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Abstract

We have measured antiviral CD8 T cells responses in bovine respiratory syncytial virus (bRSV) infected calves that had been immunized
with either formalin-inactivated (FI) or live-attenuated (L) bRSV, with evidence of immunopathology following challenge of calves vaccinated
with FI-bRSV. In all cases, bRSV infection induced potent pulmonary CD8 T cell responses. The kinetics of the post-challenge response
in L-bRSV immunized animals was accelerated compared to the FI-bRSV and PBS groups, suggesting that only the L-bRSV vaccine, and
not the FI-bRSV vaccine, had primed memory T cells. The differences between primary and post-vaccination secondary infection were very
minor, in terms of the proliferation status of pulmonary CD8 T cells. FunctionalyFRD8 responses were slightly higher in the FI-bRSV
vaccinated animals. Furthermore, the existence of strongyFD8 responses in FI-bRSV vaccinated animals after challenge suggests (i)
that these IFNy* responses in FI-bRSV immunized animals do not protect against immunopathology, and (ii) that Th-2 biased responses
during bRSV challenge after vaccination with FI-bRSV have a limited impact on the CD8 responses in the bronchoalveolar lavage fluid. Thus,
several response patterns (Th-1/Th-2) seem to co-exist during bRSV infection.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction inactivated (FI) virus primes for a much more severe, and
sometimes even lethal, form of respiratory disefsed].

The human and bovine respiratory syncytial viruses This phenomenon was first observed in a human vaccine trial
(hRSV and bRSV) are major causes of lower respiratory in the 196094] and was later found to also occur in cattle
tractinfections. Both with respect to epidemiology and patho- immunized with formalin- or beta-propriolactone-inactivated
genesis, bRSV infection in calves closely resembles hRSV bRSV[5,6]. Enhanced disease resulting from immunization
infection in infants and bRSV therefore, provides a valuable with Fl-virus has an immunopathological basis and has now
animal model for hRSV1]. Vaccine development has been been modeled in hRSV-infected mif27-9] and monkeys
hampered by the fact that immunization with formalin- [10] and in bRSV-infected cattlg,11-13] In mice, immu-

nization with inactivated virus evokes a Th-2 biased CD4
_ T cell response, which is associated with eosinophilia and
oo Bty e el sy oo sl o lica symptoms upon chllendel. In catte, enhanced
Czarles Gairdner Hos%iltal, Nedlands,’WA 6009),/ Australia. Tel.: +61 ’893 Cl!mcal symptoms p_OSt-Im_mumzatlpn were aSSOCI.ated
463 827: fax: +61 893 462 816. with pulmonary eosinophilia and increased IgE titers
E-mail address: rvdmost@cyllene.uwa.edu.au (R.G. van der Most). [1]
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RSV-specific CD8 T cell responses play a key role in immunized and challenged animals. This suggests that Th-1
the control of infection and in the maintenance of antiviral CD8responses per se do not protect against severe symptoms.
immunity [2,3,14] This was most convincingly shown by T In our model, IFNy* CD8 T cell responses appear to co-
cell subset depletion experiments in cattle and rfiiéel5]. exist with Th-2 associated phenomena such as eosinophilia
Depletion of CD8 T cells in gnotobiotic calves resulted in and elevated IgE levels.
more prolonged virus shedding and more severe pathologic
lesions (i.e., more extensive lung consolidation), after bRSV
infection. CD4 T cell depletion did not affect the kinetics of 2. Methods and materials
viral clearance, but did resultin more serious symptoms. Con-
sistent with a key role of the CD8 T cell response, Mclnnes 2.1. Viruses and animals
et al. [16] showed that acute bRSV infection in cattle is
associated with an influx of activated CD8 T cells into the bRSV field strainOdijk [29] was used for viral challenge.
lungs and the trachea, peaking at Day 10 post-infection. OnVaccination and challenge experiments have been described
the other hand, CD8cytotoxic T lymphocytes also have indetail previously1]. Briefly, bBRSV was cultured on embry-
the capacity to contribute to lung pathogenesis, as shownonic bovine trachea (EBTr) cells. After clarification, super-
in hRSV-infected micg¢14,17,18] Th-1 and Th-2 responses natant was treated with formalin (37% formaldehyde solu-
seem to co-exist in a delicate balance during RSV infection. tion, 1:4000 at 37C for 72 h), followed by ultracentrifuga-
Several studies in the mouse model have provided evidencetion. A vaccine dose consisted of 1 ml sedimented virus mate-
for mutual down-regulation of CD8 and Th-2-biased CD4 T rial, equivalent to 0.75mg protein or &0 TCIDsg, mixed
cell responsef9,19,20] whereas other studies have shown with 1 ml 2% AI(OH). In the case of the live-attenuated
that antiviral CD8 T cell responses are essential in the devel-bRSV vaccine, we used a dose of*f0TCIDsq of bRSV
opment of pulmonary eosinophilial]. In addition, IL-5 and strain Lelystad in 2 ml EMEM, supplemented with 10% FBS.
IFN-vy producing G-specific CD4 T cells co-exist in RSV- SPF-and bRSV-rige calves (six per group), which had been
infected BALB/c micq22,23] Thus, the combined literature  obtained by ceasarean sectifd}, received two intramus-
indicates thatin murine RSV-induced immune responses, Th-cular vaccinations with FI-bRSV, L-bRSV (strain Lelystad)
1, and/or CD8, and Th-2-biased CD4 T cell responses couldor PBS, and were challenged with bRSWijk [29] (at
either co-exist or down-regulate each other. 10°5TCIDso/ml, 2 ml dose) approximately four months later.

The role of CD8 CTLs in the control of infection and in  Intranasal virus inoculation was done using a nebulizer. Bron-
enhancement of lung patholodd/7,18], combined with the choalveolar lavage fluids (BALF) were obtained as described
pathogenic potential of a Th-2-skewed CD4 T cell response [1]. Approximately 100 ml of BALF was obtained from each
[23—-25]and the limited longevity of cellular immunit26], animal after instillation of 120 ml PBS. BALF samples were
provides a challenge for vaccine developm{i]. Most centrifuged (200g, 104°C) and lavage cells were resus-
pneumoviruses, including bRSV and hRSV are species- pended in PBS containing 25% FCS, 0.5% BSA and 0.01%
specific. Thus, these specific virus—host relationships provideNaNg, counted and used for further analysis. Lymph node and
an argument to study natural host—pathogen interactions,spleen samples were obtained during postmortem analysis
in parallel to the murine hRSV model. The bRSV chal- as describedl]. PBMC were isolated by Ficoll centrifu-
lenge model in calves is promising because FI-bRSV asso-gation of heparinized blood samples. bREystad strain
ciated enhanced pathogenesis can be experimentally reprowas grown in embryonic bovine trachea cells (EBTr), as
duced in bRSV-infected anima]$,13]: after challenge, FI-  described1].
bRSV immunized calves presented with severe symptoms,
eosinophilia and high IgE titers, with specificity for the F  2.2. Vaccinia virus recombinants
protein (Antonis et al., unpublished observations).

In the present study, we asked how antiviral CD8 T To construct recombinant vaccinia viruses expressing
cell responses develop during primary bRSV infection, and bRSV genes, viral RNA was isolated from BALF from a
how vaccination with FI-bRSV or L-bRSV would affect bRSVOdijk-infected animal or from bRS¥elysrad-infected
this response, both in terms of kinetics and magnitude. We EBTr cells[1], using RNA isolation kits from Qiagen (Valen-
focused on CD8 T cell responses because their role in pul-cia, CA). RNA preparations were subjected to RT-PCR ampli-
monary eosinophilia has been ambiguf#28j. Our data indi- fication, usingPfu polymerase (Promega) and primer sets
cate that post-challenge T cell responses in PBS- and in Fl-designed to amplify the complete open reading frames for
bRSV immunized animals display similar kinetics, whereas the N, P, M, M2 and G genes, as described previously
those responses in L-bRSV immunized animals peaked ear{1]. cDNAs encompassing the N. P, M and M2 sequences
lier. Because accelerated recall T cell responses, indicativewere amplified from viral RNA derived from th@&dijk
of the recruitment of memory cells, were observed only in L- strain, whereas the G-protein cDNA was generated from the
bRSV animals, it appears that the FI-bRSV vaccine was not Lelystad RNA. PCR-amplicons were subjected to sequence
very efficient in priming long term T cell memory. However, analysis to confirm the absence of unwanted mutations, and
IFN-y* T cell responses were readily detectable in FI-obRSV- inserted into pCRII (Invitrogen). Inserts were then subcloned
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into the vaccinia virus transfer vector pSC11. Recombinant MOPC-21 IgGl monoclonal antibody was used as an isotype
vaccinia viruses (straitWestern Reserve) were generated  control.

using standard methodology, as descrif#@]. The MVA-

F recombinant was provided by Dr. Gerd Sutter (Institute 2.5. Sratistics

of Molecular Virology, GSF-Research Center and Techni-

cal University Munich, Munich, Germany) as part of the EU Statistical analysis was done with Prism and InStat3 soft-
IMPRESSUVAC project. Details on the construction of the ware (Graphpad Software), using the Mann—-Whitney testand
MVA-F recombinant will be described elsewhere. Expres- the Kruskal-Wallis nonparametric test). Differences were
sion of the inserted bRSV genes was confirmed using (i) considered significant whehwas <0.05.

an immuno-peroxidase monolayer assay (IPMA) and (ii) by

metabolic3®S-Met labeling of vaccinia virus recombinant

infected cells followed by radioimmunoprecipitation either 3. Results

with a polyclonal goat anti-hRSV (A + B) serum (Biodesign

International) or with monoclonal antibodies directed against 3.1. Primary bRSV infection coincides with CD8 T cell

the bRSV N, P, G, and F proteins (Animal Sciences Group, proliferation and migration into the lungs

Lelystad).

Acute bRSV infection is associated with an influx of acti-
vated CD8 T cell lymphocytes into the lufigg]. To further
study the dynamics of this response and the proliferation sta-

Cells harvested from BALF were incubated with the tus of the infiltrating T cells, we analyzed the lymphocyte
appropriate antibodies for 30 min on ice. FITC- or R-PE- populations isolated from bronchoalveolar lavage fluid. For
labeled antibodies against CD4 (clone CC8), CD8 (clone this experiment, two calves were infected with bRSV strain
CC63), and IFNy (clone CC302, IgGl) were purchased from  Odijk [1,29]. This strain was selected because it induces a
Serotec (Oxford, UK). Allophvcocvanin (APC)-labeled anti- symptomatic infection in calvel9]. BALF samples were
bovine CD8 antibody was prepared by labeling antibody, collected daily from Day 5 through 9 after infection, and cells
purified from the supernatants of hybridoma cultures (clone were stained with monoclonal antibodies against CD4 and
CC63, obtained from the ATCC), with the APC labeling kit CD8 and, after permeabilization, with an antibody against the
from Prozyme (San Leandro, CA). R-PE-labeled Ki-67 anti- proliferation marker Ki-67. Lymphocytes were gated using
body (clone B56, IgGl), and the isotype control (MOPC-21), forward and side scatter parametdegg( 1a). As shown in
were obtained from BD Biosciences (Mountain View, CA). Fig. 1b, infiltrating CD4 and CD8 T cells were first detected
The B56 antibody is cross-reactive with the bovine protein at Day 7 post-infection (p.i.). Apparently, an influx of T cells
[31]. Surface stainings were done in FACS buffer (PBS sup- starts between Days 6 and 7 p.i. At Day 8 post-infection,
plemented with 1% BSA and 0.01% NgNFor intracellular approximately 16% of all BALF cells consisted of CD4 and
Ki-67 staining, cells were fixed and permeabilized using the CD8 T cells Fig. 1a and b). The data shown Fig. 1 are
FACS lysing and FACS permeabilization reagents from BD representative for the two animals. These kinetic data are
Biosciences. After surface and/or intracellular staining, cells consistent with results described by Mclnnes efl8]. The
were fixed in 1% paraformaldehyde and acquired on a FAC- majority (60—-65%) of the infiltrating CD8 T cells were pro-
Scalibur flow cytometer. Data were analyzed using CellQuest liferating (Ki-67"9") at Day 7 p.i. Fig. 1c). From Day 7
(BD Biosciences, Mountain View, CA) and FlowJo (Tree through9,the numbers of CD8 T cellsin the lungs increased,
Star, San Carlos, CA) software. but expression of Ki-67 slightly decreased (40-45% at Day
9), suggesting that fewer cells were cycling. Since CD8 T
cell proliferation is usually a function of TCR stimulation
after antigen encounter in the local lymph nodes, it seems

Lymphocytes were stimulated with bRSVelystad likely that the dividing CD8 T cells observed in the lungs are
(m.0.i=0.1) (or medium from uninfected EBTr cells as the predominantly bRSV-specific.
negative control), or with recombinant vaccinia or MVA However, non-specific recruitment of CD8 T cells also
viruses expressing bRSV genes, or control recombinantsoccurs during respiratory infectiorf82]. Thus, to assess
(wt MVA and T7 RNA polymerase expressing vaccinia the bRSV-specificity, we stimulated BALF cells (obtained

2.3. Antibodies and flow cytometry

2.4. Intracellular cytokine staining

virus) (m.o.i. = 1). After overnight incubation (3T, 16 h),

at 9 days post-infection) with virus (m.o.i.=0.1, virus har-

brefeldin A was added and incubation was continued for vested from EBTr cells) and visualized responding cells using

another 6 h at 37C. As a positive control, cells were stim-

ulated with SEB (Sigma) in the presence of brefeldin A.
Cells were then fixed using FACS lysing solution, perme-
abilized using FACS permeabilization solution, stained with
APC- and FITC-labeled antibodies against CD8 and IFN-
v, and acquired using a FACScalibur flow cytometer. The

intracellular IFNs staining and flow cytometry. The cells
were incubated overnight with bRSV, after which the Golgi-
inhibitor brefeldin A was added, followed by another 6 h
incubation. As controls, cells were stimulated with the super-
antigen SEB or were incubated in the presence of medium
from uninfected EBTr cells. Cells were then permeabilized
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Fig. 1. Kinetics and specificity of pulmonary CD8 T cell responses during acute bRSV infection. Two animals were infected withiyR8Wd BALF were

collected daily from Day 5 through 9 post-infection. All data shown are from one of the two animals and are representative (a) percentage of ¢ymphocyte
of BALF and gating strategy based on forward (FSC) and side scatter (SSC) parameters; (b) influx of predominantly CD8 T cells at Day 7 post-infection.
Percentages of the relevant cell populations are indicated in the quadrants; (c) infiltrating CD8 T cells at Days 7-9 are proliferaflidf) (RieéZentages

of Ki-67* CD8 T cell populations are indicated in the upper right quadrant. Percentages in italics (Days 5 and 6) indicate that a very small of cells were
analysed; (d) specificity of infiltrating lymphocytes. Day 9 BALF were stimulated with bRSV (m.o.i. =1), SEB or control medium from uninfected EBTr cel

and analyzed by intracellular cytokine staining. PercentagesyFRD8"* cells of total CD& cell numbers are shown. Note that the SEB-stimulated sample
appears to have more IFi- cells than the bRSV-stimulated sample; this is, however, solely the result of different total cell numbers in the two plots.

and stained with monoclonal antibodies against CD8 and staining provides us with a rough estimate of the dynamics
IFN-vy. We found that up to 10—-15% of all pulmonary CD8 T and magnitude of the antiviral responses. Such an estimate is
cells produced IFNy upon bRSV stimulationKig. 1d), sug- particularly useful in situations in which few T cell epitopes
gesting that at least a significant fraction of the infiltrating T have been identified, as is the case for bRSV.

cell population is bRSV-specific. Itis possible that this under-

estimates the fraction of the response that is bRSV-specific,3.2. CDS8 T cell proliferation in bRSV-infected calves:

since stimulation with whole (live) virus may not result in  impact of immunization and immunopathogenesis

optimal antigen presentation. The control SEB-stimulation

yielded a 4-7% response of IFN- CD8 T cells. Thus, We have recently described a bRSV challenge model for
quantitative analysis of T cell proliferation through Ki-67 Th-2-driven Fl-vaccine-induced immunopathologdy. We
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now extended these studies by analyzing the CD8 T cell ~ 40-

responses after bRSV challenge. Eighteen SPF calves, immu- § = PBS
nized intramuscularly with FI-bRSV, L-bRSV, or mock- E 30 A FIDRSY
immunized with PBS, and challenged four months later, V- LbRSV
were analyzed for T cell responses. The clinical and sero- EJ:' 20

logical results of this study have been described previously ¢

[1]. The extent of viral replication was assessed by mea- 2 44

suring RNA levels in the BALF by RT-PCR, as reported 8

previously[1]. Briefly, viral RNA was detected in the BALF é 0

of PBS-immunized animals in 4/6 animals at Day 4 p.i. #* -3 - 1 3 5 7 9

and in all 6/6 animals at Day 7 p.[1]. No viral RNA (a) Days after challenge infection

was detected in the BALF samples from the immunized

animals at either Day 4 or 7 p.i., with the exception of 20-

a weak PCR signal in one L-bRSV immunized animal at ”E —=— PBS
Day 7 [1]. Thus, both vaccines led to reduced levels of & —— FI-bRSV
viral RNA in the BALF, but only the L-bRSV vaccine f 197 ——L-bRSV
provided partial protection against symptoms. Immuniza- g

tion with FI-bRSV primed animals for immunopathogene- ‘2 107

sis. Thus, this experimental setting allowed a comparison of «

primary bRSV infection with two modes of secondary infec- 8 5

tion, i.e., semi-protective (L-bRSV) and immunopathogenic &  §

(FI-bRSV). gor—T—r— 1

-1 1 3 5 7 9

BALF samples were collected at 3 days before challenge Days post challenge infection

and at Days 1, 4, 7 and 9 p.i., and were first used to visualize
the kinetics of CD4 and CD8 T cell influx into the ungs. g 5 Total numbers of CDB(a) and CDA (b) cells in the BALF, at 3
During primary infection, i.e., in PBS-immunized animals, days before infection and Days 1, 4, 7 and 9 post-challenge infection. Cell
we found that the dynamics of T cell influx were consis- numbers were calculated using the total numbers of cells recovered from
tent with the data shown ifig. 1, infiltrating T lymphocytes BALF [1] and _the frequencies of CDzaqd CD8 cells determined_ by-ﬂow
were first detectable at Day 7 p.Fig. 2) and were present cytometry, using the ungated population of cells. Error bars indicate the

. . ' . . standard error of the mean as determined using Graphpad Prism software.
at slightly increased levels at Day 9 after bRSV infection. Significance was determined using the Mann—Whitney and Kruskal-Wallis
Post-challenge CD8 T cell responses in FI-bRSV immunized tests (InStat3 software).
animals were very similar in kinetics but smaller in magnitude

(Fig. 2a). In contrast, we observed accelerated post-challengesignificant ¢ > 0.05 for all comparisons). In all animals, we
responses in L-bRSV immunized animals, with the responsefound that high numbers of the CD8 cells in the BALF stained

peaking at Day 7 post-challenge instead of Dayig(2a). positive for Ki-67", indicating a high level of proliferation
The CD8 T cell responses in L-bRSV immunized animals (Fig. 3).

at Day 7 were significantly different from those in PBS- or
FI-bRSV immunized animalsP(=0.041 and 0.004, respec-

—_
k=)

tively). The largest responses were observed in the PBS- 100 ®

immunized group (i.e., the animals undergoing primary infec- E

tion) at Day 9. These responses differed significantly from @ .5 | *

the number of CD8 T cells in L-bRSV-immunized animals E ¢ ¢

(P=0.026) and there was a trend towards significance when § ® e e®
compared with FI-bRSV-immunized animal®£ 0.065). A @ 507 e
similar trend was seen for the numbers of CD4 T cells in the o e® o®
BALF (Fig. 20). Responses in L-bRSV-immunized animals ® °

appeared to peak earlier, at Day 7, and this was significantly & %7

different from the response in FI-bRSV-immunized animals & .

(P=0.04). The differences between numbers of CD4 T cells

L 0 T T T
at Day 9 were not significant. PBS FI-bRSV LA-bRSV

We then tested whether the CD8 T cell populations in the
three different groups displayed the same proliferation char- Fig. 3. Proliferation of CD8 cells in the lungs at Day 7 post-infection.
acteristics by Staining for the Ki-67 antigen. Based on the Percentages Ki-67cells of total CD8 cells are indicated for all animals.

. Vaccination history and average percentages Kils for each group are
results shown iFig. 1, we analyzed Day 7 BALF samples indicated. Significance was determined using the Wilcoxon—Mann-Whitney

for Ki-67 expression. Again, we found only minor differ-  est (Instat3 software). No significant differences were observed. PBS vs.
ences between the three groupsy( 3), and these were not  FI-bRSV,P=0.3; PBS vs. L-bRSW=0.13; FI-bRSV vs. L-bRSW =0.5.
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3.3. Antiviral peripheral and pulmonary CDS8 T cell
responses

Although staining for the Ki-67 antigen shows the extent
of T cell proliferation, it does not reveal functionality or anti-
genic specificity. To assess the bRSV-specificity of the T
lymphocytes infiltrating the lungs, we stimulated BALF cells
with an MVA-recombinant expressing the viral F protein.
As shown by Nixon and co-workers, infection of human or
simian lymphocyte preparations with vaccinia virus recom-
binants results in effective stimulation of CD8 T cells, after
which responses can be quantitated by HrBHLISPOT or by
intracellular cytokine staininfg3,34] Gaddum et al. recently
validated this approach for bRSV-specific memory T cell
analysig35].

A.F.G. Antonis et al. / Vaccine 24 (2006) 1551-1561

samples on Day 3 before infection and on Days 1, 4, 7
and 9 post-infection. In all cases, lymphocyte samples were
infected with the MVA-F recombinant, or, as a control, with
wild type MVA virus. Uninfected lymphocytes were used
as an additional specificity control. Cells were stained with
monoclonal antibodies against CD8 and IFNA/e found no
F-specific CD8 T cell responses in the periphery before chal-
lenge and at Days 1, 4 and 7 post-challenge (data not shown).
However, F-specific responses were detected in PBMC in
5 out of 18 animals at Day 9 p.i.Fig. 4a). Interestingly,
three of these five animals had received the FI-bRSV vaccine
(Fig. 4). This could suggest that somewhat stronger F-specific
IFN-vy* responses existed in the six FI-bRSV immunized ani-
mals. However, the differences were not significd 0.05

for all comparisons). Thus, in 10 out of 12 other animals,

To assess the specificity of antiviral responses, we ana-no or very weak IFNy-producing F-specific CD8 T cells

lyzed F-specific CD8 T cell responses before and after vac-
cination and after the challenge in the peripheral blood. Pre-

were detected in PBMC samples, indicating that there was
little systemic involvement in these animals. In the BALF

challenge and post-challenge responses were also analyzed isamples, we found IFN* responses in most of the animals
BALF samples. Lymphocytes were isolated from heparinized at Day 7 p.i. Fig. 5a), and no significant differences were

blood before vaccination, on Day 14 post-vaccination, on

observed between the grougs>0.05 for all comparisons).

Day 3 before challenge infection and on Days 1, 4, 7 and 9 No responses were measured before challenge and at Days 1

post-infection. Lymphocytes were also isolated from BALF

and 4 p.i. (not shown). Note that these samples did not contain
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PBMC stimulated with:

MVA-F

MVA

PBS
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Fig. 4. (a) Peripheral IFNf" CD8 T cell responses during acute bRSV infection in all animals, after in vitro stimulation with MVA-F. Stimulation with wt
MVA yielded responses <0.1%. Vaccination history and average percentageg IElls for each group are shown; (b) PBMC from animal #48 (vaccinated
with FI-bRSV, as indicated) were stimulated with MVA-F, MVA or PBS, and stained for {fpression. Frequencies are expressed as percentages IFN-
CD8" cells of total CD8 cells. Significance was determined using the Wilcoxon-Mann-Whitney test (InStat3 software).
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Fig. 5. (a) IFN+ responses in Day 7 BALF from all animals, after in vitro stimulation with MVA-F. Stimulation with wt MVA yielded response8@$o of
MVA-F induced responses. Vaccination history and average percentageg 1E&lls for each group are shown; (b) BALF from animal #43 (vaccinated with
PBS) were stimulated with MVA-F, control MVA or PBS. Frequencies are expressed as percentagésdBat cells of total CD8 cells. Significance was
determined using the Wilcoxon—Mann—Whitney test (InStat3 software).

CD8T cells Fig. 2). Unfortunately, however, as illustrated in  in addition to the MVA-F recombinant. Lymphocytes were

Fig. B, the responses in BALF samples measured at Day 7isolated from the tracheobronchial and mediastinal lymph
p.i. were observed not only after stimulation with the MVA-F  nodes at Day 10 after infection and were stimulated by infec-
recombinant but also after stimulation with wild type, non- tion with the recombinant viruses expressing the different

recombinant MVA virus (although the percentage of IFN-
CDS8 cells was~40% lower). No such background responses
were measured in unstimulated celSg. %), or in MVA-
stimulated PMBC or lymph node cellgigs. 4 and &

3.4. Antiviral CD8 T lymphocytes recognize multiple
bRSVproteins

To further determine the antigenic specificity of the

bRSV proteins, including the MVA-F recombinant. After
overnight incubation, cells were permeabilized and stained
with monoclonal antibodies against CD8 and IFNwVithin

the group of 14 bRSV-infected animals that we analyzed,
we found responses against all proteins testatle 7). The
results showed that whereas similar numbers of PBS immu-
nized and FI-bRSV immunized calves recognized the P, M, G,
M2 and F proteins, there was a bias towards N protein recog-
nition in FI-bRSV immunized calves compared with PBS

response, we measured antiviral responses in the drainingcontrols. Thus, five out of six FI-bRSV immunized calves

lymph nodes using intracellular IFN-staining. In these

recognized the N protein compared with only one out of

experiments, we focused on the breadth of the CD8 T cell six PBS immunized calve®E 0.065). A representative ani-
response and the potential differences in specificity betweenmal from the FI-bRSV immunized group (#47) with strong

the groups, focusing on the difference between the mock-

immunized and the FI-bRSV-immunized groups. To identify

bRSV-specific responses (including N) is showrFig. 6a.
It is interesting that CD8 T cell responses against the G pro-

the relevant antigens, we constructed a set of vaccinia virustein were observed in several animalalfle landFig. 6b).

recombinants expressingthe viral N, P, M, G and M2 proteins,

From these experiments we conclude that immunization did
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Fig. 6. Specificity and breadth of the response in animal #47 (vaccinated with FI-bRSV) (a) and illustration of G-specific responses in animai &2l (witbc

PBS) (b). Lymphocytes from the draining lymph nodes from animals #47 (tracheobronchial lymph nodes) and #42 (mediastinal lymph nodes) wede stimulat
with recombinant viruses and stained for IRNexpression. The bRSV or control genes expressed by the recombinant viruses are indicated. Frequencies are
expressed as percentages IifNEDS8' cells of total CD8 cells.

not result in a strong specificity bias towards individual specificity and frequencies of IFMproducing CD8 T cells
viral proteins, with the possible exception of the N protein, in the lungs, draining lymph nodes and periphery. HrN-
and that most viral proteins are potential targets for CD8 producing cells were visualized by stimulating lymphocytes
T cells. using bRSV antigens produced by recombinant vaccinia or
recombinant MVA vectors. Since it is possible that not all
bRSV-specific CD8 T cells respond to recombinant vaccinia-
4. Discussion produced antigens by IFN-production[36], we cannot
exclude that our assay underestimates the true magnitude
In the present study, we have analyzed antiviral CD8 of the response. Furthermore, a particular technical problem
T cell responses in a symptomatic bRSV infection model that we encountered with our intracellular IRNstaining
[1]. In particular, we have compared T cell responses in assay was that stimulation of BALF samples with the control
infected calves undergoing primary infection and in calves MVA virus yielded a strong background response. These
undergoing secondary infection after FI-bRSV or L-bRSV results are consistent with a recently published study by
immunization. Both immunizations result in reduced viral Sandbulte et a[37] and as suggested by these authors, could
replication, but only the L-bRSV vaccine provides partial reflect superantigenic properties of MVA, or stimulation of
protection against symptomgl]. FI-bRSV vaccination innate pathways. An alternative explanation is that the CD8
primes for enhanced pathogenesis that is associated withT cells in the lung have a low activation threshold, with
eosinophilia and increased IgE titers. Recent data indicatethe result that viral (i.e., MVA) replication could trigger
that these IgE antibodies are specific for the bRSVF protein IFN-y production. It is obvious that this complicates the
(Antonis et al., unpublished observations). Antiviral T cell interpretation of these data: although it is clear that the
responses were quantitated by measuring (i) the kinetics ofBALF samples from infected animals contain considerable
T cell influx and proliferation status in the lungs and (ii) the numbers of CD8 T cells that can be activated to produce
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:Ztl):ll(\el-:/* CD8 cells in draining lymph nodes after stimulation with recombinant vaccinia viruses
PBS immunized animals FI-bRSV immunized animals L-bRSV
Stimulation  ———0—0 41 42 43 44 45 a6 47 48 49 50 i
N 12" 02 01 01 03 0. 02 07 07 13 11 1.2 0.1 0.1
P 09 03 01 02 11 0.1 0.1 02 0.1 39 02 0.6 0.1 0.1
M 04 01 02 02 02 03 0.1 07 01 02 02 12 02 02
G 1.4 01 02 05 05 0.1 06 04 01 0.1 06 04 02 0.1
M2 08 0.7 0.1 07 09 0.1 03 03 02 05 06 09 04 02
F 05 1.2 02 01 09 0.1 0.7 04 02 05 04 04 05 03
ctrl vy 05 03 01 02 02 01 01 01 01 01 01 0.1 01 0.1
unstim 03 04 02 02 0.1 0.1 02 01 0.1 03 03 03 03 02

3% IFN-y* CD8 cells responding to vaccinia viruses expressing bRSV genes (N, P, M, G, M2, F). 'Ctrl v’ indicates stimulation with a control vaccinia
virus expressing T7 polymerase. ‘Unstim’ indicates unstimulated lymphocytes. Shaded boxes indicate where responses above backgrountidevels have
measured. 'Above background’ was operationally defined as average of all Ctrl vv values (0:48).B2(2x 0.12 = 0.24), leading to a cut-off of 0.4.

IFN-vy (and therefore, display a Th-1-like phenotype), their reducing viral replicatiofil]. Second, Th-1 (IFNy) and Th-2
specificity cannot be determined in detail using this method. (IgE) [1] associated responses co-exist in FI-bRSV immu-

Our study makes three points. First, we found potent virus- nized and bRSV-challenged animals. BRSV-specific T cells
induced pulmonary CD8 T cell responses in all three exper- were readily identified by IFN¢staining. In a separate study,
imental groups, although the magnitudes, expressed as totalve analyzed production of the Th-2 cytokine IL-4 by bRSV-
numbers of T cells in the BALF, displayed different kinetics. induced T cells, but we did not find any IL-4 secreting T cells
Accelerated responses, indicative of the recruitment of mem- after in vitro stimulation with bRSV antigens (Antonis and
ory T cells, were observed in the L-bRSV-immunized group, van der Most, unpublished data). We are currently develop-
but not in the FI-bRSV-immunized group, as compared to the ing IFN-y, IL-4 and IL-5 Q-PCR assays to better assess the
PBS group. The largest responses, in terms of the numbersTh-2 bias of the response. Combined, the data suggests that
of T cells in the BALF, were seen in PBS-immunized calves. IFN-y* pulmonary CD8 T cell responses do not necessarily
The levels of IFNy™* T cells were similar in the three groups, protect against severe symptoms (which were only observed
although IFNy* CD8 T responses were slightly higher and in the FI-bRSV group]1]. A similar Thl/Th2 co-existence
more focused to the N protein in the FI-bRSV group. Because has been demonstrated in RSV-infected BALB/c mice, in
recalled memory T cell responses in the immunized animals which the pathogenic f14" population of G-specific CD4 T
should result in an accelerated recruitment of antiviral T cells is characterized by the simultaneous production of the
cells as compared to naive animals, our data suggest thaboth IFN-y and IL-5[23]. Third, the antigenic targets rec-
the L-bRSV vaccine has the capacity to prime bRSV-specific ognized by the antiviral CD8 T cells in the draining lymph
memory cells. In contrast, no such accelerated recruitmentnodes are diverse: the N, P, M, M2, F and G proteins are all
was observed for the FI-bRSV immunized group, leading recognized in different animals, indicating thatimmunization
to the conclusion that this vaccine did not prime very high did not result in a strong specificity bias, with the possible
levels of long-term T cell memory. It cannot be excluded exception of N, which is more often recognized in FI-bRSV
that the FI-bRSV vaccine induced a weak N-specific mem- immunized animals. Salient detail is the detection of CD8 T
ory response. The conclusion that FI-bRSV vaccination fails cell responses specific for the G protein in several animals,
to prime CD8 T cell responses conclusion is supported by especially since a lack of G-specific CD8 T cell responses
recent work from Woolums et aJ38]. In contrast, West et  in RSV-infected BALB/c mice has been proposed as the key
al. [39] reported that vaccination with modified-live bRSV factor in enhanced pathogenel8]. Clearly this is not the
resulted in somewhat accelerated antiviral CTL responsescase in bRSV-infected calves, since even FI-bRSV immu-
post bRSV challenge, suggesting that the modified-live vac- nized animals with severe symptoms harbored anti-G CD8 T
cine did prime CD8 memory in calves, similar to our data. cell responses (see animals 44 and 48). Consistent with our
The greater magnitude of the T cell response (in terms of data, showing a broad response, Gaddum et al. recently iden-
numbers of T cells in the BALF) in PBS-immunized animals tified the N, F and M2 proteins as antigenic targets of memory
compared to vaccinated animals could be explained by dif- CD8 T cell responses in bRSV-infected MHC-1 homozygous
ferent levels of antigen: both vaccines were very efficient in animalg[35].
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Our previous study revealed that vaccination with either formalin-inactivated virus induces enhanced pulmonary inflamma-
the FI-bRSV or L-bRSV vaccines resulted in reduced levels tory response with a predominant Th2-like cytokine pattern. J Virol
of viral RNA in the lungs[1]. Assuming that the FI-bRSV 1996;70(5):2852-60.

. is indeed ind £l lived CD8 [10] De Swart RL, Kuiken T, Timmerman HH, Van Amerongen G,
vaccine Is indeed a poor inaucer ot long-live mem- Van Den Hoogen BG, Vos HW, et al. Immunization of macaques

ory responses, it appears that the main protective component  yjth formalin-inactivated respiratory syncytial virus (RSV) induces
of this vaccine is the level of antibodies. The efficacy of interleukin-13-associated hypersensitivity to subsequent RSV infec-
the L-bRSV vaccine, which reduces viral replication in the tion. J Virol 2002;76(22):11561-9.

absence of immunopathology, could perhaps be explained byl11] Gershwin  LJ, Schelegle ES, Gunther RA, Anderson ML,

it ity to ind bRSV. ific memorv T cells. Ifthis i Woolums AR, Larochelle DR, et al. A bovine model of vac-
S Capacity to uce -Specinc memory | Cells. SIS cine enhanced respiratory syncytial virus pathophysiology. Vaccine

indeed the case, then it seems plausible that RSV vaccination  1998:16(11-12):1225-36.
strategies can be optimized by further enhancing the capacity[12] West K, Petrie L, Haines DM, Konoby C, Clark EG, Martin K, et
of such vaccines to induce CD8 T cell memory. al. The effect of formalin-inactivated vaccine on respiratory disease
associated with bovine respiratory syncytial virus infection in calves.
Vaccine 1999;17(7-8):809-20.
[13] Kalina WV, Woolums AR, Berghaus RD, Gershwin LJ. Formalin-
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