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The lesions caused by maedi-visna virus (MVV) are known to be immune mediated with a presumed
contribution by the response to viral antigens. However, very little is known about the T-cell response to
individual viral proteins. We have therefore expressed the three individual gag antigens of MVYV strain EV1
(p16, p25, and p14) in a bacterial expression system and used the purified recombinant proteins to analyze the
antibody and CD4* T-cell response to MVV. Plasma samples were taken from sheep after 1 year of infection
with MVV. The titers for antibodies in these samples were determined by indirect enzyme-linked immunosor-
bent assays and were as follows: anti-p25 antibody, 1:400 to >1:3,200; anti-p16 antibody, 1:400 to 1:3,200; and
anti-p14 antibody, 1: <100 to 1:3,200. When the induction of antibodies was followed over time postinfection
(p.i.), samples positive for anti-p25 were seen by day 24 p.i., followed by anti-p16 by day 45 p.i., and lastly
anti-p14 by day 100 p.i. T-cell proliferative responses to all three gag antigens were detected in persistently
infected sheep peripheral blood lymphocytes. The antigens were therefore used to raise T-cell lines from
persistently infected sheep. These T-cell lines were shown to be specific for the recombinant gag antigens and
for viral antigen expressed on infected macrophages. The proliferative response was restricted to major
histocompatibility complex class II HLA-DR and so was due to CD4™ T lymphocytes. All three gag antigens
may therefore play a role in immune-mediated lesion formation in MVV disease by presentation on infected

macrophages in lesions.

Lentiviruses are a subfamily of the Retroviridae. They cause
slow, chronic disease and eventually, death of the infected
animal. The group comprises the immunodeficiency viruses
(human, simian, feline, and bovine immunodeficiency viruses),
equine infectious anemia virus, and the small-ruminant lenti-
viruses, maedi-visna virus (MVV) and caprine arthritis enceph-
alitis virus (CAEV). All the viruses infect accessory cells of the
immune system (macrophages and dendritic cells) with the
immunodeficiency viruses all having an extended tropism for
lymphocytes (15).

The macrophage and dendritic cell infection which is seen in
the small-ruminant lentiviruses (40, 54) causes immune-medi-
ated lesions to develop in a variety of organs. The lesions are
caused by lymphocyte accumulations, which often organize
into follicular structures. Other organ-specific changes, such as
smooth muscle hyperplasia in the lung or demyelination in the
central nervous system, also occur (6). Virus is usually cell
associated, with only low frequencies of infected cells being
detected even in lesions that are well developed (8, 35, 47).
How the virus persists has been under investigation for many
years with both latent or restricted infection and infection of
myeloid precursors put forward as strategies which may aid the
virus to survive in the host (19, 20, 44). Immune evasion has
also been suggested as a reason for virus persistence. This
comes from data where the antibody response was found to be
weak and poorly neutralizing, and only transient T-cell im-
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mune responses were seen after infection (30, 39, 47, 57, 59,
64). However, when studied closely, both T-cell proliferative
and cytotoxic T-lymphocyte responses are detected, but the
virus epitopes stimulating these responses are unknown (5, 52).

We therefore expressed the matrix (p16 gag), core (p25 gag),
and nucleocapsid (pl4 gag) antigens of MVV in a bacterial
expression system using a histidine tag to purify all the pro-
teins, and the proteins were then used to analyze the immune
response to the individual antigens. We analyzed the antibody
and T-cell proliferative responses to the antigens and also
determined whether virally infected macrophages could
present antigen to T-cell lines raised to the antigens. The
results show that all three gag antigens induced antibody and
T-cell proliferative responses after infection with MVV. In-
fected macrophages were able to present these antigens to
gag-specific T cells. Persistence of the virus does not appear to
be caused by the lack of an immune response to viral gag
antigens. However, accessory cells infected with MVV will
present viral antigen to CD4 T cells, increasing lymphoprolif-
eration and lesion formation around infected cells. Cytokines
released by activated CD4 T cells may provide a further stim-
ulus for MVV replication by enhancing the differentiation of
monocytes to macrophages and so enhancing continued lesion
formation.

MATERIALS AND METHODS

Sheep. Adult Finnish Dorset crossed sheep (MVV-free flock from the More-
dun Research Institute, Edinburgh, United Kingdom) were uninfected or in-
fected with 5 X 10° 50% tissue culture infectious doses (TCIDs,) MVV strain
EV1 (55) subcutaneously. Persistently infected sheep used to generate antigen-
specific T-cell lines were infected for greater than 3 years and did not show
clinical signs of disease. All sheep were used in accordance with procedures laid
out in the Animals (Scientific Procedures) Act 1986 of the United Kingdom.
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Virus. MVV strain EV1 (55) was grown in sheep skin cell lines as previously
described (51).

PCR. Low-molecular-weight viral DNA was prepared by a method similar to
the method of Clements et al. (12) from cells infected at a low multiplicity and
then harvested when monolayer syncytial formation was greater than 70%. The
DNA concentration was measured by absorbance at 260 nm. This material
contains unintegrated proviral DNA, and 1 ug was used as the template with 0.1
nmol primers in standard PCRs. Primers were as follows: for p16, 449H (5'-G
ACCCGGGATCCAGACATGGCGAAGCAAGGCTCAAG) and 450H (5'-TC
CCGGGAATTCAATTTAGTACACTTCTCTATGTTT); for p25, 769F (5'-CC
CGGGATCCGAGAAATGGACCCTATTGTAAATCTGC) and 768F (5'-AAC
CCGGGAATTCTTTACCCTTCTGATCCTACATCTC); for pl4, 771F (5'-CA
TCCCGGGATCCAGGAATGGAAGGGTTTAAAATGCAAC) and 770F (5'-
TTTCCCGGGAATTCTGTTACAACATAGGAGG). The positions of Smal
sites are indicated in italic type in the sequences. BamHI or EcoRI sites are
shown in bold type, and the ATG or TAA start and stop codons are underlined
in the forward and reverse primers, respectively. The PCR used Taq polymerase
(Roche Diagnostics Ltd., Lewes, United Kingdom) in 6 mM MgCl, and was
carried out at a melting temperature of 95°C for 0.6 min, annealing temperature
of 45°C for 0.5 min, and extension temperature of 72°C for 2.5 min for 35 cycles
with a final extension of 5 min. The p25 and p14 PCR products were cloned into
Smal-cut pTZ19R (Pharmacia, Amersham Biosciences UK Ltd., Chalfont St.
Giles, United Kingdom) and the pl6 PCR product was cloned into pCRII
(Invitrogen Ltd., Paisley, United Kingdom), and then all the PCR products were
sequenced. BamHI-and-EcoRI double-digested genes were then inserted into
BamHI-and-EcoRI double-digested pRSET B (p16 and p14) or C (p25) (pRSET
from Invitrogen Ltd., Paisley, United Kingdom) to give in-frame translation from
the pRSET start codon and to label the recombinant proteins with a nickel-
binding six-histidine tag at the N termini. Correct insertion of the gene was
verified by restriction enzyme digestion and sequencing (data not shown).

Expression and purification of recombinant gag antigens. The gag gene con-
taining pRSET vectors were transformed into Escherichia coli BL21(DE3) (In-
vitrogen Ltd., Paisley, United Kingdom). Protein expression in log-phase cul-
tures was induced with 0.4 mM isopropyl-B-p-thiogalactopyranoside (IPTG).
Test experiments determined the optimal time of induction of the proteins of
interest (3 to 5 h for p25 and 4 to 5 h for p14). When no p16 expression was
detected in E. coli BL21(DE3), this plasmid was transferred to the BL21(DE3)
bacterial strain carrying pLysS (optimum time of induction 5 to 6 h). BL21(DE3)
containing pRSET C was used to produce the control pRSET C histidine tag
peptide. Purification was performed following the manufacturer’s instructions
(Invitrogen Ltd., Paisley, United Kingdom) on nickel chelated Probond resin
using 20 mM sodium phosphate and 500 mM sodium chloride (native buffer as
all the proteins were soluble in this system). Fractions containing protein were
pooled, concentrated, and sterile filtered, and then the protein concentration was
measured using Bio-Rad protein assay (Bio-Rad Laboratories Ltd., Hemel
Hempstead, United Kingdom). Purified proteins were aliquoted and stored at
—70°C.

SDS-PAGE and Western blotting. Bacterial protein preparations or purified
proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) run under reducing conditions and Western blotting by
the method of Reyburn et al. (51). Total proteins were detected by staining gels
with a rapid silver staining kit (Sigma-Aldrich Co. Ltd., Poole, United Kingdom).
Immunoblots were probed overnight with sheep serum before or after infection
(diluted 1/100 in phosphate-buffered saline containing 5% nonfat dried milk) at
4°C, washed, and then incubated with anti-sheep immunoglobulin conjugated to
alkaline phosphatase (1:1,000; Sigma-Aldrich Co. Ltd., Poole, United Kingdom)
at room temperature for 1 h before the blots were developed with nitroblue
tetrazolium and 5-bromo-4-chloro-3-indolylphosphate.

Indirect anti-gag ELISAs. The wells on flexible polyvinyl chloride assay plates
(Falcon 353912; BD Biosciences, Cowley, United Kingdom) were coated with
purified gag antigen or pRSET C peptide at 2.5 pg/ml in 100 wl 0.1 M carbonate-
bicarbonate buffer pH 9.6 overnight at 4°C. Enzyme-linked immunosorbent
assays (ELISAs) were performed by the method of Bird et al. (4) using serum
dilutions starting at 1/100 and then anti-sheep immunoglobulin conjugated to
horseradish peroxidase (DakoCytomation Ltd., Ely, United Kingdom). The end
point of a serum dilution series was taken as the last dilution that gave an optical
density greater than two times the background (pRSET C-coated wells). The
reciprocal of this dilution was taken as the serum titer. Serum titers for the gag
antigens were compared by Mann-Whitney nonparametric statistics. Where as-
says were performed with 1 dilution of serum, the sample was considered positive
for a specific antibody if the optical density was greater than two times the
background as described above.
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Generation of antigen-specific T-cell lines. Antigen-specific T-cell lines were
generated in a manner similar to the method of Bujdoso et al. (9) by antigen and
then interleukin-2 (IL-2) stimulation. Briefly, peripheral blood mononuclear
cells (PBMC) from persistently MV V-infected sheep were stimulated with 50 pg
purified gag antigen per ml of RPMI 1640 with 5 mM glutamine, 100 U penicillin/
ml, 200 pg streptomycin/ml, and 50 pM B-mercaptoethanol (RPMI) and 10%
fetal calf serum (FCS) (10% RPMI) in 24-well plates (3 X 10° cells/ml/well).
Cells were incubated at 37°C and 5% CO, for 6 to 7 days, harvested, and
centrifuged over a Ficoll-Hypaque gradient (Lymphoprep; Nycomed, Oslo, Nor-
way) to remove dead cells. Interphase cells were washed two times in RPMI with
2% FCS and then plated out at 5 X 10° viable lymphocytes/ml in 10% RPMI with
25 U recombinant human IL-2 (National Institute for Biological Standards and
Control) per ml for a further 6 to 7 days. Fresh recombinant human IL-2 was
added after 3 to 4 days in 0.5 ml medium. Viable cells were once again harvested
as described above and put into a second round of antigen stimulation using 2 X
10° irradiated (30 ¢Gy) autologous PBMC per well with 10° lymphocytes per
well. Again these cells were taken after antigen stimulation and given a cycle of
IL-2 stimulation as described above. Lines were harvested and stored under
liquid nitrogen. This protocol typically gave T-cell lines that contained approx-
imately 65% CD4", 20% CD8", and 2% B lymphocytes.

T-cell proliferation assays. (i) PBMC assay (52). PBMC from persistently
infected or uninfected sheep were cultured at 10° cells per well with purified gag
antigen or pRSET C peptide (12 to 50 wg/ml) in a final volume of 200 pl 10%
RPMI for 5 days. Proliferation was measured by [*H]thymidine incorporation (1
nCi per well) for the last 5 h of the assay. Cells were harvested using an
automatic cell harvester (Tomtec Harvester 96), and thymidine incorporation
was measured by liquid scintillation counting on a Wallac 1450 microbeta
counter. Cultures were set up in triplicate. Stimulation indices (SIs) with gag
antigens were calculated using SI = cpm with recombinant gag antigen/cpm with
PRSET C peptide. Differences in SIs between gag antigens were analyzed by
Mann-Whitney nonparametric statistics with results from six infected sheep
(assays with all antigens performed at the same time).

(ii) Assay with T-cell lines. Antigen-presenting cells for assays with the T-cell
lines were either autologous monocyte-derived macrophages (MDM) or irradi-
ated PBMC. Autologous monocytes were isolated by adherence on tissue culture
plastic (2 h) from PBMC (33). Adherent monocytes were cultured in 10% RPMI
with 10% lamb serum for 5 days until they matured into MDM. Cells were
infected or mock infected with MVV (1 to 2 TCIDs, per cell) in RPMI with 2%
FCS for 2 h, the virus inoculum was removed, and the medium was replaced with
10% RPMI. This was changed every day for 4 days. The medium of one set of
macrophages was changed and replaced with heat-inactivated (56°C, 30 min)
medium from MVV-infected macrophages. MDM were harvested with 5 mM
EDTA in phosphate-buffered saline and plated in 96-well flat-bottomed plates at
the stated numbers for T-cell assays. PBMC were irradiated with 30 cGy and
used at 2 X 10° cells per well as antigen-presenting cells in assays.

Antigen-specific T-cell lines (described above) were used at 5 X 10* cells per
well in RPMI with 10% lamb serum. Lymphocytes and MDM or irradiated
PBMC with soluble purified gag antigen or pRSET C peptide were cultured
together for 5 days and labeled and harvested as described above. T-cell cultures
with MDM were set up in quadruplicate and with irradiated PBMC in triplicate.
Concanavalin A (5 pg/ml) was used as a positive control in T-cell assays.

RESULTS

Production of recombinant fusion proteins. DNA clones of
pl6, p25, and p14 gag were generated by PCR on low-molec-
ular-weight DNA from MVYV strain EVl1-infected skin cells.
The predicted peptide sequences of the recombinant proteins
are shown in Fig. 1A. Recombinant p16 (rp16) was predicted
to be a 177-amino-acid (aa) polypeptide: in the pl6 region
there was one amino acid deletion and three amino acid sub-
stitutions compared to the predicted sequence of EV1 pl6.
This is unlikely to be caused by a PCR artifact, as the pl16
region of an independently derived full-length gag clone from
EV1 has one conservative amino acid substitution compared to
the p16 clone used here (data not shown). Similarly, although
only 93% homologous to the predicted 1514 Icelandic strain
pl6 region (58), the clone used here has no insertions or
deletions in comparison to this viral sequence. Recombinant
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FIG. 1. Recombinant MVV gag proteins. (A) The predicted amino acid sequences of the fusion proteins used are shown on the top lines. The
recombinant proteins are compared to the predicted EV1 MVV gag sequence (bottom lines). Recombinant p16 was derived from EV1 amino acid
residue (aa) 1 to 144 (nucleotides 506 to 937), rp25 from aa 145 to 363 (nucleotides 938 to 1594), and rp14 from aa 362 to 448 (nucleotides 1595
to 1849) (positions from reference 55). The predicted amino acid sequence of the pRSET C peptide is also shown with the 32 amino acids that
are present at the N termini of all the recombinant proteins (shown in bold type). Recombinant protein (0.5 pg per track) purified on ProBond
nickel columns was run on 15% SDS-polyacrylamide gels. The gels were silver stained (B) or electroblotted onto a nitrocellulose membrane (C).
(B) Track 1, pRSET C peptide; track 2, rp25; track 3, rp16; track 4, rpl4. The pRSET C peptide had run off the bottom of the gel, but the
contaminant bands are clearly shown. (C) Tracks 1, rp25; tracks 2, rp16; tracks 3, rp14. The blots were developed with pre- (Pre) and postinfected
(Post) sheep plasma samples (from the same sheep) as indicated above the lanes.

p25 (rp25) was predicted to be a 258-aa polypeptide: in the p25
region there were three amino acid substitutions compared to
the predicted sequence of EV1 p25. Recombinant p14 (rp14)
was predicted to be a 122-aa polypeptide: in the pl4 region
there were three amino acid substitutions compared to the
predicted EV1 pl4 sequence (55). The predicted sizes of the
recombinant proteins were 20.5 (rp16), 29.0 (rp25), and 13.6
kDa (rp14) while the predicted sizes of the EV1 peptides are
16.8, 24.7, and 9.6 kDa, respectively (55).

Recombinant protein-containing fractions from columns
were pooled, and the purity of the fractions was examined by
silver staining SDS-polyacrylamide gels (Fig. 1B). Recombi-

nant p25 gave the greatest yield of all the polypeptides (15.0 to
20.0 mg/liter) and the cleanest protein preparations, although
contaminating bacterial protein bands were detectable (Fig.
1B). This recombinant protein runs as a doublet, suggesting
loss by degradation of some of the C-terminal portion (the
N-terminal His tag was still functional [data not shown]). The
major band was approximately 30 kDa by Western blotting
(Fig. 1C and also with monoclonal antibody VPM70 [51],
which is anti-p25 specific [data not shown]). Recombinant p16
and rp14 preparations were less clean, with a higher percent-
age of contaminating bands (Fig. 1B, rp16 and rp14 yields were
1.5 to 2.0 and 1.0 to 1.5 mg/liter, respectively). When these
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FIG. 2. Antibody titers against individual gag proteins in plasma
samples from persistently infected sheep. Purified recombinant gag
antigens were used to coat plates for ELISAs using plasma samples
from sheep infected for 1 year with MVV. Antibody titer is expressed
as the reciprocal of the greatest plasma dilution which gave an optical
density at 490 nm twice that of background (pRSET C peptide) values.
Individual sheep values are shown.

proteins were repurified on the nickel-chelated column, the
contaminating bands remained, although there was a total loss
of proteins (data not shown). Polypeptides purified once on the
Probond column were used in immunological assays. Recom-
binant p16 gave a detectable band at approximately 20 kDa,
while rp14 ran at approximately 17 kDa after Western blotting
(Fig. 1C and with an anti-His tag monoclonal antibody [data
not shown]). Recombinant p14 is a basic protein which may
account for the aberrant size seen on the gel. A control peptide
from pRSET C in BL21(DE3) cells was produced for use as a
control in immunological assays and is 69 aa long and has a
predicted size of 7.9 kDa (Fig. 1A). This was not detectable on
the silver-stained gel where it had run off the bottom (Fig. 1B),
but the contaminating bands present in the preparation are
visible.

The N-terminal His tag may be cleaved from the proteins
using the enterokinase cleavage site (Asp,Lys) present in the
pRSET vectors. Trial enterokinase digests of rp25 did not
result in the expected product of 25.4 kDa but in smaller,
nonspecific cleavage products (data not shown). It has been
reported that enterokinase will also cleave after lysine pre-
ceded by two or three aspartates (36), but no recognizable
enterokinase cleavage sites are present in the p25 sequence.
Due to the failure to generate cleaved p25, all the recombinant
fusion proteins were used in immunological assays with the
His-tagged fusion partner attached.

The purified fusion proteins were tested for antigenic au-
thenticity on Western blots using MVV strain EV1-infected
sheep serum samples to detect the proteins (Fig. 1C). All three
proteins were detected by serum from a persistently infected
sheep, but no reactivity was seen in preinfected serum. Sera
from rabbits immunized with the recombinant proteins recog-
nized gag proteins produced in MV V-infected cells (data not
shown).

Analysis of the antibody response to gag antigens in infected
sheep. Sheep persistently infected with MVV have been re-
ported to make antibodies reactive with virtually all MVV
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FIG. 3. Time course of induction of antibodies to individual gag
antigens. Purified recombinant gag antigens were used to coat plates
for ELISAs using plasma samples from sheep infected subcutaneously
with MVV (5 X 10° TCIDs). Plasma samples were collected at dif-
ferent times postinfection and used at 1:100 dilution in the assays. The
results show the mean optical density at 490 nm readings * standard
deviations (error bars) for five sheep for the individual gag antigens.
Optical density readings from control pRSET C peptide ELISAs were
always less than 0.07. Recombinant antigens are p16 (closed squares),
p25 (closed circles), and p14 (closed triangles).

proteins (34), and the pattern of development of these anti-
bodies to individual gag proteins after infection and their per-
sistence through the course of disease have been studied by
Western blotting (24, 25). In these studies, the response to p14
was often weak and transient, while the response to p25 and
p16 was much clearer and consistent, although antibody to p16
was usually later to develop than that to p25 and varied in
strength throughout the response. Here we have tried to quan-
tify this more clearly using ELISAs with the recombinant gag
antigens. Plasma samples from 10 sheep infected for 1 year
with MVV EV1 were used to determine the titers of anti-p25,
anti-p16, and anti-p14 antibodies (Fig. 2). Anti-p25 antibody
titers varied from 1:400 to >1:3,200, anti-p16 antibody varied
from <1:100 to 1:3,200, and anti-p14 from <1:100 to 1:3,200.
The titers seen using p25 gag as the antigen were greater than
either p16 or p14 gag antigen ELISAs (P < 0.01 for both by the
Mann-Whitney test), but there was no statistical difference in
the titer between the p16 and p14 assays. The p25 ELISA assay
is therefore the most sensitive. The time course of induction of
antibody after infection was also analyzed by ELISA using the
fusion proteins and infected sheep plasma samples diluted
1:100. The mean absorbance values of five different sheep at
different times postinfection (p.i.) are shown in Fig. 3. Using
twice the background values obtained on pRSET C control
peptide as the cutoff (absorbance readings for pRSET C con-
trol peptide were never greater than 0.07 [data not shown]),
samples positive for anti-p25 were seen by day 24 p.i. followed
by anti-pl6 by day 45 p.i. and lastly anti-p14 by day 100 p.i.
Antibodies were detectable consistently up to over 1 year p.i.
When the ELISA results were compared to Western blot re-
sults using the same plasma sample on EV1 antigen grown in
tissue culture, there was general agreement as to when the
antibodies were first detectable. The ELISAs detected the an-
tibody slightly earlier than Western blotting (data not shown).

Previously published studies have never detected an immu-
noglobulin G2 (IgG2) antibody response to MVV antigens in
infected sheep (38, 45). This was investigated with the indirect
ELISAs described above using McM1 and McM3 mouse
monoclonal antibodies specific for sheep IgG1 and IgG2, re-
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FIG. 4. T-cell proliferative response of sheep PBMC to individual
gag antigens. PBMC from a MV V-infected sheep (A) or an uninfected
sheep (B) were cultured with different concentrations (in micrograms
per milliliter) of rpl6 (closed squares), rp25 (closed circles), rp14
(closed triangles), and pRSET C peptide (open circles) for 5 days.
Cells cultured with medium alone (open squares), mock-infected cell
antigen (open triangles), or viral antigen (large closed triangles) were
used as controls. Lymphocyte proliferation was assessed by [*H]thymi-
dine incorporation. Data are expressed as mean cpm * standard de-
viations (error bars) from triplicate cultures.

spectively (2) and an anti-mouse horseradish peroxidase con-
jugate. Only IgG1 antibodies were detectable against all three
gag antigens (data not shown). No anti-gag IgG2 antibodies
were detectable after infection using these indirect ELISAs.
The monoclonal antibody McM3 was active, as IgG2 antibod-
ies in serum from a sheep immunized with rp25 in complete
Freund’s adjuvant, which is known to induce an IgG2 response
(4), were detected using the same antibody stock (data not
shown).

T-lymphocyte proliferative response to gag antigens. The
cell-mediated immune response to the individual gag antigens
was analyzed using the T-lymphocyte proliferative response of
peripheral blood T cells from persistently infected (3 to 8
years) sheep to the recombinant fusion proteins. Uninfected
sheep T cells were used as controls with the gag antigens, while
PRSET C peptide was used as a control antigen with infected
sheep. Representative results of six experiments (n = 6 in-
fected sheep) are shown in Fig. 4. All persistently infected
sheep that showed a positive T-cell proliferative response to
whole EV1 antigen showed proliferative responses to all three

J. VIROL.

gag proteins. These were not detected in uninfected sheep (n =
9) (Fig. 4). Proliferative responses to the pRSET C control
peptide preparations were never seen. The magnitude of the
proliferative response to the individual gag antigens varied
among sheep, as did the hierarchy of response (sheep are not
inbred), but overall, both p25 and p16 gave a greater response
than p14 (stimulation indices analyzed by Mann-Whitney test
[P < 0.05]). There was no significant difference between the
stimulation caused by p25 and p16.

Generation of gag-specific T-cell lines. Peripheral blood T
lymphocytes from persistently infected sheep (two sheep per
gag antigen) were used to generate gag-specific T-cell lines
using the recombinant proteins. Examples of one of the two
cell lines generated to each of the gag antigens are shown in
Fig. 5. Thymidine incorporation by T lymphocytes in response
to stimulation by specific gag antigen presented by autologous
irradiated PBMC is clearly greater than to control pRSET C
peptide presented by autologous irradiated PBMC and in-
creased in a dose-dependent manner as the concentration of
antigen increased. The T-cell lines required antigen-presenting
cells (here irradiated PBMC) to present the antigen, as T cells
with antigen alone did not proliferate (Fig. 5).

Presentation of gag antigens by MVV-infected macrophages.
Very little is known about the ability of MV V-infected macro-
phages to present MVV antigens to CD4" T cells. Initial
experiments used macrophages infected in vitro to present
MVYV antigen to CD4™ T lymphocytes purified from PBMC of
autologous persistently infected sheep. The primary isolated
CD4" T lymphocytes were stimulated to proliferate by in vitro
MV V-infected macrophages in comparison to uninfected mac-
rophages (data not shown), but this does not show which viral
antigens are recognized by the CD4" T lymphocytes. There-
fore, the gag-specific T-cell lines generated above were used to
determine whether MV V-infected macrophages could present
gag antigens to T cells. Monocyte-derived macrophages from
the same sheep as the T-cell lines were infected with MVV for
4 days in vitro before harvest and plating as antigen-presenting
cells for the gag-specific T-cell lines. These macrophages
caused the proliferation of T-cell lines specific for all three gag
antigens (p16, p25, and p14 [Fig. 6A, B, and C, respectively]).
As the monocyte-derived macrophages were from the same
sheep as the T-cell lines, i.e., infected sheep, the mock-infected

g 5000 20000

5 N - S0000 T

£ o001 15000 40000

1S

$- 30007 300007

2% 100007

2 & 20001 200007

=

g 50007

E 1000y ] 100001

= O—p—"|7 0 o O/QE\-G_—g
= 0 ——— 78— ) F—O O =T e ——| 0 ——T—T
S 0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60

Antigen concentration (ug/ml)

FIG. 5. Production of p16, p25, or pl4 gag-specific T-cell lines. PBMC of MV V-infected sheep were used to generate gag-specific T-cell lines
by two cycles of specific antigen and IL-2 stimulation. The specificity of the lines was determined using 5 X 10* T cells cultured with autologous
irradiated PBMC per well in the presence of different concentrations (in micrograms per milliliter) of purified rp16 (A, closed squares), rp25 (B,
closed circles), and rp14 (C, closed triangles) or pRSET C peptide (open circles) for 5 days. T cells in the presence of specific recombinant antigen
but no irradiated PBMC (open squares) or T cells and irradiated PBMC with no antigen (X ) were used as controls. Lymphocyte proliferation was
assessed by [*H]thymidine incorporation. Data are expressed as mean cpm = standard deviations (error bars) of triplicate cultures.
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FIG. 6. Presentation of gag antigens by MV V-infected macrophages to T lymphocytes. Monocyte-derived macrophages were cultured in flasks
for 5 days and then infected with 2 TCIDs, MVV EV1 per cell and cultured for a further 4 days. Cells were harvested, washed three times, and
plated at 10%, 2 X 10%, or 4 X 10* cells per well with 5 X 10* autologous cells from a p16 (A), p25 (B), or p14 (C) gag-specific T-cell line (closed
circles). Mock-infected autologous MDM (open circles) or MDM that had been cultured with heat-inactivated supernatant from infected MDM
(closed squares) were also used as antigen-presenting cells for the T-cell lines. T cells with MDM in the presence of VPM 54 (12 pg/ml final), an
anti-MHC class II HLA-DR mouse monoclonal antibody, were used to show presentation by MHC class II (open squares). T cells with
recombinant antigen (open triangles), T cells with autologous irradiated PBMC and no antigen (X), or T cells with autologous irradiated PBMC
as antigen-presenting cells and the relevant recombinant antigen (50 ng/ml) (closed triangles) were used to show that the lines needed
antigen-presenting cells and specific antigen to respond. Lymphocyte proliferation was assessed by [*H|thymidine incorporation after 5 days. Data
are expressed as mean cpm * standard deviations (error bars) of quadruplicate cultures.

monocyte-derived macrophages had low levels of MVV
present. This led to low levels of stimulation of the T-cell lines
as may be seen from Fig. 6. However, superinfection of the
macrophages with MVV in vitro increased the proliferation of
the T-cell lines above this background (Fig. 6). Mock-infected
macrophages also presented the recombinant antigens to the
relevant cell lines (data not shown). Supernatant from the in
vitro superinfected macrophages was removed every 24 h
throughout the 4-day infection period, heat inactivated, and
transferred to mock-infected macrophages. These macro-
phages were then also used as antigen-presenting cells for the
T-cell lines. They gave the same levels of proliferation of the
T-cell lines as the mock-infected macrophages did (Fig. 6).
This suggests that viral antigen released into the supernatant
from superinfected cells is not sufficient to lead to antigen
presentation by macrophages and increased stimulation of T
lymphocytes. Therefore, the superinfected macrophages may
be presenting virus antigen produced within the cell.

When the proliferation assay was performed in the presence
of VPM54, a monoclonal antibody specific for ovine major
histocompatibility complex (MHC) class II HLA-DR alpha
chain (16), all T-cell proliferation was abolished (Fig. 6). The
gag antigens were therefore being presented on MHC class 11
HLA-DR.

DISCUSSION

The antigens used in this study were derived by PCR on
low-molecular-weight DNA from infected cells. There is no
infectious molecular clone available from the EV1 strain of
MVYV, and the virus stocks used will contain a population of
related viruses. Differences in the sequences of the clones
compared to the published sequence are therefore not unex-
pected. However, it is not possible to determine whether the
mutations were introduced by PCR artifacts or were derived
from defective proviral DNA products.

Most published reports on immunity to individual MVV
antigens have studied the antibody response, often to help
develop serological diagnostic tests. Complement fixing or
neutralization assays were used in early reports examining the
time at which antibody appears in the serum of sheep infected
with MVV. With these assays, antibody first appears 1 to 4
months postinfection (intracerebral or intrapulmonary infec-
tion) in serum and cerebrospinal fluid (14, 23, 47, 56). Using a
whole-virus ELISA and intratracheal infection, antibody is de-
tected in serum within 6 weeks postinfection even with animals
receiving low viral doses (60). The time after subcutaneous
infection at which we first detected anti-gag antibodies by the
indirect ELISAs is consistent with this; the anti-p25 response
was detected at 24 days postinfection. When the humoral re-
sponse is studied, by Western blotting serum onto whole-virus
antigen, antibody to p25 also appears first (21 to 49 days p.i.),
antibody to p16 appears second (35 to 59 days p.i.), and the
antibody response to pl4 is weak and inconsistent (24, 25).
Indeed, the anti-p14 and p16 response was usually lost in sheep
with gross lesions with occasional loss in the anti-p25 response,
while that to envelope protein increases (24). The pl4 re-
sponse is more consistent in the results presented here from 5
sheep followed over approximately 18 months, although in the
larger group used at 1 year postinfection, 1 sheep out of 10 did
not have a detectable antibody response to pl4 or pl6. The
antibody response detected here at 1 year postinfection reflects
the ability to detect early antibody responses, with the p25
ELISA detecting the highest titers of antibody in infected
sheep and also being able to detect antibody in the most dilute
serum samples (data not shown). There was no evidence here
at 1 year postinfection of loss of anti-gag reactivity as was seen
in clinically affected sheep (24). When glutathione S-trans-
ferase fusion peptides of gag were used in Western blot assays
to localize the immunodominant domains of gag, the most
immunoreactive regions were mapped to the N terminus of
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p25 and the C terminus of pl4 (29). However, there is a
response to p16 in this and other studies (26, 28). These studies
used field and experimentally infected sheep. All the gag anti-
gens induce CD4 T-cell responses, and it is therefore unlikely
that lack of T-cell help to B cells is affecting the antibody
response (although the pl4 response is the weakest T-cell
proliferative response). During virus infection the gag antigens
are synthesized from a single polyprotein and so should be
synthesized in equimolar amounts. However, it is likely that the
stability of the proteins is different. p25 is the major structural
capsid protein which may self assemble into stable virus-like
particles, and there is limited evidence for this with MVV
capsid (50, 51). Certainly from the bacterial expression data
presented here, p25 was the easiest gag antigen to express and
purify. In an infected animal this may affect the amount of
antigen available to stimulate an antibody response. The bind-
ing of the recombinant proteins to the ELISA plates may also
vary and affect the sensitivity of the ELISAs. Recombinant p14
has a predicted pl point of 10.71, the most basic of the pro-
teins, while p16 has a pI of 7.54 and p25 has a pI of 6.59. They
will therefore have different charges (pl14 will be positively
charged, while both p16 and p25 will be negatively charged) at
pH 9.6, which was used during binding to the plastic.

The induction of T-cell immunity after infection has been
followed by both T-cell proliferative assays (23, 31, 56, 59) and
induction of CD8™" cytotoxic T cells (5). However, very little is
known about the specific epitopes of MVV recognized by T
lymphocytes during infection. One paper has shown that gag
p25 stimulates T-cell proliferation (usually CD4" lympho-
cytes) in PBMC from MVV-infected sheep (52). Another has
shown that after vaccination of sheep with baculovirus ex-
pressed gag pS5, there is a detectable T-cell proliferative re-
sponse (50). We report here for the first time reactivity to gag
pl6 and p14 by CD4™ T cells from MV V-infected sheep. We
also show that MVV-infected macrophages can present all
three gag antigens to the CD4™ T cells. It is probable that the
antigen is synthesized within the macrophage rather than being
taken in from the surrounding fluid or dead cells, as superna-
tants from superinfected macrophage cultures did not cause
T-cell proliferation. However, it is possible that local concen-
trations of newly released virus near macrophages in the su-
perinfected cultures were high, higher than in total superna-
tant, allowing uptake and processing of sufficient extracellular
virus in the normal manner for MHC class II presentation to T
cells. We have previously shown that MV V-infected macro-
phages are also able to present MVV antigen to CD8" T
lymphocytes to stimulate cytotoxic T lymphocyte function and
to act as targets for killing by these cells (33). Productively
infected macrophages are therefore functional as antigen-pre-
senting cells.

Monocytes/macrophages show restricted expression of
MVYV and CAEV when immature, but once they have matured
into macrophages, they show fully productive replication with
antigen expression (7, 19, 40). Viral antigen expression is seen
in tissues that are targets for MVV- and CAEV-induced lesion
formation (1, 21, 27, 35, 48, 49, 61). The lesions show evidence
of lymphoproliferation and follicle formation (1, 43, 49, 61, 62)
and have been shown to be immune mediated (41, 42). How-
ever, the role of the antiviral T-cell response is unclear. So far
no one has been able to show whether T cells are protective
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against MVV infection (17, 18). Similar vaccination attempts
against the small-ruminant lentiviruses (MVV and CAEV)
have been unsuccessful at producing sterile immunity (10, 11,
13, 22, 37, 41, 46, 53) and often make the pathology seen after
infection worse (37, 41, 53). Indeed, CD4" T lymphocytes are
necessary to see an efficient infection of sheep by MVV (17).
After infection the level of expression of MHC is increased on
microglial cells in the central nervous system in sheep (3) and
is increased in the infected lung (32) and synovium (1). In-
fected macrophages therefore have the necessary conditions in
tissues and in lesions to present viral antigen to T cells. The
ability of MV V-infected accessory cells to present antigen cre-
ates an immunopathological feedback loop in MVV lesions.
CD4 T cells responding to accessory cells presented antigen
release cytokines, e.g., gamma interferon and granulocyte-
macrophage colony-stimulating factor, which further enhance
monocyte to macrophage differentiation and virus expression
(63), and these activated macrophages provide the cellular
microenvironment for enhanced viral replication.
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