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Persistent alphavirus infections in synovial and neural tissues are believed to be associated with chronic
arthritis and encephalitis, respectively, and represent likely targets for CD8" «af} cytotoxic T lymphocytes
(CTL). Here we show that the capsid protein is a dominant target for alphavirus-specific CTL in BALB/c mice
and that capsid-specific CTL from these mice recognize an H-2K? restricted epitope, QYSGGRFTI. This
epitope lies in the highly conserved region of the capsid protein, and QYSGGRFTI-specific CTL were cross
reactive across a range of Old World alphaviruses. In vivo the acute primary viraemia of these highly
cytopathic viruses was unaffected by QYSGGRFTI-specific CTL. However, in vitro these CTL were able to
completely clear virus from macrophages persistently and productively infected with the arthrogenic alpha-

virus Ross River virus.

Alphaviruses (family Togaviridae) are a group of arthropod-
borne, positive-strand RNA viruses found throughout the New
and Old Worlds. Several alphaviruses are pathogenic in hu-
mans (27), with Old World alphaviruses, which include Ross
River (RR) virus (17), Chikungunya virus (7, 31), o’nyong-
nyong virus (2, 58), Sindbis virus, and Okelbo virus (65), being
principally associated with fever and acute and chronic arthri-
tis/arthralgia. Infection with New World alphaviruses, which
include the eastern, Venezuelan, and western equine enceph-
alitis viruses, can result in severe and often fatal acute enceph-
alitis (12, 68). The encephalitis viruses and Getah virus are also
important pathogens of horses and wildlife (10, 30).

Following a primary alphavirus infection, there is a transient
viremia which lasts for several days (57, 61), with viral clear-
ance believed to be mediated principally by antibodies (70) and
alpha/beta interferon (IFN-af) (25). Development of murine
CD8 cytotoxic T-lymphocyte (CTL) activity correlates with
viral clearance from the peripheral blood (5, 54). However,
CTL are believed not to be important mediators of protection
against acute viremia in alphavirus or other cytopathic viral
infections (29). Neutralizing antibodies may play the dominant
role in resolving acute togavirus viremias, but there are several
reports which suggest that they are unable to clear residual
persistent togavirus infections (i) from humans infected with
rubella and suffering from arthritis and late-onset rubella syn-
drome (9, 66); (ii) from mouse brains infected with Bebaru
virus, Sindbis virus, or Semliki Forest virus (3, 23, 37); (iii)
from birds infected with Western encephalitis virus (56); and
(iv) from macrophages infected with RR virus in vitro (41).
Residual alphavirus infections persisting in certain tissue sites
after the initial viremia has abated not only are likely to be
important for mediating pathologic changes but also may be-
come targets for CTL (23, 53, 62). The potential role and
mechanisms used by CTL in the clearance of cytopathic viruses
remain largely unresolved.

Murine Semliki Forest virus and Sindbis virus infections
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have been extensively studied as models of viral encephalitis.
Both viruses are capable of persisting in vivo (4, 37), and
CTL-mediated lysis of persistently infected neural tissues re-
sults in neuropathologic changes in the Semliki Forest virus
model (62). RR virus, the etiological agent of epidemic poly-
arthritis (EPA), an acute and chronic disease (17) which affects
up to 7,800 Australians annually (11), has also been shown to
persist in vitro in muscle cells (14), fibroblasts (28), and mac-
rophages (40). Although, persistence of RR virus in EPA pa-
tients has yet to be demonstrated, persistent infections are
believed to be responsible for the pathogenesis of many
chronic infectious arthritides (9, 34, 48, 52), with many arth-
rogenic organisms (including RR virus) (40) capable of per-
sisting in macrophages (16, 24, 26, 49, 50, 59). Ineffectual
clearance of persistent virus by poor or impaired CTL activity
has been associated with the pathologic changes caused by a
number of organisms including caprine arthritis virus (38),
measles virus (51, 67), and rubella virus (66). CTL activity has
also been associated with pathogen clearance and recovery in
Lyme arthritis (8) and prevention of persistence in Theiler’s
virus infections (13). Interestingly, the predominance of CD4
lymphocytes in the mononuclear synovial effusions of chronic
EPA patients contrasts with the almost exclusive CD8" lym-
phocyte infiltrate found in skin rashes of EPA patients who
made early and complete recoveries (18, 19). These observa-
tions may suggest that the minority of individuals who develop
chronic disease following RR virus infection (17) fail to gen-
erate RR virus-specific CTL and are unable to clear persistent
virus.

The presence of alphavirus-specific CTL have been reported
to depend on the presence of H-2D*, with mice bearing other
alleles failing to generate significant CTL responses (45, 46).
The targets of CTL activity may also be restricted to sequences
that are conserved between different alphaviruses, since mu-
rine CTL raised against one alphavirus cross-react with other
serologically distinct alphaviruses (47, 54). Clearly, if CTL are
required for clearance of persistent alphavirus infections, an
HLA-restricted or otherwise restricted ability to generate al-
phavirus-specific CTL may have important implications for
human pathogenesis.

The reported role of CTL in the pathogenesis of alphavirus
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encephalitis (62) and the potential importance of CTL in
the clearance of persistent arthrogenic alphavirus infections
prompted a search for the target of alphavirus-specific CTL. By
using a new in vitro CTL restimulation method, alphavirus-
specific CTL were demonstrated in mice with both H-2* and
H-2 backgrounds. The capsid protein emerged as the domi-
nant target of these CTL, and the target epitope was localized
to the conserved region of this protein. CTL specific for this
epitope were cross-reactive and were generated in mice in-
fected with a panel of different Old World alphaviruses. Al-
though capsid-specific CTL induced by vaccination did not
affect the acute alphavirus viremia in vivo, these CTL were
capable of completely clearing a persistent productive RR vi-
rus infection from macrophages in vitro.

MATERIALS AND METHODS

Alphaviruses and viral titer determinations. Virus stocks were prepared in
tissue culture as described previously (40) with Vero cells, except for Barmah
Forest virus and RR virus (T48), which were prepared with HeLa cells. Viral
titers were determined by using 10-fold serial dilutions in quadruplicate on Vero
cells and were expressed as log;, 50% cell culture infectivity dose (CCIDs) (40).
All virus stocks were determined to be mycoplasma free (39). Semliki Forest
virus was kindly supplied by P. Hertzog (Monash University, Victoria, Australia),
Barmah Forest virus and Getah virus were supplied by B. Kay (Queensland
Institute of Medical Research), Sindbis virus was supplied by R. Hall (University
of Queensland, Queensland, Australia), and Chikungunya virus was supplied by
J. Aaskov (Queensland University of Technology).

Mice and viral infection. Female 6- to 8-week-old C3H (H-2¥) and BALB/c
(H-2") mice (Animal Resource Centre, Perth, Australia) were infected by intra-
peritoneal injection with 300 CCIDj5, of each alphavirus (except Sindbis virus, for
which 600 CCIDs, was used) and/or 5 X 107 PFU of each recombinant vaccinia
virus (rVV), both diluted in 500 pl of phosphate-buffered saline. Alphavirus
viremias in all alphavirus-infected animals were confirmed by CCIDs, determi-
nation in blood taken by tail bleeds on day 2 postinfection.

Generation of alphavirus-specific CTL effectors. Briefly, RR virus-specific
effectors were generated by restimulating splenocytes in vitro with RR virus-
infected, 48-h thioglycolate-induced peritoneal macrophages (effector-to-stimu-
lator ratio, ~20:1) for 5 days, and the effectors were used in standard 6-h S1Cr
release assays against the target cells listed below. The medium used throughout
was determined to be endotoxin free (<0.01 ng/ml) by the method of Sweet and
Hume (63) and contained bicarbonate-buffered RPMI 1640 (Gibco), 10% fetal
calf serum (PA Biologicals), 2 mM glutamine (Sigma), 10 mM HEPES (Sigma),
5 X 107> M B-mercaptoethanol (Sigma), 100 pg of streptomycin per ml, and 100
TU of penicillin per ml (CSL Australia). The thioglycolate-induced peritoneal
macrophages were seeded at 4 X 10°/24-well plate in serum-free RPMI 1640, and
the nonadherent cells were removed after 6 h at 37°C. After a 48-h culture in
medium, nonadherent cells were again removed by two washes and the remain-
ing cells were infected with RR virus at a multiplicity of infection (MOI) of 2 for
2 h followed by the addition of splenocytes (5 X 10%24-well plate). (Fresh
adherent murine splenocytes or thioglycolate-elicited macrophages, or the same
cells cultured for 1 day, were inefficiently infected by RR virus, as determined by
an indirect fluorescent-antibody assay (IFA) 24 h postinfection, and failed to
restimulate CTL. In contrast, after 2 days in culture, ~5 to 10% of thioglycolate-
elicited macrophages could be infected with RR virus [data not shown].)

QYSGGRFTTI-specific effectors were generated by adding 2 pg of QYSGGR
FTI (Chiron Mimotopes, Melbourne, Australia) per ml to splenocytes (5 X
10°/24-well plate) in 1 ml of medium. Another 1 ml of medium was added on day
3, and the cells were used as effectors in standard 6-h *'Cr release assays on day
5.

A CTL line specific for QYSGGRFTI was developed from QYSGGRFTI-
specific effectors and maintained by weekly restimulation with QYSGGRFTI-
sensitized (2 pg/ml for 1 h at 37°C), ~y-irradiated (8,000 rads), and washed P815
cells (effector-to-stimulator ratio, ca. 30:1). A control BALB/c murine cytomeg-
alovirus-specific CTL line recognizing YPHFMPTNL (60) (kindly supplied by S.
Elliott [Queensland Institute of Medical Research]) was maintained in the same
way. Both T-cell lines were maintained in T-cell medium, which is the medium
described above supplemented with 1 mM pyruvate (ICN, Irvine, Calif.), 1%
nonessential amino acid (ICN), and 20 U of recombinant interleukin-2 IL-2
(kindly provided by Cetus Corp., Emeryville, Calif.).

Preparation of target cells. (i) RR virus-infected cells. 1.929 (H-Zk) and
BALB/c 3T3 (H-2%) fibroblasts (CSL) and RAW264.7 cells were cultured in
endotoxin-free medium. Cells were scraped or aspirated from tissue culture
flasks, pipetted to disperse cell clumps, and pelleted by centrifugation (170 X g
for 5 min). The pelleted cells were infected with RR virus (MOI = 10) for 1 h,
S1Cr was added for a further 1 h at 37°C in ~100 .l of medium, and the mixture
was washed twice in medium. Infection of macrophages and fibroblast lines with
RR virus was strongly inhibited by endotoxin contamination in the medium and
trypsin preparations (data not shown).
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(ii) Peptide-sensitized target cells. P815 cells and RAW264.7 cells were sen-
sitized with synthetic QYSGGRFTI peptide (10 pg/ml) (Chiron Mimotopes,
Melbourne, Australia) for 1 h at 37°C prior to >'Cr labelling for 1 h and washed
twice. The target cells used for the 20-mer peptide net were >!Cr-labelled P815
target cells incubated in 96-round-well plates with each 20-mer peptide (50
wg/ml) for 2 h at 37°C in 50 pl followed by the addition of effectors in 150 wl.

(iii) VV-infected target cells. P815 cells were infected with rVV (MOI = 10)
overnight prior to >'Cr labelling and washing.

Construction of rVV coding for the nonstructural proteins and capsid. r'VV
were constructed against each cytoplasmic alphavirus protein, the capsid, and the
four nonstructural proteins (NSP). cDNA was prepared from 4 X 10° NB5092
RR virus (15)-infected Vero cells 8 h postinfection (MOI = 2). RNA was
extracted with the total RNA isolation reagent (Advanced Technologies, Lon-
don, United Kingdom) as specified by the manufacturer. The RNA was reverse
transcribed at room temperature for 20 min and then at 40°C for 1 h in a 20-pl
reaction mixture containing 1 pg of RNA, 1 pg of random hexamer primers
(Boehringer, Mannheim, Germany), 1 ul of 10 mM deoxynucleoside triphos-
phates (Promega, Madison, Wis.), and the following from the Superscript II RT
kit (Gibco BRL, Gaithersburg, Md.): 4 pl of 5X first-strand buffer, 2 pl of 0.1 M
dithiothreitol, and 1 pl of reverse transcriptase. Following hydrolysis of the RNA
with 6 N NaOH, the cDNA was purified by QIAquick-spin PCR purification
(Qiagen, Hilden, Germany) and eluted in 50 pl. PCR was performed in a 20-ul
reaction volume containing 1 pl of cDNA and 1 pl of each forward and reverse
primer (10 wM) (listed below). Each PCR mixture contained 0.4 wl (2 U/pl) of
DyNAZyme II DNA polymerase (Finnzymes Oy, Espoo, Finland), 2 pl of 10X
PCR buffer IT (Finnzymes), and 0.5 pl of deoxynucleoside triphosphates. PCR
was performed with a GeneAmp PCR system 9600 with a 5-min denaturation at
95°C followed by 30 cycles of 94°C for 45 s (denaturation) and a 10-min final
extension with the following annealing and extension times each protein: capsid,
52°C for 45 s and 72°C for 60 s; NSP1, 55°C for 45 s and 72°C for 90 s; NSP2, 60°C
for 45 s and 72°C for 3 min; NSP3, 58°C for 45 s and 72°C for 90 s; NSP4, 55°C
for 45 s and 72°C for 90 s.

The primers used contained an ATA cap, a BamHI restriction site (replaced
with a HindIII site for NSP3), and a start codon before 18 to 20 bp of coding
sequence for each protein. The reverse primers contained 16 to 20 bp of coding
sequence followed by a stop codon, a Sall site (replaced with an EcoRI site for
NSP2 and NSP3), and an ATA cap. The primer sequences used were ATAGG
ATCCATGAAGGTCACTGTAGATGTTG, NSP1 (forward); ATAGTCGACC
TATGCTCCGGCGCGGTACGTCA, NSP1 (reverse); ATAGGATCCATGGG
GGTAGTGGAGACACCCAG, NSP2 (forward); ATAGAATTCCTAGCATC
CGGCTGTGTGTAGCC, NSP2 (reverse); ATAAAGCTTATGGCACCCTCA
TACCGTGTGCG, NSP3 (forward); ATAGAATTCCTACGCCCCCGCTCTG
CTTAGTC, NSP3 (reverse); ATAGGATCCATGTACATCTTCTCGTCTGAT
AC, NSP4 (forward); ATAGTCGACCTATTTAGGACCGCCGTAG, NSP4
(reverse); ATAGGATCCATGAATTACATACCAACCC, CAP (forward); and
ATAGTCGACCTACCACTCTTCGGTTCCTTC, CAP (reverse). The PCR
products were resolved on a 1% agarose gel, excised, and purified with Wizard
PCR Preps (Promega). NSP1, NSP2, and NSP4 were cloned into pGEM-T, and
capsid and NSP3 were blunt-end cloned into EcoRV-cut Bluescript IT KS+.
Plasmids were used to transform SURE competent cells (Stratagene, La Jolla,
Calif.), clones were subjected to minipreps by alkaline lysis, and inserts were
checked by restriction digestion and confirmed by PCR. After sequencing, the
correct clones were cut with BarmHI-Sall (for NSP1, NSP4, and capsid), BamHI-
EcoRI (for NSP 2), or HindIII-EcoRI (for NSP3) and cloned into the VV shuttle
vector PBCB06. The rVV were then constructed as described previously (64).
Expression of the recombinant NSPs by each rVV was demonstrated by Western
blot analysis on rVV-infected BHK cells with polyclonal anti-NSP1, anti-NSP2,
anti-NSP3, and anti-NSP4 sera raised against the related proteins from Sindbis
virus (32, 33) and kindly supplied by T. Ahola (Institute of Biotechnology,
University of Helsinki, Helsinki, Finland). Expression of the capsid by rVV was
similarly demonstrated with polyclonal anti-RR virus sera (kindly supplied by J.
Aaskov and was reactive against all the structural proteins (data not shown). The
rVV coding for ovalbumin was kindly supplied by F. Carbone (Monash Medical
School, Melbourne, Australia).

Synthetic peptide immunization. Peptide immunization was performed as
described previously (60). Briefly, mice received a single subcutaneous injection
of 10 pg of QYSGGRFTT and 0.25 pg of tetanus toxoid formulated as a water-
in-oil emulsion with the adjuvant Montanide ISA 720 (SEPPIC, Paris, France).

Coculture of CTL lines and persistently infected macrophages. RAW264.7
cells persistently and productively infected with RR virus T48 (RAW/RRv-PER)
have been described previously (40, 41) and were maintained in endotoxin-free
medium without mercaptoethanol. This persistent culture, like many other per-
sistent productive cytopathic infections in vitro (41), relied on autocrine IFN-a8
to limit viral replication and thereby prevent overt cytopathic effect of the entire
culture. A complete change of medium of RAW/RRv-PER cells removed the
autocrine IFN-af8 and resulted in 100% of the cells becoming productively
infected and being killed by the virus. A 50% medium change avoided this
problem (data not shown); thus, the medium used to establish the coculture
experiments always contained 50% of the 3- to 5-day tissue culture supernatants
from RAW/RRvV-PER cells. This IFN-af3 rich conditioned medium was UV
irradiated (40) to remove viable RR virus. To set up the coculture RAW/RRv-
PER cells were first washed three times to remove free RR virus and were
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FIG. 1. Lysis of RR virus-infected cells by effectors from RR virus-infected
mice. C3H (H-2*) mice (n = 4) and BALB/c (H-2%) mice (n = 4) were infected
with RR virus. After 35 days, splenocytes from each strain of mice were sepa-
rately pooled and restimulated in vitro with RR virus-infected, autologous 48-h
thioglycolate-elicited peritoneal macrophages. The resulting effectors were used
against both uninfected and RR virus-infected 3T3 fibroblasts (H-2¢; solid
squares) and 1929 target cells (H-2%; open squares). % RR virus specific lysis
refers to the percent lysis obtained from RR virus-infected targets minus the
percent lysis obtained from uninfected targets. E:T ratio, effector-to-target ratio.

resuspended in the UV-irradiated conditioned medium. At the time of the
experiment, ~5% of these cells were positive for RR virus by immunofluores-
cence (see Fig. 8A). The washed RAW/RRv-PER cells were then placed into six
replicate wells in a 96-flat-well plate (10° cells/well in 100 pl of conditioned
medium) with either (i) the QYSGGRFTI-specific CTL line or (ii) the control
CTL line (both at 2 X 10° cells/well in 100 1 of T-cell medium) or (iii) 100 pul
of T-cell medium alone. Supernatants (100 ul) were collected at the indicated
time points and replaced with 50% UV-irradiated conditioned medium-50%
T-cell medium. The viral titers in these supernatants were determined by a
CCIDjs, assay with Vero cells.

Indirect immunofluorescence was performed as described previously (40) with
a rabbit polyclonal anti-RR virus antibody (a kind gift from J. Aaskov).

RESULTS

RR virus-specific CTL are generated in both H-2? and H-2*
mice. Previous reports have suggested that the CTL response
to alphaviruses was restricted to H-2* mice (45, 46). To de-
termine whether the ability to generate alphavirus-specific
CTL was major histocompatibility complex (MHC) restrict-
ed, BALB/c (H-27) and C3H/HeJ (H-2*) mice were infected
with RR virus and their splenocytes were restimulated in vitro
with autologous RR virus-infected, thioglycolate-elicited mac-
rophages. These macrophages were first cultured for 2 days,
and then 5 to 10% of them could be infected with RR virus.
Effectors from C3H/HeJ (H-2*) mice were capable of specifi-
cally killing RR virus-infected H-2* but not H-2? target cells,
and effectors from BALB/c (H-2¢) mice killed RR virus-in-
fected H-2 but not H-2" targets (Fig. 1). Thus by using the new
restimulation method, MHC-restricted CTL activity specific
for RR virus was demonstrated in both C3H/HeJ and BALB/c
mice.

Significant nonspecific cytotoxic activity was observed when
restimulated splenocytes from mice sacrificed within the first
few weeks postinfection were used (data not shown). The ef-
ficient lysis of YAC 1 cells by these effectors (data not shown)
indicated that this activity was largely due to NK cells, consis-
tent with previous reports (1). Specific MHC-restricted CTL
activity was more clearly apparent when splenocytes were
taken at day 35 postinfection (Fig. 1).

The capsid protein was the dominant target of RR virus-
specific CTL. To determine the target antigen of RR virus-
specific CTL, rVV coding for each of the cytoplasmic RR
antigens (NSP1 through NSP4 and capsid) were constructed.
Separate groups of mice were immunized with each rVV plus
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FIG. 2. The capsid protein is the dominant target for RR-specific CTL.
BALB/c mice (n = 2) were infected separately with r'VV coding for NSP1, NSP2,
NSP3, NSP4, capsid, and ovalbumin (CONTROL). Six weeks later, all the mice
were infected with RR virus, and 14 days later splenocytes from each pair of mice
were pooled and restimulated in vitro as for Fig. 1. The resulting effectors were
used against uninfected P815 cells and P815 cells infected with the same rVV
with which the mice were first infected. Thus, the capsid lysis values were
obtained with rVV.capsid-infected target cells and effectors from mice which
were infected first with rVV.capsid and then RR virus. This protocol was de-
signed to boost in vivo any RR virus-specific CTL generated by the rVVs, prior
to further RR virus-specific restimulation in vitro (see Fig. 4B). [Effectors gen-
erated from animals infected with RRV alone failed to show convincing lysis of
any of the rVVs (data not shown).] % Specific lysis refers to percent lysis of
rVV-infected P815 cells minus percent lysis of uninfected P815 cells (lysis values
for the latter did not exceed 5%). E:T ratio, effector-to-target ratio.

a control rVV coding for ovalbumin (rVV.ovalbumin). After 6
weeks, all the mice were infected with RR virus and their
viremias were monitored daily by tail bleeds. There was no
significant difference in the level or longevity of RR virus
viremias between (i) mice immunized with any of the rVV
constructs expressing RR virus antigens and (ii) control ani-
mals, which had received no previous rVV or the control
rVV.ovalbumin (data not shown).

Splenocytes from all animals, which were immunized with
each rVV and then RR virus, were restimulated in vitro with
RR virus-infected macrophages and used as effectors against
autologous target cells infected with the immunizing rVV. Fig-
ure 2 clearly illustrates that the capsid protein, but not the
NSPs, represented a major target for RR virus-specific CTL.

Definition of the capsid protein epitope recognized by RR
virus-specific CTL. To further define the target of the capsid-
specific CTL demonstrated in Fig. 2, CTL raised in the same
way were used against target cells sensitized with an overlap-
ping peptide set representing the sequence of capsid protein of
RR virus. A single peptide emerged as the dominant target of
the CTL (Fig. 3). This 20-mer peptide contained a 9-mer,
QYSGGRFTI, which conformed to the MHC motif of H-2K*
(anchor residues underlined). No other sequences within this
peptide conformed to the H-2K?, H-2D“, or H-2L“ binding
motifs (55).

To confirm that QYSGGRFTI represented the epitope rec-
ognized by RR virus-specific CTL, splenocytes from RR virus-
infected mice were restimulated in vitro with synthetic QYSG
GRFTI peptide and the effectors were used against (i) QYSG
GRFTI-sensitized target cells, (ii) target cells infected with RR
virus, and (iii) rVV virus coding for the capsid protein (rV-
V.capsid). Splenocyte effectors from RR virus-infected mice
showed high levels of specific activity against QYSGGRFTI-
sensitized and rVV.capsid-infected target cells (Fig. 4A). This
activity was enhanced when mice were first infected with rV-
V.capsid and 4 weeks later with RR virus (Fig. 4B), illustrating
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FIG. 3. Localization of the capsid epitope with an overlapping peptide set. Capsid-specific effectors generated as described for Fig. 2 were used against an
overlapping peptide set of the capsid protein (20-mers overlapping by 10). Initially an effector-to-target ratio of 30:1 in duplicate was used, and all peptides giving a
lysis value above 2.5% were retested the next day at an effector-to-target ratio of 100:1. The underlined sequence represents a potential epitope that would conform

to the H-2K“ binding motif.

that RR virus infection boosted a QYSGGRFTI-specific re-
sponse induced by rVV.capsid. A CTL line generated by week-
ly restimulations with peptide-sensitized irradiated P815 cells
showed very high killing of peptide, RR virus, and capsid target
cells (Fig. 4C). This line was >95% CD8" CD4~ CD3" by
fluorescence-activated cell sorting (data not shown).

Lysis of RAW264 cells infected with RR virus was always
lower than that of peptide-sensitized or rVV.capsid-infected
targets (Fig. 4A and B) but became highly significant when the
CTL line was used as an effector (Fig. 4C). These lower lysis
values for RR virus-infected RAW264 can be explained in part
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FIG. 4. Confirmation of QYSGGRFTI as the target of RR virus-specific
CTL. Splenocytes were restimulated in vitro with 2 pg of QYSGGRFTTI per ml
and were used as effectors against QYSGGRFTI-sensitized (solid triangles), RR
virus-infected (solid circles), rVV.capsid-infected (solid squares), and control
(open circles and open squares) target cells. Effector cells were restimulated
splenocytes from mice infected with RR virus 14 days previously (A), restimu-
lated splenocytes from mice infected with rVV.capsid and 4 weeks later with RR
virus and sacrificed 14 days thereafter (B), or a CTL line generated by weekly
restimulations of the cells in panel A with peptide-sensitized irradiated P815 cells
(C). E:T ratio, effector-to-target ratio.

by the fact that only ~60% of RAW264 cells can be infected
with RR virus (as determined by IFA) whereas ~100% of P815
cells were infected by the VV (data not shown) and a similar
percentage of cells would be sensitized with peptide. In addi-
tion, the lower lysis levels for peptide-sensitized RAW?264 than
for peptide-sensitized P815 (Fig. 5) suggest that the macro-
phage line may also be generally less susceptible to CTL lysis.

These experiments confirmed that QYSGGRFTI was an
epitope from the capsid protein recognized by RR virus-spe-
cific CTL.

QYSGGRFTI represented a cross-reactive CTL epitope.
Previous reports have demonstrated that CTL from alphavi-
ruses cross-react (47, 54). To determine whether QYSGGR
FTI represented a cross-reactive alphavirus CTL epitope,
BALB/c mice were infected with a panel of alphaviruses.
Splenocytes harvested from these animals were restimulated in
vitro with QYSGGRFTT peptide and were used as effectors
against peptide-sensitized and RR virus-infected target cells.
(Peptide restimulation generated a much lower level of NK
activity in vitro; thus, splenocytes from animals infected for 12
to 14 days, rather than 35 days, could be used for these exper-
iments [data not shown]). For all the alphaviruses tested, ex-
cept Barmah Forest virus, infected animals produced CTL
specific for QYSGGRFTIL. In addition, QYSGGRFTI-specific
CTL from animals infected with the different alphaviruses
were capable of killing RR virus-infected cells, illustrating that
they were cross-reactive (Fig. 5). The Barmah Forest virus
capsid protein contains two substitutions in this epitope region
(Table 1), which is likely to explain the lack of recognition of
QYSGGRFTL

These experiments demonstrated that CTL specific for
QYSGGRFTI were generated in BALB/c mice infected with a
number of different alphaviruses, illustrating that this epitope
was broadly cross-reactive across serologically distinct alphavi-
ruses.

CTL specific for QYSGGRFTI or capsid did not affect RR
virus acute viremia. CTL are believed not to mediate protec-
tion against an acute alphavirus infection (3, 29). To test this
contention directly, mice (n = 5) were immunized with (i)
rVV.capsid or (ii) a peptide formulation comprising synthetic
QYSGGRFTI peptide and tetanus toxoid emulsified in Mon-
tanide ISA 720, a water-in-oil formulation which has been
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FIG. 5. QYSGGRFTI represents a cross-reactive epitope recognized by CTL
from mice infected with different alphaviruses. Mice (BALB/c, n = 3) were
infected with each alphavirus (SF, Semliki Forest virus; CHIK, Chikungunya
virus; GET, Getah virus; SIN, Sindbis virus; BF, Barmah Forest virus). After 14
days, splenocytes were restimulated with peptide as for Fig. 4 and used against
QYSGGRFTI-sensitized (solid squares and solid triangles), RR virus-infected
(solid circles), and control (open squares and open circles) target cells. E:T ratio,
effector-to-target ratio.

shown previously to induce protective CTL (60). Both peptide-
and rVV.capsid-immunized animals produced significant levels
of QYSGGRFTI-specific CTL (data not shown), but when
they were challenged with RR virus, no significant change in
the course or magnitude of the viremia could be demonstrated
(Fig. 6). (rVV.capsid-immunized animals developed only very
weak antibody responses against capsid [data not shown]).
These experiments suggest that capsid-specific CD8 CTL did
not mediate significant protective activity against an acute al-
phavirus viremia in mice.

QYSGGRFTI-specific CTL could clear RR virus from mac-
rophage cultures. We have previously shown that RR virus can
establish a persistent productive infection in the macrophage
line RAW264.7 and have postulated that these cultures
(RAW/RRv-PER) represent an in vitro model of the behavior
of RR virus in the arthritic joints of patients with chronic EPA
(40, 41). These persistent cultures are similar to many persis-
tent cytopathic viral infections in vitro (20). The cultures con-
tained a small fluctuating percentage of cells continuously un-
dergoing cytopathic infection, and the production of autocrine
IFN-af protected the majority of cells from CPE (reference 20

J. VIROL.

TABLE 1. Comparison of the epitope sequence for all known
alphavirus capsid sequences

Alphavirus Sequence?
RR T4 .ttt seseseaseesessaeaeneene QYSGGRFTI
RR NB ..ottt esssseenenns QYSXGRFTI
SHINADIS 1.ttt neses s eesesseeaeneane QYSGGRFTI
Semliki Forest QYSGGRFTI
ChiKUNGUNYA.....cciiiiiiiiiiie et QYSGGRFTI
O’ NYONZ-NYONE «..oeevviniirenieriereenrereseteresetesesesessesesessseseseenes QYSGGRFTI
OCKEIDO ..ttt escseteeeseseaseesesseeaeseane QYSGGRFTI
Aura................. ....QFSGGRFTI
Barmah Forest ..................... ....QFSNGRFTI
Western equine encephalitis®.............cocovverrveririerrieerrnnnnns QYENGRFTV
Venezuelan equine encephalitis®............ccoo.rvveerierrverrennns QYENGRFTV
Eastern equine encephalitis®.........ccccooorveerveerinrerrieriinnnnns QYENNRFTV

“ Sequences obtained from blast@ncbi.nlm.nih.gov. Underlined residues indi-
cate changes. Y (or F) and I (or L, V) are the anchor residues for H-2K%. X =
G in RR virus NB (44a). The Getah virus capsid sequence is not available.

? New world alphaviruses.

and data not shown). To determine whether QYSGGRFTI-
specific CTL could clear virus from RAW/RRv-PER cultures,
the QYSGGRFTI specific CTL line (Fig. 4C) was cocultured
with RAW/RRv-PER cells and the amount of virus produced
in the supernatant was monitored over time. A control CTL
line and medium controls were set up in parallel. At 15 days
after the coculture was established, no more infectious virus
could be detected from any of the six replicate wells containing
QYSGGRFTI-specific CTL, whereas RR virus titers from me-
dium control cultures and RAW/RRv-PER—control CTL-line
cocultures were unaffected (Fig. 7).

To further illustrate the removal of virus-infected cells from
the persistently infected RAW264 cultures by the QYSGGR
FTI-specific CTL, IFA was performed on the persistently in-
fected cultures before and 30 days after addition of the CTL.
About 5% of the RAW264 cells were IFA positive in the
persistently infected cultures; however, 30 days after addition
of the QYSGGRFTI-specific CTL, no IFA-positive cells could
be found (Fig. 8).

This experiment illustrated that alphavirus-specific CTL

61 —@— rVV.CAPSID
—O— VV.CONTROL

51 —B— QYSGGRTFI/TT/M720

CONTROL

4

Mean Log4g CCID5gp/ml + SE
w

<t

0 1 2 3 4 5 6
DAYS POST INFECTION

FIG. 6. CTL specific for QYSGGRFTI or capsid do not affect acute
alphavirus viremia. Mice (BALB/c, n = 6) were immunized with rVV.capsid
(rVV.CAPSID) or rVV.ovalbumin (rVV.CONTROL) or a synthetic peptide
vaccine formulation containing QYSGGRFTI and tetanus toxoid emulsified in
Montanide ISA 720 (QYSGGRFTI/TT/M720) or the same formulation without
peptide (CONTROL). Three weeks later, the animals were challenged with RR
virus. Viremia was monitored by titer determination in blood samples taken by
daily tail bleeding.
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FIG. 7. CTL specific for QYSGGRFTI can clear RR virus from persistently
and productively infected macrophages. The CTL line specific for QYSGGRFTI
(Fig. 4C) [CTL(QYSGGRFTI)] and a control cell line specific for a murine
cytomegalovirus epitope [CTL (CONTROL)] and medium alone (MEDIUM)
were separately cocultured with washed RAW264 macrophages persistently and
productively infected with RR virus (RAW/RRv-PER). Supernatants from these
cocultures were taken at the indicated time points and assayed for RR virus
titers. *, No virus was detected in supernatants taken from all six replicates of
CTL QYSGGRFTI plus RAW/RRv-PER on these days.

were extremely efficient at clearing the highly cytopathic al-
phavirus RRV from these persistent and productively infected
macrophages.

DISCUSSION

This report identifies the capsid protein as a dominant target
of alphavirus-specific CTL, describes the first characterization
of an alphavirus-specific CD8 CTL epitope, and shows that an
alphavirus-specific CTL can clear a cytopathic infection from a
persistent and productively infected macrophage culture. The
alphavirus-specific CTL epitope identified here, QYSGGR
FTI, was H-2K restricted and localizes to the conserved region
of the capsid protein (6), a region believed to be involved in
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binding to the surface glycoprotein E2 (35). The epitope se-
quence QYSGGRFTI was also conserved across RR, Sindbis,
Semliki Forest, Getah, and Chikungunya viruses (Table 1), and
this conservation correlated with the observed cross-reactivity
of CTL from mice infected with these viruses. The conserva-
tion and cross-reactivity did not extend to Barmah Forest virus,
nor would it be expected to extend to the encephalitis viruses,
since all these viruses have one or more nonconservative sub-
stitutions in the epitope region (Table 1). However, all the
aligned capsid sequences listed may nevertheless represent
H-2K"-restricted CTL epitopes for each respective alphavirus,
since the anchor residues required for H-2K“ binding (Y or F
at position 2, and I, L, or V at position 9) (55) are conserved
in all the sequences. Based on recent sequence analysis, alpha-
viruses have been partitioned into two major evolutionary
groups, which reflect their geographic localization to the Old
and New Worlds. The human clinical syndromes caused by
alphaviruses associate with these groupings, with Old World
viruses being principally associated with fever and polyarthritis
and New World viruses causing mainly encephalitis (27). The
cross-reactivity described in this paper is thus restricted to the
Old World arthrogenic alphaviruses.

The capsid protein was identified as a dominant target for
class I-restricted alphavirus-specific CTL. The capsid is also a
dominant target of rubella virus-specific CTL (42). The rubella
virus, a Rubivirus, shares membership of Togaviridae with al-
phaviruses based on similarities in their genomic organization
and replication strategies. CTL specific for the alphavirus
NSPs could not be demonstrated in this study but may exist at
low precursor frequency and/or in other mouse strains (21).
The very low level and restricted period of NSP synthesis in
alphavirus-infected cells (43, 69) may, however, preclude these
proteins from becoming significant targets of CTL activity. In
comparison, the capsid protein is synthesized in large amounts
throughout the infection period, with nucleocapsids even being
detectable by electron microscopy (36). In contrast, NSPs are
the dominant target of CTL in flavivirus infections (44) but
flavivirus NSPs are synthesized in readily detectable amounts
throughout the much longer infectious cycle of these notably
less cytopathic arboviruses (69). Whether the dominant target
of alphavirus-specific CTL in humans is the same as that seen
in BALB/c mice remains to be established. If the target of
anti-alphavirus CTL activity was confined to the capsid protein

FIG. 8. Immunofluorescent antibody staining of persistently and productively infected macrophages (RAW/RRv-PER) before (A) and 30 days after (B) coculture
with QYSGGRFTI-specific CTL. Approximately 250 RAW264 cells are present in each field. Bar, 100 pm.
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in humans, this might restrict the ability of certain individuals
to generate CTL, since the capsid is a small (32-kDa) protein.
The RNA binding half of this protein may also contain fewer
CTL epitopes, since this poorly conserved region contains a
high percentage of prolines and basic amino acids (6) and
fewer large hydrophobic residues, which are often required as
MHC anchor residues (55).

The rise and fall of a primary alphavirus viremia appears to
be largely unaffected in perforin and FasL knockout mice (29),
suggesting that CTL lytic mediators do not play a significant
role in controlling these cytopathic viruses. The inability of
rVV.capsid- and peptide vaccine-induced alphavirus-specific
CTL to significantly affect the levels of virus in the blood
during the primary infection adds to this data, indicating that
neither CTL lytic mediators nor CTL-derived cytokines (5, 22)
play a significant protective role at this stage of an alphavirus
infection. However, both the explosive nature of the primary
viremia and the insensitivity of measuring CTL activity through
blood viremia monitoring may contribute to this apparent lack
of CTL efficacy against RR virus. The cell in vitro which gives
rise to the RR viremia is not known, although many cell types
might contribute and the infection is likely to spread to many
tissues in the body (14, 19, 28, 40, 61, 62). Only a very substan-
tial CTL number might be able to kill the large number of cells
(which would probably be infected during the primary viremia)
within the short period before virus production begins within
each cell. Even if the CTL activity was able to kill or prevent
virus production by 90% of these infected cells, the blood
viremia would only change by 1 log unit, an insignificant
change given the mouse-to-mouse variation (Fig. 6).

In contrast to the observations about CTL activity during the
primary viremia, the clear demonstration that QYSGGRFTI-
specific CTL were capable of completely clearing RR virus
from persistently and productively infected macrophage cul-
tures suggests that CTL can be extremely effective against RR
virus infections. The mechanisms used by the RR virus-specific
CTL to clear the persistent infections from the macrophage
cultures have not been characterized but may involve both
direct lysis and secretion of antiviral cytokines, principally
IFN-vy (22). Alphavirus infections are well known to be highly
sensitive to the antiviral activity of IFNs (25). The testable
implication of this work is that the small percentage of indi-
viduals who develop chronic arthritis following an alphavirus
infection (17, 27, 31, 65) have a persisting synovial infection
because they fail to generate significant anti-alphavirus CTL
activity. These results suggest that CTL may generally be ex-
tremely effective at controlling cytopathic viruses in restricted
tissue microenvironments where high concentrations of CTL-
derived antiviral cytokines might accumulate (5, 22) and/or
high effector-to-target ratios might be achieved.
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