin (I0). PBMC were stimulated in
vitro for 22 hr in the presence of: (c) medium alone; (d) control wild-
type fowlpox virus (FPV); (e) recombinant (r)FPV-F; (f) rFPV-N; (g)
rFPV-M2; or (h) BRSV (Snook). The values shown in the upper right
quadrants represent the percentage of CD8™ high cells that are IFN-y .

(Fig. 4a). Following restimulation with BRSYV, the proportion
of CD8™" low cells producing IFN-y was negligible (results not
shown). An example of the profiles obtained by flow cytometry
for PBMC from a BoLA A20 homozygous animal (no. 4,
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Table 1), which had been previously infected with BRSYV, is
shown in Fig. 4. Stimulation of PBMC with PMA and iono-
mycin, induced IFN-y production in both CD8" and CD8 cells,
with 20-74% of CD8" T cells producing IFN-y (Fig. 4b).
Following restimulation of PBMC with medium (Fig. 4c) or
uninfected CK lysates (results not shown), the proportion of
CD8* IFN-y" T cells was < 0-04% of all CD8" T cells. In
contrast, following restimulation with BRSV, 0-43% of CDS' T
cells were IFN-y" (Fig. 4h).

The frequency of BRSV-specific CD8™ T cells was analysed
in a total of 14 cattle that had been primed either by BRSV
infection and/or by vaccination with rVV-F, rVV-G or a glutar-
aldehyde-inactivated BRSV vaccine (Table 1). The responses
of three naive, gnotobiotic calves were also analysed. Virus-
specific responses were determined following subtraction of
values obtained after restimulation of PBMC with uninfected
cell lysates. A minimum of two assays were carried out over a 4-
month period for all of the cattle, except in the naive group
where only one assay was performed, and representative data is
shown in Fig. 5a. The reproducibility of the assay following
restimulation with BRSV was good as the majority of duplicate
assays over the 4-month period gave similar results. However,
there were two notable exceptions — animals 7 and 12, where the
percentage of CD8' T cells, which were IFN-y* following
restimulation with BRSV, increased from 0-38% to 1-04% and
from 1-51% to 4-85%, respectively, between the two assays. As
these cattle had been housed conventionally, it is possible that
they were reinfected with BRSV between the two assays, but
serum samples were not taken at the time to confirm this.

CD8"' T cells from 13 of 14 cattle primed with BRSV
showed a detectable IFN-y response following restimulation
in vitro with  BRSV. The frequency of BRSV-specific
CD8' IFN-y" T cells in these 13 animals ranged from
0-26% to 4-85% of CD8™ T cells. CD8™ T cells from animal
10, which had been vaccinated with rVV-G and infected with
BRSV on two occasions, did not produce IFN-y in response to
BRSV. This animal did not respond to BRSV in a lymphocyte-
proliferation assay, although it had developed BRSV-specific
serum antibodies (results not shown). CD8" T cells from naive
calves did not produce IFN-vy after restimulation, in vitro, with
BRSV. The frequency of CD8" IFN-y™ T cells was < 0-04% in
all naive, seronegative calves.

BRSYV protein-specific induction of IFN-y
by CD8' T cells

Recognition of BRSV proteins by CD8* T cells was analysed in
the 14 BRSV-primed cattle by investigating the ability of rFPV
or rVV expressing individual BRSV proteins to stimulate
production of IFN-y by CD8" T cells. Activation of CD8* T
cells by rFPV expressing BRSV proteins was greater than that
induced by rVV. The frequencies of CD8" IFN-y" T cells
induced 8 hr after restimulation of PBMC from BRSV-infected
or NM7-vaccinated cattle with rVV were low, and responses
were not significantly greater than those induced by the control
rVV. In contrast, the responses of cattle vaccinated with rVV
were high. However, the frequencies of CD8" IFN-y™ T cells
induced after stimulation with rVV expressing BRSV proteins
were not significantly greater than those induced by the control
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Figure 5. Recognition of bovine respiratory syncytial virus (BRSV)
proteins by CD8" memory T cells. The percentages of CD8" T cells
positive for intracellular interferon-y (IFN-y) production are shown.
Peripheral blood mononuclear cells (PBMC) from each of the calves
within the five groups (Table 1) were stimulated with: (a) BRSV (b)
recombinant fowlpox virus (rFPV)-F; (c) rFPV-N; and (d) rFPV-M2.
The broken bars represent values that exceed the maximum value
shown. The actual values for these are as follows: calf no. 4 response
to N = 1-74; calf no. 8 response to F = 2-55 and to BRSV = 1-86; calf
no. 12 response to F = 1-09, to N = 2.09 and to BRSV = 4-85. *Values
that are considered significant.

rVV. The exception to this was that seen in two animals (10 and
11) where, following subtraction of the value induced by the
control rVV, 0-08% and 0-25% of CD8™" T cells produced IFN-y
in response to rVV-G.

An example of the profiles obtained by flow cytometry for
PBMC from a BoLA A20 homozygous individual (animal 4,
Table 1)induced 22 hr after restimulation, in vitro, with rFPV is
shown in Fig. 4. In this animal, the proportion of CD8" T cells
producing IFN-y following restimulation with wild-type FPV
was 0-06% (Fig. 4d). In contrast, the frequencies of CD8* IFN-
v+ T cells induced by stimulation with tFPV-N or rFPV-M2
were 1-80% and 0-66%, respectively (Fig. 4f, 4g). However,
restimulation of PBMC from this animal with rFPV-F induced
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little or no IFN-vy production by CD8™ T cells (Fig. 4e). There-
fore, CD8" T cells from a BoLA A20 individual, previously
infected with BRSV, recognized the N and the M2 proteins, but
not the F protein of BRSV.

After restimulation of PBMC from the 14 BRSV-primed
cattle with rFPV expressing different BRSV proteins, F protein-
specific responses were observed in CD8" T cells from 10
animals, N protein-specific responses were observed in seven
animals and M2 protein-specific responses were observed in 10
animals (Fig. 5b, 5c, 5d). The frequencies of F, N and M2
protein-specific CD8" T cells ranged from 0-07 to 2-55%, 0-05
to 2:09% and 0-05 to 0-92%, respectively. BRSV protein-
specific CD8" IFN-y* T cells in the three naive calves were
<0-01% (Fig. 5).

Although the numbers of cattle in the different groups were
small, there was some evidence that vaccination may have
influenced the antigenic specificity of the CD8* T-cell response.
Thus, the N and the M2 proteins were recognized by CD8" T
cells from three of the four BRSV-infected animals, whereas the
F protein was only recognized by one individual (Fig. 5). In
contrast, the F protein was recognized by CD8™ T cells from all
of four cattle that had been vaccinated with rVV-F and subse-
quently infected with BRSV, and in all of three cattle that had
been vaccinated with an inactivated vaccine and subsequently
exposed to BRSV. Although CD8™ T cells from two of the three
animals that had been vaccinated with rVV-G and infected with
BRSV recognized the F protein and two recognized the G
protein, there appeared to be little or no recognition of the N
and M2 protein.

DISCUSSION

The pathogenesis of bronchiolitis and pneumonia induced by
RS viruses in the natural host is still not clearly understood.
However, cattle with impaired CD8" T-cell responses suffer
more prolonged BRSV infection than control calves,'* indicat-
ing that the CD8" T-cell response plays a critical role in
controlling BRSV infection. MHC class I-restricted CD8" T
cells can mediate antiviral protection via two pathways: direct
cytotoxicity; or via release of cytokines such as IFN-y and
tumour necrosis factor-o; (TNF-cr).*? Functionally active BRSV-
specific CTL have been demonstrated in the peripheral blood
and lungs of calves following primary infection,'* and the
secretion of IFN-y by CD8" T cells during a primary infection
has also been demonstrated (R. Gaddum and G. Taylor, unpub-
lished observations). In this study we have extended our pre-
vious findings by identifying some of the proteins recognized by
BRSV-specific bovine CTLs generated during a primary
response. In addition, the BRSV proteins recognized by mem-
ory CD8" T cells in cattle that have either been infected with
BRSV on a number of occasions or had been primed by
vaccination and subsequently infected with BRSV, were ana-
lysed by flow cytometry to detect IFN-y production. Using rVV
and rFPV expressing four of the 10 BRSV proteins of the Snook
or 391-2 strains of BRSV, the majority of infected and/or
vaccinated cattle recognized the F, N and M2 proteins. In
addition, the G protein of BRSV was strongly recognized in
cattle that had been vaccinated with rVV-G and subsequently
infected with BRSV.
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Whereas MHC restriction of BRSV-specific CTL was
demonstrated in the present study, MHC restriction of IFN-y
production by CD8™ T cells following restimulation with BRSV,
rVV or rFPV was not analysed. However, the IFN-y response
observed was unlikely to be caused by natural killer (NK)-like
CDS8™ cells. Therefore, in the present study, activation of CD8™"
T cells was analysed in cattle older than 12 months of age, and
putative NK cells that have been identified in older cattle do not
appear to express CD8.** Furthermore, CD3~ CD8" NK-like
cells from naive neonatal calves that produce IFN-y in response
to Mycobacterium bovis bacille Calmette-Guérin (BCG)-
infected dendritic cells do not express high levels of CD8.*?
CDS8 low cells are composed of CD3" and CD3"~ populations,
whereas cells expressing high levels of CD8, which were
analysed in the present study, are predominantly*® CD3"
(R. Cook and G. Taylor, unpublished observations).

Differences in the activation of bovine CD8" T cells by
rFPV expressing individual BRSV proteins compared with that
induced by rVV may have been a result of differences in the
duration of culture. Analysis of the kinetics of intracellular
synthesis of IFN-y by bovine CD8™ T cells following activation
with BRSV or rFPV demonstrated an increase in the antigen-
specific IFN-y synthesis at 22 hr compared with that after 8 hr
of culture. However, there was poor survival of viable cells after
22 hr of culture when rVV was used to activate T cells. There-
fore, cultures in which rVV was used to activate CD8™1 T cells
were only of 8 hr duration.

There did not appear to be any correlation between bovine
MHC class I phenotype and recognition of BRSV proteins by
CD8™ T cells. Furthermore, there was no evidence that cattle
which are homozygous for A18 (i.e. express a single MHC
class I gene) displayed a more restricted antigen-recognition
repertoire than those which express A31 or Al4 haplotypes.
During a primary response, CTL assays demonstrated that
the HD6 gene product could present BRSV to CD8™ T cells
and that BRSV-specific, MHC class I HD6-restricted CTL
recognized the M2 and N proteins. In addition, memory
CD8" T cells from a vaccinated animal (no. 14), which was
homozygous for A18 and therefore only expressed the HD6
gene product, recognized the F, M2 and N proteins. These
findings were similar to those observed in cattle that express
two or more genes. For example, cattle 8 and 10, which were
both A31/A31 homozygous and therefore expressed the HD1
and HD7 MHC class I gene products, recognized the F, N and
M2 proteins or the F and G proteins, respectively. However, it
has not been demonstrated that both HD1 and HD7 were
presenting peptides from any or all of these proteins. Further
studies using additional L-cell transfectants would be required
to clarify the situation, and to compare the presentation cap-
abilities of these class I alleles. For example, at present it is not
known how many different peptides may be presented by each
allele. The peptide-binding motifs for each of the three alleles
HD6, HD1 and HD7 are known.** The motif and the range of
peptides eluted from HD6 predict that this allele would have a
broad binding capability, which may in part explain the results
seen here.

Although the number of animals in the different treatment
groups was small, there was some evidence that the specificity
of BRSV-specific CD8" T cells was influenced by previous
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vaccination. Therefore, the F protein was recognized less fre-
quently in cattle that had been primed with BRSV alone than in
those that had been primed by vaccination prior to BRSV
infection. This observation may reflect differences in the dura-
tion of F protein-specific memory CD8" T cells in animals
primed in different ways. Studies of HRSV-specific human CTL
suggest that recognition of the F protein may be associated with
recent HRSV infection.?* Taken together, these findings suggest
that CD8" T-cell recognition of the F protein may be short-
lived. Further studies are required to determine whether differ-
ences in the duration of CD8" memory T cells specific for
different BRSV proteins correlates with susceptibility to rein-
fection.

The number of cattle recognizing the N and M2 proteins was
similar in each of the treatment groups, apart from those animals
vaccinated with rVV-G (group III) prior to BRSV infection.
Although there was little or no recognition of the N or M2
proteins in these cattle, they did recognize the F and G proteins.
Furthermore, CD8" T cells from one of these animals (no. 10)
consistently failed to respond to BRSV. Vaccination of BALB/c
mice with r'VV-G does not prime CD8 " T cells,* and following
HRSYV challenge, the HRSV-specific pulmonary CTL response
is reduced compared with that seen in mice undergoing a
primary HRSV infection (L. J. Mackay, G. Bembridge & G.
Taylor, manuscript in preparation). Taken together, these find-
ings suggest that priming of CD8" T cells to certain RSV
proteins may not be particularly effective in animals that have
been previously vaccinated with rVV-G, possibly because prior
vaccination with rVV-G restricts the replication of RSV follow-
ing subsequent challenge. These findings contrast with those
seen in cattle vaccinated with glutaraldehyde-fixed BRSV-
infected nasal mucosal cells, which are also effective at restrict-
ing replication of BRSV following challenge.>® Therefore,
CDS8" T cells from cattle vaccinated with this inactivated
vaccine and subsequently exposed to BRSV recognized the
F, N and M2 proteins. However, as vaccination with glutar-
aldehyde-fixed BRS V-infected nasal mucosal cells primes RSV-
specific CTLs in BALB/c mice,*® it seems probable that this
vaccine also primes CD8" T cells in cattle.

In conclusion, this study has demonstrated that the F, N and
M2 proteins are recognized by BRSV-specific bovine CD8" T
cells. Knowledge of the BRSV proteins recognized by bovine
CDS8™ T cells will facilitate the identification of MHC class
[-restricted epitopes from these proteins. This will enable
the development of certain methodologies, such as the use of
bovine MHC class I-peptide tetramers, to allow a detailed
quantitative and qualitative analysis to be carried out of the
CD8™ T-cell response to BRSV. Such studies will provide an
insight into the relationship between BRSV-specific CD8* T-
cell memory and frequency of reinfection, and will help to
ensure that potential vaccines induce a qualitatively appropriate
CTL response.
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