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Characterization of CD8" T Cell Function and Immunodominance
Generated with an H,O,-Inactivated Whole-Virus Vaccine
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CD8™ T cells play an important role in protection against both acute and persistent viral infections, and new vaccines that in-
duce CD8* T cell immunity are currently needed. Here, we show that lymphocytic choriomeningitis virus (LCMV)-specific
CD8™ T cells can be generated in response to a nonreplicating H,0,-inactivated whole-virus vaccine (H,0,-LCMV). Vaccine-
induced CD8" T cell responses exhibited an increased ability to produce multiple cytokines at early time points following immu-
nization compared to infection-induced responses. Vaccination with H,0,-LCMYV induced the expansion of a narrow subset of
the antigen-specific CD8* T cells induced by LCMV strain Arm infection, resulting in a distinct immunodominance hierarchy.
Acute LCMYV infection stimulated immunodominance patterns that shifted over time or after secondary infection, whereas vac-
cine-generated immunodominance profiles remained remarkably stable even following subsequent viral infection. Vaccine-in-

duced CD8" T cell populations expanded sharply in response to challenge and were then maintained at high levels, with re-
sponses to individual epitopes occupying up to 40% of the CD8™ T cell compartment at 35 days after challenge. H,0,-LCMV
vaccination protected animals against challenge with chronic LCMYV clone 13, and protection was mediated by CD8* T cells.
These results indicate that vaccination with an H,0,-inactivated whole-virus vaccine induces LCMV-specific CD8* T cells with
unique functional characteristics and provides a useful model for studying CD8* T cells elicited in the absence of active viral

infection.

D8 T cells are critical in host immune defense against intra-

cellular pathogens by producing antiviral cytokines and elim-
inating infected cells by perforin- and Fas-mediated lysis (20, 22,
54). Although humoral immunity plays an important role in vac-
cine-mediated immunity (3), many of the current targets of vac-
cine development (HIV, hepatitis C, etc.) are viral infections in
which an effective CD8™ T cell response will likely be important or
required for protection. New vaccines that are able to stimulate
robust CD8™ T cell-based immunity are needed, and their devel-
opment has the potential to significantly reduce morbidity and
mortality associated with a number of important infectious dis-
eases.

Immunodominance is a common feature of CD8™ T cell re-
sponses and occurs when CD8™ T cells are directed against only a
small subset of the total possible epitopes within a given pathogen
(61). Some peptides induce a higher degree of T cell clonal expan-
sion and/or survival than others, resulting in predictable immu-
nodominance patterns for each combination of pathogen and ma-
jor histocompatibility complex I (MHC-I) (61). Mechanisms
believed to play a role in determining immunodominance include
antigen load (28), duration of antigen exposure (62), efficiency of
antigen processing and presentation (61), naive T cell precursor
frequency (27), competition between T cells for antigen-present-
ing cells (24), and the ability of CD8™ T cell populations to pro-
duce and respond to gamma interferon (IFN-v) (30, 58).

Commercial inactivated whole-virus vaccines are produced by
exposing the virus of interest to a cross-linking agent such as
formaldehyde or an alkylating agent such as beta-propiolactone.
These approaches may damage immunogenic epitopes during the
course of virus inactivation and in some cases may even exacerbate
disease outcome following subsequent infection (5, 9, 13, 25). In
contrast, we have found that virus inactivation by oxidation with
H,O, provides a simple new approach for inducing strong neu-
tralizing antibody responses and effective antiviral immunity (4).
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In this study, we have determined how immunization with an
H,0,-inactivated whole-virus vaccine influences the immu-
nodominance of the resulting MHC-I-restricted CD8* T cell re-
sponse to lymphocytic choriomeningitis virus (LCMV) in
C57BL/6 mice. The immune response to LCMV infection in
C57BL/6 mice has been extensively characterized, making it an
ideal system to examine vaccine-mediated CD8* T cell responses.
LCMV is a natural mouse pathogen (11, 34), and over 20 virus-
specific MHC-I restricted peptide epitopes have been previously
mapped (14, 18, 26, 53). The kinetics of viral infection have been
described for both acute and chronic strains of the virus (31, 55),
and LCMV-specific CD8™ T cells are required to clear acute infec-
tion as well as to protect from chronic or lethal challenge (1, 17, 31,
32, 41).

In these studies, we found that vaccination with H,O,-inacti-
vated whole-virus LCMV vaccine (H,0,-LCMV) stimulated a
distinct subset of the 20 different MHC-T restricted CD8™ T cell
responses observed during acute or chronic LCMV infection. The
vaccine-induced CD8" T cell responses were highly polyfunc-
tional, expressing a cytokine production profile associated with
protective antiviral T cell immunity (8). Interestingly, these poly-
functional T cells were present at time points as early as 8 days
postvaccination, whereas CD8" T cells induced by acute LCMV
strain Arm infection required several weeks to achieve a similar
cytokine production profile. Once immunodominance was estab-
lished by H,0O,-LCMYV vaccination, it did not change following
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booster vaccination or subsequent viral infection. This is in con-
trast to the gradually shifting immunodominance pattern ob-
served following acute LCMV Arm infection. The T cell responses
to individual peptide epitopes in animals that were vaccinated
with H,0,-LCMV prior to challenge with live virus were robust,
and they constituted 25 to 50% of the total CD8* T cell compart-
ment during the memory phase of the immune response. Most
importantly, animals vaccinated with H,0,-LCMV were pro-
tected from challenge with chronic LCMV clone 13 ina CD8* T
cell-dependent manner. These results indicate that the CD8" T
cell response elicited by H,O,-inactivated LCMV vaccination dif-
fers sharply from the response to LCMV infection while providing
effective CD8™ T cell-mediated protection against chronic infec-
tion.

MATERIALS AND METHODS

Animals. Female C57BL/6, SCID, and Rag2~’~ mice were purchased
from Jackson Laboratory (Bar Harbor, ME) and used at 6 to 20 weeks of
age. All mice were housed at the Vaccine and Gene Therapy Institute
according to standards of the Institutional Animal Care and Use Commit-
tee (IACUC). The Oregon Health & Sciences University (OHSU) IACUC
approved all animal use protocols.

Virus and vaccines. LCMV Arm and LCMV clone 13 were grown on
BHK-21 cells (ATCC) at a multiplicity of infection (MOI) of 0.1. Virus
was harvested after 48 h and purified from tissue culture supernatant via
ultracentrifugation at 80,000 X gat 4°C for 3 h over a 25% glycerol cush-
ion. Pelleted virus was dialyzed against 3 exchanges of phosphate-buffered
saline (PBS) (4 to 12 h at 4°C per exchange) to remove glycerol and soluble
proteins or contaminants. Purified virus to be used for vaccination was
inactivated by treatment with 3% H,O, for 4 h at room temperature.
Heat-inactivated LCMV was prepared by warming the virus to 56°C for 30
min. Formaldehyde-inactivated LCMV was prepared by treating the virus
with 1% formaldehyde for 1 h at 4°C. Inactivated virus was then dialyzed
against 3 exchanges of PBS (4 to 12 h at 4°C per exchange) to remove H,0,
or formaldehyde. Inactivation was confirmed by Vero cell plaque assay,
coculture experiments on BHK cells, and injection into highly susceptible
SCID or Rag2 ™/~ mice, followed by serum plaque assay to test for viremia
at 7, 14, and 21 days after injection. Vaccine was formulated using 50 pg
H,0,-inactivated LCMV Arm and 5 pg monophosphoryl lipid A (MPL)
(InvivoGen, San Diego, CA) in 100 pl RPMI medium. Purified LCMV
contained ~10” PFU/p.g or approximately 5 X 10° PFU equivalents per
dose of vaccine.

For acute infections, 2 X 10° PFU LCMV Arm was administered in-
traperitoneally. In chronic LCMV challenge experiments, animals were
injected intravenously with 2 X 10° PFU LCMYV clone 13 and viremia was
measured weekly for 35 days. H,0,-LCMV vaccinations were performed
by subcutaneous injection at the base of the tail.

Peptides. The peptides used in these experiments were a subset of the
H-2"-restricted epitopes to the three major LCMV proteins, nucleopro-
tein (NP), glycoprotein (GP), and RNA polymerase (L protein), identified
previously (14, 18, 26, 53). High-performance liquid chromatography
(HPLC)-purified (>95% pure) peptides were purchased from Sigma (St.
Louis, MO) and GenScript (Piscataway, NJ). These peptides were recon-
stituted in dimethyl sulfoxide (DMSO) at a concentration of 4 X 107> M.
The peptides (with sequences and optimal concentrations used for T cell
stimulation in parentheses) included the following: LCMV NP165-175
(SSLLNNQFGTM, 10~* M), NP205-212 (YTVKYPNL, 10~° M), NP238-
248 (SGYNFSLGAAV, 10~° M), NP396-404 (FQPQNGQFI, 10~° M),
GP33-41 (AVYNFATM, 10~¢ M), GP61-80 (GLKGPDIYKGVYQFKS-
VEFD, 107> M), GP92-101 (CSANNSHHYI, 10~° M), GP118-125
(ISHNFCNL, 10~° M), GP221-228 (SQTSYQYL, 10~* M), GP276-286
(SGVENPGGYCL, 10~° M), GP365-372 (MGVPYCNY, 10> M), L156-
163 (ANFKFRDL, 10~* M), L313-320 (TSTEYERL, 10~* M), L338-346
(RQLLNLDVL, 10~* M), L349-357 (SSLIKQSKF, 10~°> M), L455-463
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(EMKIGAHPI, 10~* M), L663-671 (VVYKLLREL, 10~° M), L775-782
(SSENNGTL, 10~* M), L1428-1435 (NSIQRRTL, 10~ * M), and L2062-
2069 (RSIDFERV, 10~ ° M). In preliminary experiments, we were unable
to reproducibly identify CD8" T cell responses to peptides GP44-52,
L689-697, L743-751, L1189-1196, L1302-1310, L1369-1377, and L1878-
1885.

Peptide stimulation and cytokine staining. Intracellular cytokine
staining (ICCS) was performed as previously described (39). Briefly,
splenocytes were stimulated with peptide for 6 h at 37°C and 6% CO, in
RPMI medium containing 10% fetal bovine serum (FBS) in the presence
of 2 ug/ml brefeldin A, followed by staining for CD8« peridinin chloro-
phyll protein (PerCP)-Cy5.5 (clone 53—6.7; eBioscience, San Diego, CA)
and Aqua LIVE/DEAD fixable dead-cell stain (Invitrogen, Carlsbad, CA)
overnight at 4°C. The following day, cells were fixed, permeabilized, and
stained for anti-IFN-y-fluorescein isothiocyanate (FITC) (clone
XMGL1.2, Invitrogen, Carlsbad, CA), anti-tumor necrosis factor alpha-
phycoerythrin (anti-TNF-a-PE) (clone MP6-XT22; eBioscience), and
anti-interleukin 2-allophycocyanin (anti-IL-2-APC) (clone JE S6-5H4;
BioLegend, San Diego, CA). MHC-I tetramer staining was performed
using anti-CD8a-PerCP-Cy5.5, anti-CD11a-PE (clone 2D7; BioLegend),
and DP-restricted tetramers, GP33-41-APC or NP396-404-APC, and a
KP-restricted tetramer, GP34-41-APC (National Institutes of Health
Tetramer Core Facility, Atlanta, GA) for 1 h at 4°C, followed by washing
and fixation. ICCS and tetramer samples were acquired using an LSR-2
(BD Biosciences, San Jose, CA) flow cytometer and analyzed using FlowJo
software (Treestar, Ashland, OR). The forward-scatter (FSC) area versus
FSC height gate was used as a singlet gate to remove clumped cells from
analysis. Samples were gated on Aqua-negative cells to include cells that
were viable at the conclusion of the assay. Lymphocyte gating was per-
formed based on FSC and side scatter (SSC) characteristics, and CD8"
gates were then applied before the percentage of cytokine-positive T cells
was determined.

Serum samples and plaque assays. Whole blood was collected from a
tail vein and allowed to coagulate at room temperature for 2 h. The blood
was centrifuged at 16,000 relative centrifugal force (RCF) for 1 min, and
serum was collected and transferred to a new tube. The serum was again
centrifuged at 16,000 RCF for 1 min, and serum was collected and stored
at —80°C until plaque assays were performed.

Plaque assays were performed as described previously (2). Plaque as-
say plates were seeded using 3 X 10° Vero cells per well in 6-well plates.
Plates were incubated overnight, medium was discarded, and the wells
were overlaid with 200 pl of 10-fold serially diluted serum and incubated
for 1 h at 37°C and 6% CO,. Wells were then overlaid with 3 ml 0.5%
agarose in Eagle minimal essential medium (EMEM) supplemented with
2.5% FBS, antibiotics, and 2 mM glutamine and incubated at 37°C and 6%
CO, for 5 days. Wells were then overlaid with 1 ml 1% agarose containing
0.1t0 0.2% neutral red (Sigma-Aldrich, St. Louis, MO), and plaques were
counted 12 to 18 h later.

CD8* T cell depletion. CD8 ™ T cell depletion was performed as pre-
viously described (46). Animals were given 100 g purified anti-CD8a
monoclonal antibody, 2.43 (BioXCell, West Lebanon, NH), administered
intraperitoneally on days —2, 0, +2, and + 4 relative to LCMV clone 13
challenge.

RESULTS

H,0, inactivation of LCMV. When 3% H,O, is used to inactivate
purified LCMYV, viable infectious virus declines with a <13-s half-
life, and it is typical to achieve greater than a millionfold reduction
in infectious virus titer within 2 h (reference 4 and data not
shown). In these studies, LCMV was inactivated for an additional
2 h after loss of detectable infectivity (i.e., 4 h total), and complete
LCMYV inactivation was confirmed by directly performing plaque
assays or by coculturing up to 200 pg inactivated material (i.e.,
>10° PFU) on BHK cells followed by plaque assay. As an addi-
tional test for live virus, RAG2 ™/~ animals were injected intraperi-
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FIG 1 H,0,-LCMV vaccination induces long-lived polyfunctional CD8" T
cell immunity. C57BL/6 mice were vaccinated with 50 pg H,0,-LCMYV for-
mulated with 5 p.g MPL or infected with 2 X 10° PFU LCMV Arm. CD8" T
cells were stimulated directly ex vivo with the immunodominant LCMV pep-
tide, NP396, and antiviral T cell responses were analyzed by ICCS. (A) The
total number of IFN-y-producing CD8" T cells per spleen was calculated at
days 8, 33, and 70 after H,0,-LCMYV vaccination or LCMV Arm infection. (B)
Representative cytokine production profiles at 8 days following vaccination or
infection were determined directly ex vivo. Data in parentheses are percentages
of IFN-y-positive T cells that coexpressed either TNF-a or IL-2. (C) Average
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toneally with up to 200 pg of inactivated material and viremia was
subsequently measured using plaque assay. Coculture and
RAG2™'~ mouse infection assays represent independent tests that
are each capable of detecting 1 or 2 infectious virus particles per
sample, and they confirmed that the H,0,-LCMYV vaccine mate-
rial used in these studies was devoid of detectable live virus.

H,0,-LCMYV vaccination stimulates a long-lasting and poly-
functional NP396-specific CD8* T cell response. Primary infec-
tion of C57BL/6 mice with LCMV Arm induces a CD8™ T cell
response that peaks in magnitude at about 7 to 8 days postinfec-
tion. This response then declines 10- to 20-fold to become a stable
memory response between 1 and 2 months after infection (33, 56).
To compare the levels of T cell memory generated by our H,O,-
LCMYV vaccine to the responses induced by LCMV Arm infection,
we measured the CD8™ T cell responses to the immunodominant
epitope, LCMV NP396, from 8 to 70 days after infection or vacci-
nation (Fig. 1A). At day 8, the average number of NP396-specific
CD8™ T cells per spleen was about 150-fold lower in the H,O,-
LCMV-vaccinated mice than in the LCMV Arm-infected mice.
However, the levels of virus-specific CD8" T cells in vaccinated
animals declined only 30 to 40% between day 8 and day 35 after
vaccination, whereas T cell responses in the LCMV Arm-infected
animals declined by 80 to 90% during the same period. By 70 days
after vaccination or infection, there was about an 80-fold differ-
ence in the total number of NP396-specific CD8™ T cells per
spleen between the two experimental groups. Although H,O,-
LCMYV vaccination induces an NP396-specific T cell response that
was lower in magnitude than the response to LCMV Arm infec-
tion, both forms of T cell memory appeared relatively stable over
the course of the period of observation.

Polyfunctional T cells (i.e., T cells capable of producing multi-
ple cytokines following peptide stimulation) have been associated
with more effective control of chronic viral infections, such as
infections with cytomegalovirus (CMV) and HIV (8, 42, 49). The
CD8™" T cell response to LCMV Arm infection also becomes more
polyfunctional over the course of weeks or months as it transitions
from an effector to a memory response (47, 57, 59). Interestingly,
we found that H,0,-LCMV vaccine-induced CD8" T cells were
capable of producing multiple cytokines as early as 8 days after
vaccination (Fig. 1B and C). On average, 98% of IFN-y* NP396-
specific CD8™" T cells coexpressed TNF-a in response to direct ex
vivo peptide stimulation at day 8 postvaccination. In contrast,
only 55% of NP396-specific CD8™ T cells at day 8 postinfection
produced both IFN-y and TNF-a. Similar to the case with BALB/c
mice (4), the disparity in IL-2 production between virus-specific
CD8" T cells from H,0,-LCMV-vaccinated C57BL/6 mice and
LCMV Arm-infected mice at 8 days after infection was even
greater. In this case, 50% of the vaccine-induced IFN-y* CD8* T
cells were able to produce IL-2 following NP396 peptide stimula-
tion, whereas only 1% of the IFN-y™ CD8" T cells elicited pep-

cytokine profiles following infection or vaccination were determined at 8, 33,
or 70 days after infection or vaccination. The three cytokine production pro-
files shown are based on single positive (IFN-y" only), double positive
(IFN-y" and TNF-a™), and triple positive (IFN-y*, TNF-a™, and IL-27)
events. Production of other cytokines in other combinations did not exceed
background values. Data represent the averages * SDs from 3 or 4 mice per
group at each time point from 2 independent experiments. Note that in some
cases, the SD error bars are smaller than the size of the symbol used to represent
the individual data point.
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FIG 2 CD8" T cell immunodominance profiles differ following acute LCMV
Arm infection or H,0,-LCMV vaccination. C57BL/6 mice were infected with
LCMV Arm or vaccinated with H,0,-LCMV. Eight days later, T cell cultures
were stimulated directly ex vivo with one of 20 individual H-2"-restricted
LCMYV peptides, and IFN-+y cytokine expression was determined using ICCS.
Immunodominance profiles following primary LCMV Arm infection (A) or
H,0,-LCMYV vaccination (B) were determined based on the percentage of
CD8™ T cells expressing IFN-vy after background subtraction of medium-only
controls. Graphs show the averages * SDs of 3 or 4 mice per group from 2
independent experiments.

tide-specific IL-2 production in response to LCMV Arm infection.
CD8™ T cells from LCMV Arm-infected animals had an evolving
cytokine profile that became more polyfunctional as the T cells
progressed from the effector to the memory phase of the immune
response. By 70 days postinfection, the percentage of NP396-spe-
cific T cells that were capable of producing IFN-y, TNF-a, and
IL-2 in response to peptide stimulation increased from 1% to
17%. Even with this improvement in function, the virus-specific T
cells from LCMV Arm-infected animals did not achieve the same
percentage of polyfunctional CD8 " T cells as the virus-specific T
cells from H,0,-LCMV-vaccinated animals. H,O,-LCMV vacci-
nation consistently induced a higher proportion of IFN-y*
TNF-a " IL-2% CD8™ T cells, with 44 to 55% of the NP396-spe-
cific population expressing these three cytokines at each time
point examined. These data indicate that the H,0,-LCMV vac-
cine strategy is capable of inducing CD8* T cell responses that are
durable and have a higher proportion of polyfunctional T cells
than the immune responses elicited by acute LCMV Arm infec-
tion.

Immunodominance following acute LCMV Arm infection or
vaccination with inactivated LCMV. The CD8™ T cell response
to LCMYV is well characterized and provides the opportunity to
investigate potential differences in the immunodominance hier-
archies between H,0,-LCMV-vaccinated animals and LCMV
Arm-infected animals (Fig. 2). We selected a panel of the 20 most
immunogenic LCMV peptides, consisting of 4 nucleoprotein
epitopes (NP165, NP205, NP238, and NP396), 7 glycoprotein
epitopes (GP33, GP61, GP92, GP118, GP221, GP276, and
GP365), and 9 polymerase epitopes (L156, L313, L338, L349,
1455, L663, L775, L1428, and 12062). Following acute LCMV
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FIG 3 CD8" T cell immunodominance profiles are similar following vacci-
nation with LCMV inactivated by H,O,, formaldehyde, and heat. C57BL/6
mice were vaccinated with 50 pg purified LCMV inactivated with H,0, (A),
formaldehyde (B), or heat (56°C) (C), each formulated with 5 wg MPL. Im-
munodominance profiles were determined 8 days following vaccination by
direct ex vivo stimulation of splenocytes with the panel of 20 H-2"-restricted
LCMYV peptides. Graphs show the averages = SDs of 4 mice per group from 2
independent experiments.

Arm infection (Fig. 2A), T cell responses to NP396, GP33, and
L156 were codominant, and intermediate responses (consisting of
=5% of the CD8™ T cell population) were observed with 1455,
NP165, GP61, and GP276 peptide stimulation. Reproducible, al-
beit low-frequency, T cell responses were also observed after stim-
ulation with 13 other LCMV peptides (Fig. 2A). In sharp contrast
to live viral infection, H,0,-LCMYV vaccination elicited an immu-
nodominance pattern that was restricted to 3 main peptide
epitopes, NP396, 1156, and L455 (Fig. 2B). A weak CD8™ T cell
response to GP33 was sometimes observed, though the average
GP33 response was less than 2-fold over background and was not
detected in all vaccinated animals. A similar immunodominance
pattern was observed if mice were vaccinated with LCMV inacti-
vated with H,O, (Fig. 3A), formaldehyde (Fig. 3B), or heat (56°C)
(Fig. 3C), suggesting that the immunodominance pattern ob-
served following H,0,-LCMV vaccination was not necessarily re-
stricted to H,O, inactivation, since similar results were obtained
with other inactivation approaches as well. Interestingly, although
formaldehyde-based virus inactivation was similar to that ob-
served with H,0,-based virus inactivation, heat inactivation re-
sulted in modestly higher CD8* T cell responses, which may have
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FIG 4 H,0,-LCMV-vaccinated mice maintain stable CD8" T cell immunodominance patterns following subsequent infection or booster vaccination. C57BL/6
mice underwent primary infection with 2 X 10° PFU LCMV Arm or vaccination with H,0,-LCMV and 28 days later received a secondary live LCMV challenge
or booster H,0,-LCMV vaccination. Combinations included LCMV Arm infection followed by LCMV Arm challenge (A and D), H,0,-LCMV vaccination
followed by H,0,-LCMYV boost (B and E), and H,0,-LCMV vaccination followed by LCMV Arm challenge (C and F). Immunodominance profiles were
determined by stimulating T cells with a panel of 20 LCMV peptides followed by IFN-y ICCS at day 5 (A to C) or day 42 (D to F) postchallenge or after booster
vaccination. The data represent the averages = SDs of 3 or 4 mice per group from 2 independent experiments.

been due to aggregation since heat-inactivated virus formed read-
ily visible clumps (data not shown) and protein aggregation is
known to increase CD8™ T cell priming in vivo (23, 48).
Although the overall magnitude of T cell responses elicited by
primary H,O,-LCMYV vaccination was low, direct ex vivo peptide
stimulation allowed detection of T cell responses as low as 0.04%
of the CD8™ T cell population. To determine if booster vaccina-
tion would increase T cell responses or make it possible to detect
rare T cell populations specific to more subdominant epitopes, we
conducted a series of prime-boost experiments (Fig. 4). In these
studies, animals were vaccinated with H,0,-LCMYV or infected
with LCMV Arm at day 0. H,O,-LCMV-vaccinated animals were
then boosted by H,0,-LCMYV vaccination or LCMV Arm infec-
tion 28 days later. For comparison, LCMV Arm-infected animals
were boosted with a second LCMV Arm infection at day 28 after
primary infection. The CD8™ T cell responses were then analyzed
at 5 days (Fig. 4A to C) or 42 days (Fig. 4D to F) after secondary
vaccination or infection. When animals were infected at day 0 and
challenged at day 28 with LCMV Arm, we observed several
changes in immunodominance, with GP276 emerging as a
codominant epitope along with NP396, GP33, GP61, L156, and
L455 (Fig. 4A). Increased immunodominance of GP276 during
secondary LCMV infection has been noted previously (51). By day
42,CD8™ T cell responses to the other 14 individual peptides each
represented less than 1% of the CD8" T cell response. When
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H,0,-LCMV-vaccinated animals were boosted with H,O,-
LCMYV at day 28, the result was strikingly different, with no evo-
lution of the immunodominance profile. There was an average
3-fold increase in the magnitude of the LCMV-specific CD8* T
cell responses following booster vaccination, but there was no
change in immunodominance hierarchy between the responses
noted after primary H,0,-LCMV vaccination (Fig. 2B), 5 days
after secondary H,0,-LCMV vaccination (Fig. 4B), or 42 days
after secondary H,0O,-LCMYV vaccination (Fig. 4E). This phenom-
enon of “fixed” immunodominance was also observed when
H,0,-LCMV-vaccinated animals were boosted with LCMV Arm.
These animals displayed essentially the same immunodominance
profile as the other vaccinated animals, generating a dominant
response to NP396 and two subdominant responses to L156 and
L455 (Fig. 4Cand F). However, the T cell responses elicited against
these 3 immunodominant peptide epitopes expanded dramati-
cally following LCMV Arm challenge. The response to NP396
alone comprised nearly 40% of the host’s total CD8™ T cell com-
partment at day 5 after challenge (Fig. 4C) and remained at 24% of
the total CD8™ T cell compartment at day 42 following challenge
(Fig. 4F). These data indicate that while the H,O,-LCMYV vaccine-
induced CD8™ T cell responses constitute a small percentage of
the total CD8™ T cell repertoire after primary vaccination, these
responses exhibit remarkably stable immunodominance patterns
and are capable of rapidly expanding to high frequencies that re-
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main at elevated levels following resolution of acute viral infec-
tion.

H,0,-LCMV vaccination provides protection against
chronic LCMV clone 13 challenge. LCMV clone 13 infection
causes chronic infection as well as predictable T cell dysfunction,
both of which are preventable if infected animals have a preexist-
ing LCMV-specific CD8" T cell response (29, 35, 43, 44, 46, 50).
As expected, naive C57BL/6 mice became chronically infected
with LCMV clone 13, with viremia lasting for at least 35 days (Fig.
5A). LCMV Arm-immune animals were protected from chronic
LCMV clone 13 challenge and showed no detectable viremia at
any time point examined. Similar to a prior study using BALB/c
mice (4), we next determined whether H,O,-LCMYV vaccination
was protective against chronic LCMV challenge of C57BL/6 mice.
Animals were vaccinated with H,0,-LCMYV at either 8 days or 28
days prior to challenge with LCMV clone 13. All of the animals
vaccinated 8 days prior to challenge were protected against LCMV
clone 13 viremia (<50 PFU/ml). Animals vaccinated 28 days prior
to challenge demonstrated >100-fold reduction in viremia com-
pared to that in naive animals, with 5/7 (71%) being fully pro-
tected against viremia at 7 days postchallenge and 100% of the
vaccinated animals demonstrating antiviral protection by 14 days
postchallenge. This degree of protection against LCMV clone 13 is
similar to that achieved in previous studies using live recombinant
Listeria monocytogenes expressing the LCMV nucleoprotein (46).
The mechanism of protection afforded by H,0,-LCMV vaccina-
tion has not been formally determined, and for this reason, we
examined the role of CD8™ T cells in mediating vaccine-induced
protection against LCMV clone 13 challenge. An experiment was
performed in which a group of H,0,-LCMV-vaccinated animals
were depleted of CD8™ T cells prior to challenge with LCMV clone
13 (Fig. 5B). Similar to the results shown in Fig. 5A, animals that
had received H,0,-LCMV 8 days prior to LCMV clone 13 chal-
lenge showed no detectable viremia at 7 days postchallenge. In
contrast, if CD8™ T cells were depleted at the time of infection,
then LCMYV clone 13 viremia was indistinguishable from that in
the naive controls. Together, these data show that the CD8™ T cell
responses generated by H,0,-LCMYV vaccination are required for
protection against chronic LCMYV infection.

Chronic infection may alter immunodominance (52, 55, 64),
and we examined this issue by measuring CD8™" T cell responses at
35 days after LCMV clone 13 challenge using our panel of 20
LCMYV peptides. Functional (i.e., IFN-y™*) peptide-specific CD8™
T cell responses are presented as a percentage of the total CD8™* T
cell compartment to illustrate differences in the magnitude of T
cell responses between the vaccinated and control groups (Fig. 5C,
E, G,and ), or they are presented as the percentage of the LCMV-
specific CD8™ T cell response to more clearly illustrate differences
in immunodominance patterns (Fig. 5D, F, H, and J). In naive
animals, CD8™ T cell responses to NP396 undergo depletion after
LCMV clone 13 infection (55, 64). Likewise, we found that NP396
and L1455 underwent deletion or exhaustion and responses to
GP33 became dysfunctional, with fewer T cells able to produce
IFN-v in response to peptide stimulation than would be expected
based on peptide-MHC tetramer staining performed in parallel
(Fig. 5C and data not shown). Interestingly, GP276 and L156
emerged as the immunodominant T cell epitopes following
LCMV clone 13 infection of unvaccinated CD57BL/6 mice (Fig.
5D). Animals infected with LCMV Arm 28 days prior to challenge
(Fig. 5E) suffered no obvious T cell dysfunction and had immu-
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nodominance profiles similar to those of animals examined 6
weeks following LCMV Arm challenge (Fig. 4D). Animals chal-
lenged either 8 days (Fig. 5G) or 28 days (Fig. 5I) after H,O,-
LCMV vaccination had immunodominance profiles that re-
mained similar to those of animals receiving H,0,-LCMV
vaccination alone (Fig. 4). In addition, the vaccinated animals
maintained large memory T cell responses to the 3 major epitopes,
NP396, L156, and L455, following LCMV clone 13 challenge. In-
deed, the average T cell response to the immunodominant NP396
epitope in the group vaccinated 8 days prior to LCMV clone 13
challenge was maintained at 41% of the total CD8" T cell com-
partment at day 35 postchallenge. Vaccinated animals did not
display CD8™ T cell dysfunction, and the subdominant responses
to the GP33 epitope were equivalent when measured by ICCS or
peptide-MHC tetramer (data not shown). The preferential loss of
NP396 and L455 CD8™ T cell responses in the naive animals in-
fected with LCMV clone 13 (Fig. 5D) resulted in substantial skew-
ing of normal immunodominance in comparison with the ani-
mals that were LCMV immune prior to challenge (Fig. 5F). In
sharp contrast, animals that were vaccinated with H,0,-LCMV
prior to LCMV clone 13 challenge showed immunodominance
patterns that were similar to each other (Fig. 5H and I) and re-
mained unaltered from the immunodominance profile observed
following H,0,-LCMYV vaccination alone (Fig. 2B).

DISCUSSION

In these experiments, we generated a H,O,-inactivated whole-
virus vaccine against LCMV and tested it in terms of CD8" T cell
immunogenicity and protective efficacy in C57BL/6 mice. Our
results demonstrate that vaccination with H,0,-LCMV generated
an LCMV-specific memory CD8™ T cell response that persisted
for at least 10 weeks after a single vaccination. The vaccine-in-
duced CD8" T cells demonstrated a highly polyfunctional cyto-
kine profile, with close to 50% of the responding T cells capable of
producing at least 3 cytokines in response to peptide stimulation
(IFN-y ", TNF-a ", and IL-27) as early as 8 days after vaccination.
Our results show that H,O,-LCMYV vaccination induced a small
but highly reproducible subset of the 20 epitope-specific CD8* T
cell responses observed following LCMV Arm infection. Once es-
tablished, the vaccine-induced immunodominance profile did
not change over time or following subsequent LCMV infection,
and this was in contrast to the shifting immunodominance pro-
files observed after acute or chronic LCMV infection. The H,0,-
inactivated LCMV vaccine also protected animals against chronic
LCMYV clone 13 challenge in a CD8" T cell-dependent manner.
These results indicate that the H,O,-inactivated vaccine platform
is capable of generating protective T cell immunity.

This study is an extension of prior work performed with
BALB/c mice demonstrating that H,O,-inactivated vaccines are
capable of eliciting highly effective antiviral neutralizing antibody
responses in addition to antigen-specific CD8™ T cell responses
(4). The goal of this study was to examine LCMV-specific CD8" T
cell immunodominance and how it might be altered by vaccina-
tion with an inactivated whole-virus vaccine. Studies on LCMV-
specific immunodominance are difficult to perform with BALB/c
mice because >90% of the antiviral CD8™ T cell response is di-
rected against a single immunodominant peptide epitope, NP118-
126. In contrast, by examining H,0,-LCMV vaccination of
C57BL/6 mice, we were able to demonstrate vaccine-induced
CD8™ T cell responses in mice with a different MHC haplotype
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FIG 5 H,0,-LCMV vaccination protects mice against chronic LCMV clone 13 challenge in a CD8" T cell-dependent manner. C57BL/6 mice were challenged
with 2 X 10° PFU LCMV clone 13 at 8 days or 28 days following H,0,-LCMYV vaccination or at 28 days following LCMV Arm infection. Serum viremia was
determined by plaque assay at weekly intervals (A). To determine if vaccine-induced protection from challenge was CD8" T cell mediated, a group of animals
were vaccinated with H,0,-LCMYV followed by CD8™ T cell depletion and LCMV clone 13 challenge (B). CD8 " T cell immunodominance was determined at day
35 following LCMV clone 13 challenge by stimulating T cells with the panel of 20 individual LCMV peptides directly ex vivo followed by ICCS (C to J). Prior to
LCMV clone 13 challenge, the animals were either naive (C and D), infected with LCMV Arm (E and F), or vaccinated with H,0,-LCMV (G to J). LCMV clone
13 challenge occurred 8 days (G and H) or 28 days (E, F, I, and J) following infection or vaccination. Immunodominance profiles are displayed as the percentage
of CD8™ T cells producing IFN-y in response to each peptide (C, E, G, and I) or as the percentage of the total LCMV-specific response (D, F, H, and J). Graphs
show the averages = SDs of 3 to 7 mice per group from 2 independent experiments.
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and study antiviral immunity against up to 20 different peptide
epitopes. Using the C57BL/6 model system, we discovered signif-
icant and somewhat surprising differences in immunodominance
patterns following vaccination versus acute or chronic LCMV in-
fection. In addition, this study provided the first formal analysis of
the mechanism of H,0,-LCMYV vaccine-mediated protection by
demonstrating that vaccine-induced CD8™ T cells were required
for protective immunity against chronic LCMV infection (Fig. 5).

Different immunodominance patterns emerged in C57BL/6
mice and depended on whether viral antigen was presented in the
context of acute infection, chronic infection, or vaccination.
Acute LCMV Arm infection generated a CD8™ T cell response
against at least 20 peptide epitopes (26) (Fig. 2A). This response to
infection had an evolving immunodominance profile as the T cells
progressed from the effector phase to the memory phase of T cell
maturation (38), and it changed further in response to LCMV
Arm or LCMV clone 13 rechallenge (Fig. 4 and 5). Of the 20
peptides examined, the most immunodominant epitopes follow-
ing primary LCMV Arm infection were NP396, GP33 (containing
both GP33 and GP34 epitopes), L156, and L445. This array of
immunodominant epitopes expanded during reinfection with
LCMV Arm or LCMV clone 13 to include NP396, GP33, GP61,
GP276, L156, and L455. During the diminished antiviral T cell
response elicited during primary LCMV clone 13 infection,
GP276 and L156 were the immunodominant epitopes, and the
responses to previously codominant epitopes (e.g., NP396, GP33,
GP61, and L455) were reduced, deleted, or dysfunctional. Inter-
estingly, the immunodominance pattern following H,0,-LCMV
vaccination was vastly different from the patterns observed during
either acute or chronic LCMV infection. After primary vaccina-
tion (Fig. 2) or vaccination followed by LCMV challenge (Fig. 4
and 5), the most immunodominant T cell responses remained
directed against only three epitopes: NP396, L156, and L455. It
will be important to determine if these represent three indepen-
dent peptide-specific T cell responses or if there may be cross-
reactivity between these epitopes, similar to what has been ob-
served in the influenza model system (7).

Arenavirus virions contain NP, GP, and L proteins (10), indi-
cating that differences in immunodominance observed in H,O,-
LCMV-immunized animals were not simply due to one or more
of the viral proteins being absent from the purified whole-virus
vaccine formulation. In the case of LCMV-GP, vaccine-induced T
cell responses were typically below the level of detection, which is
in contrast to T cell responses elicited following live LCMV infec-
tion (Fig. 2). The vaccine-induced T cell responses to GP epitopes
were not boosted by secondary vaccination or virus challenge (Fig.
4and 5), indicating that the failure to identify GP-specific CD8* T
cell responses during primary vaccination was unlikely to be due
to alow threshold of detection, since booster vaccination or infec-
tion readily augmented vaccine-induced T cell responses to
NP396, L156, and L455. It seems unlikely that different immu-
nodominance patterns are due to preferential oxidative damage to
the LCMV surface glycoprotein, since formaldehyde-based inac-
tivation and heat inactivation also result in skewed immunodomi-
nance profiles (Fig. 3). Oxidation by H,O, is believed to inactivate
microbes by multiple mechanisms, including disruption of lipid
membrane bilayers, oxidation of protein backbones and amino
acid side chains, and oxidation of nucleosides (6, 16). Damage to
nucleic acids, including the induction of single-strand and dou-
ble-strand breaks in genomic RNA or DNA, is a likely mechanism
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of irreversible microbial inactivation (60, 63) and is expected to
result in similar oxidation of internal viral proteins, including the
LCMYV nucleoprotein and L protein. We also observed peptide-
specific differences in CD8™ T cell responses to LCMV epitopes
within the same protein. For instance, NP396 was immunodom-
inant after H,0,-LCMV vaccination, but detectable T cell re-
sponses to other NP epitopes, including NP165, NP205, and
NP238, were not induced by H,O,-inactivated LCMV. Similar
skewing of immunogenicity was also observed in L protein
epitopes in which only 2 (L156 and L455) of the 9 potential L
epitopes were elicited by vaccination (Fig. 2). These intraprotein
differences in peptide immunogenicity suggest that other mecha-
nisms besides protein abundance may be responsible for the
unique LCMV-specific CD8™ T cell immunodominance patterns
observed following vaccination with H,0,-LCMV.

Peptide affinity for MHC-I plays an important role in deter-
mining immunogenicity, although high-atfinity peptides that are
above a certain threshold are not necessarily more likely to pro-
duce more immunodominant CD8™ T cell responses (27). Like-
wise, when we compared immunodominance patterns (Fig. 2, 4,
and 5) with peptide affinity for MHC-I (26), we found no corre-
lation with the hierarchy of the immunodominance profiles,
which varied considerably depending on whether animals had
been vaccinated or if they underwent acute or chronic LCMV
infection (data not shown). The skewed immunodominance pro-
file of virus-specific CD8™ T cells after H,0,-LCMV vaccination
suggests that some antigenic determinants present in the virus are
more capable of cross-priming CD8 * T cell responses than others.
Transporter associated with antigen processing (TAP)-dependent
as well as TAP-independent antigen processing pathways play a
role in direct presentation as well as cross-presentation of antigen
(37, 40). Interestingly, it has been observed that NP396 processing
can occur via a TAP-independent pathway, whereas GP33 pro-
cessing appears to occur via a TAP-dependent mechanism (21,
45). This suggests that NP396 could be more immunodominant
following H,0,-LCMYV vaccination because it is able to be cross-
presented via a TAP-independent mechanism. This distinction
may be less important to the development of immunodominance
during LCMV infection because direct antigen presentation
through the classical MHC-I pathway is likely to dominate the
antiviral T cell response. Elucidating the role of TAP-dependent
and TAP-independent mechanisms of antigen presentation could
provide further insight into the mechanisms that govern immu-
nodominance during immunization with inactivated whole-virus
vaccines.

Utilization of antigen-presenting cells is another factor that
may play a role in the different immunodominance patterns ob-
served after LCMV Arm infection, LCMV clone 13 infection, and
vaccination with H,0,-LCMV. There is evidence that the constel-
lation of peptides that are presented via MHC-I can vary depend-
ing on the type of antigen-presenting cells performing the antigen
presentation (12). It has been observed that dendritic cells (DC)
present GP33 and NP396 peptides most efficiently following
LCMYV infection, whereas LCMV-infected fibroblasts are more
efficient at processing and presenting GP276 following infection
(12). In addition, it is believed that CD8* DC are primarily re-
sponsible for cross-presentation in mice (19). This means that
during LCMV Arm infection, there are likely many professional
and nonprofessional types of antigen-presenting cells functioning
to stimulate the CD8™ T cell response, whereas vaccination with
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H,0,-LCMV may result in cross-presentation of viral antigen
mainly via a narrow range of antigen-presenting cells such as
CD8™ DC. Therefore, differences in antigen-presenting cell us-
age and antigen processing efficiency during H,0,-LCMV vac-
cination and LCMV Arm infection may account for some of
the main differences in immunodominance observed in these
studies.

Another interesting finding from these experiments was the
discovery that LCMV-specific CD8" T cells were maintained at
surprisingly higher levels in animals that were H,0,-LCMV vac-
cinated and subsequently challenged with LCMV compared to the
responses normally observed in LCMV infection or reinfection
(Fig. 4 and 5). One explanation for the elevated magnitude of
LCMV-specific CD8™ T cell memory is that a large proportion of
vaccine-induced CD8" T cells were capable of producing IL-2
following exposure to viral peptide antigen (Fig. 1). Autocrine
IL-2 signaling may be critical to the secondary expansion of CD8*
T cell populations following rechallenge (15). Moreover, vaccina-
tion strategies such as DC vaccination do not induce substantial
inflammatory responses but result in CD8 " T cell immunity that
may be more easily restimulated upon antigenic challenge (36).
The absence of a highly inflammatory microenvironment during
H,0,-LCMYV vaccination may afford vaccine-induced CD8" T
cells a selective advantage, enabling them to rapidly proliferate
and be maintained at high concentrations during and after subse-
quent virus challenge.

These results provide an important proof of concept, dem-
onstrating that an H,O,-inactivated whole-virus vaccine can
be used to generate protective CD8* T cell immunity against an
arenavirus. Although there is alive attenuated vaccine available
for Junin virus, the causative agent of Argentine hemorrhagic
fever, there is no vaccine available for other clinically relevant
arenaviruses such as Sabia, Machupo, and Lassa fever viruses. It
remains to be determined if this approach to vaccine develop-
ment will prove useful for combating these important diseases.
However, the ability of H,0,-LCMV vaccination to induce
protective CD8" T cell responses in mice indicates that the
H,0, inactivation platform may be a potentially effective vac-
cine strategy under circumstances in which a CD8™ T cell re-
sponse is important for protection.
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