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CD8� T-cell responses control lymphocytic choriomeningitis virus (LCMV) infection in H-2b mice. Although
antigen-specific responses against LCMV infection are well studied, we found that a significant fraction of the
CD8� CD44hi T-cell response to LCMV in H-2b mice was not accounted for by known epitopes. We screened
peptides predicted to bind major histocompatibility complex class I and overlapping 15-mer peptides spanning
the complete LCMV proteome for gamma interferon (IFN-�) induction from CD8� T cells derived from
LCMV-infected H-2b mice. We identified 19 novel epitopes. Together with the 9 previously known, these
epitopes account for the total CD8� CD44hi response. Thus, bystander T-cell activation does not contribute
appreciably to the CD8� CD44hi pool. Strikingly, 15 of the 19 new epitopes were derived from the viral L
polymerase, which, until now, was not recognized as a target of the cellular response induced by LCMV
infection. The L epitopes induced significant levels of in vivo cytotoxicity and conferred protection against
LCMV challenge. Interestingly, protection from viral challenge was best correlated with the cytolytic potential
of CD8� T cells, whereas IFN-� production and peptide avidity appear to play a lesser role. Taken together,
these findings illustrate that the LCMV-specific CD8� T-cell response is more complex than previously
appreciated.

A central feature of CD8� T-cell responses is immunodomi-
nance, a phenomenon by which only a subset of the potentially
immunogenic peptides in an antigen are in fact recognized
following natural infection or deliberate immunization (33).
Experimental infection of laboratory mice with lymphocytic
choriomeningitis virus (LCMV) is a widely utilized system for
studying the mechanisms of immunodominance in viral infec-
tion (3, 24, 29, 31). Viral clearance in the course of acute
LCMV infection in the mouse is critically dependent upon the
CD8� cytotoxic T lymphocyte (CTL) response. Following
acute infection of C57BL/6J (H-2b) mice with the Armstrong
strain of LCMV, a large proportion of the viral CD8� T-cell
response is directed against two epitopes derived from the
glycoprotein (GP) (amino acids 33 to 41) and the nucleopro-
tein (NP) (amino acids 396 to 404), as well as several other
epitopes, including GP34-41, GP276-286, GP118-125, GP92-
101, and NP205-212 (7, 31). Recent data demonstrate that,
following acute LCMV infection, 85 to 95% of CD8� T cells
are CD44hi and that the known LCMV epitopes plus the newly
defined GP70-77, NP166-175, and NP235-243 account for only
about 80% of this CD8� CD44hi T-cell pool (17). Thus, based
on these studies (which were restricted to the NP and GP gene
products), some questions remain on the possible contribution
of non-LCMV-specific T cells recruited by bystander activation
to the CD8� CD44hi T-cell pool.

The products of the L-RNA segment, L (RNA polymerase)
and Z (Zinc binding protein), have been discounted as a po-
tential source of CTL epitopes because of the reported low
expression of L (10, 12) and the small size of Z. Indeed,
previous studies searching for novel CD8� T-cell responses to
LCMV infection in H-2b mice have found a narrow response
because they concentrated on identifying epitopes derived
from the viral GP and NP. To the best of our knowledge, a
systematic study has not been undertaken, and the immuno-
genicity of the L and Z proteins for CD8� T-cell responses has
not been fully characterized.

Recent data from our laboratory (19, 22) and others (1, 9)
have shown that the overall breadth of CD8� T-cell responses
to diverse viral pathogens might be more complex than previ-
ously appreciated. Analysis of the anti-vaccinia virus (VACV)
CD8� T-cell response in HLA-transgenic mice infected with
VACV and humans vaccinated against smallpox has revealed
that CD8� T cells recognize a large repertoire of antigenic
determinants distributed among multiple vaccinia proteins (19,
21, 22). Similar approaches to identify potential CD8� T-cell
epitopes of human cytomegalovirus (CMV) have also demon-
strated that a sizeable number of human CMV proteins encode
numerous T-cell determinants; computer-based algorithms
and enzyme-linked immunospot (ELISPOT) analyses identi-
fied epitopes in 14 distinct human CMV proteins (9, 27). Hu-
mans infected with other complex pathogens, such as Plasmo-
dium falciparum, influenza A, and human immunodeficiency
virus type 1 also develop multiepitope-specific CD8� T-cell
responses to these infections (1, 8, 14). Thus, it appears that
the responses to broad repertoires of epitopes shape both
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human and mouse CD8� T-cell immunodominance during
infection.

Based on these data, we investigated whether the repertoire
of responses to LCMV might be broader than previously ap-
preciated. Initial data generated in our laboratory consistent
with the recent report of Masopust et al. (17) indicated that a
significant fraction of the CD8� CD44hi response in the H-2b

system could not be accounted for by known epitopes. Accord-
ingly, we examined whether the LCMV-specific CD8� T-cell
response in H-2b mice is indeed focused on the relatively few
previously described epitopes or whether the response encom-
passes a broader repertoire of yet unknown epitopes. Algo-
rithms that predict peptides capable of binding to major his-
tocompatibility complex (MHC) are routinely used to identify
CTL epitopes derived from a diverse array of viral pathogens
(4, 9, 21, 22, 25). We have applied this approach successfully to
identify epitopes responsible for about 95% of the total CD8�

T-cell response in the VACV system (19). To complement the
predictive algorithm approach, we also used a set of overlap-
ping 15-mer peptides spanning the entire LCMV proteome.
This allowed us to expand our search to epitopes of non-
canonical size or motif and to directly compare the two most
widely used epitope identification methods.

We used different epitope identification methods in combi-
nation with functional assays for enumerating CD8� T cells
(gamma interferon [IFN-�] ELISPOT and intracellular stain-
ing for IFN-�) and screened more than 1,000 peptides. As a
result, we describe here the identification of 19 novel LCMV-
specific epitopes. Of these epitopes, most are derived from the
L protein. The new epitopes account for a large fraction of the
total LCMV-specific response. The sum of the previously
known epitopes and the 19 newly identified epitopes seem to
account for the total CD8� CD44hi response obtained in
LCMV-infected H-2b mice.

MATERIALS AND METHODS

Peptide synthesis. Peptides were synthesized as crude material by Pepscan
Systems (Lelystad, The Netherlands) as described previously (26). A total of 400
Kb and Db algorithm-selected peptides, along with a set of 664 15-mer peptides,
overlapping by 10 amino acids, spanning the entire LCMV proteome, were
synthesized. The set of 664 15-mers were separated into 83 pools containing 8
peptides per pool. Candidate epitopes were identified in pool deconvolution
studies. For mapping the minimal epitope within each positive 15-mer peptide,
an additional set of 550 peptides of 8, 9, 10, and 11 amino acids in length were
synthesized. Optimal LCMV-specific epitopes were resynthesized by A and A
Labs and purified to 95% or greater homogeneity by reverse-phase high-perfor-
mance liquid chromatography.

MHC peptide-binding assay. Quantitative assays to measure the binding af-
finity of peptides to purified Kb and Db molecules are based on the inhibition of
binding of a radiolabeled standard peptide and were performed essentially as
described elsewhere (26, 32). After a 2-day incubation, binding of the radiola-
beled peptide to the corresponding MHC class I molecule was determined by
capturing MHC-peptide complexes on Greiner Lumitrac 600 microplates
(Greiner Bio-One, Monroe, NC) coated with either Y-3 antibody (Ab) (Kb) or
28-14-8S Ab (Db) and measuring bound cpm using the Topcount microscintil-
lation counter (Packard Instruments).

Bioinformatic analyses. Experimental data of peptides binding to H-2b mol-
ecules previously generated in our laboratory were used to develop binding
predictions. This data set comprised 521 8-mer and 230 9-mer peptides binding
to Kb and 319 9-mer peptides and 149 10-mer peptides binding to Db. In
addition, combinatorial peptide libraries described in reference 30 were available
for peptides of 8 and 9 amino acids in length binding to Kb and 9 amino acids in
length binding to Db. These two sources of data were combined to calculate
scoring matrices that quantify the contribution of each residue in a fixed-length

peptide to binding to an MHC molecule, as described in detail in reference 23.
The entire proteome of LCMV Armstrong (clone 53b) was then scanned for
peptides of 8, 9, and 10 amino acids in length. The MHC binding affinity of these
peptides was predicted using the scoring matrices described above, and peptides
with affinities in the top 3% were synthesized as potential epitope candidates.

Mice. C57BL/6J and B6.SJL/J female mice (The Jackson Laboratory, Bar
Harbor, ME) were housed in the animal facilities at the La Jolla Institute for
Allergy and Immunology (San Diego, CA) and were used between 6 to 12 weeks
of age. All mouse studies followed guidelines set out by the National Institutes
of Health and Institutional Animal Care and Use Committee-approved animal
protocols.

Virus. The Armstrong clone 53b strain of LCMV was obtained from Matthias
G. von Herrath (La Jolla Institute for Allergy and Immunology). The LCMV
stock was prepared in BHK-21 cells, and viral titer was determined through
plaque assays on Vero cells in three independent experiments.

Infection and immunization. B6 mice were infected intraperitoneally (i.p.)
with 1 � 104 to 1 � 105 PFU of LCMV in phosphate-buffered saline (PBS). At
8 days postinfection, mice were sacrificed, and purified splenic CD8� T cells or
splenocytes were used for ex vivo mouse IFN-� ELISPOT or for IFN-� intra-
cellular cytokine staining (ICCS) assays, respectively. For peptide immunization,
mice were immunized subcutaneously with a mixture of peptide (50 �g/mouse)
and the helper IAb-restricted epitope, hepatitis B virus (HBV) core 128 to 140
(140 �g/mouse) (18) in PBS–9.5% dimethyl sulfoxide (DMSO) emulsified in
incomplete Freund’s adjuvant. After 12 days, mice were challenged with 1 � 105

PFU LCMV i.p. On day 4 postchallenge, titers were determined from the spleen
by plaque assays on Vero cells. Virus titers were calculated per gram of spleen.

Ex vivo IFN-� ELISPOT assay. The mouse IFN-� ELISPOT assay was per-
formed as previously described (28). Each assay was performed in triplicate
wells, and the experimental values were expressed as the mean net spots/106

CD8� T cells � standard error of the mean for each peptide tested. Responses
against DMSO alone were measured to establish background values that were
subtracted from experimental values. Statistical significance was determined by a
Student’s t test. For all tests, a P value of �0.05 using the mean of triplicate
values of the response against the relevant peptide versus the response against
DMSO alone was considered to indicate statistical significance. The net number
of spots/106 effector cells was calculated as follows: [(number of spots against
relevant peptide) � (number of spots against DMSO control)] � [(1 � 106)/
(number of effector cells/well)]. The stimulation index (SI) was calculated as
follows: (number of spots against relevant peptide)/(number of spots against
DMSO control).

Intracellular IFN-� staining. Splenocytes from day 8 LCMV-infected B6 mice
were cultured in the presence of 10 pg/ml to 1 �g/ml of MHC class I peptide, 10
�g/ml brefeldin A (BFA; Sigma-Aldrich), and 50 U/ml recombinant human
interleukin-2 (rhIL-2; Roche, Palo Alto, CA) in complete medium. After 5 h,
cells were harvested and stained with allophycocyanin-conjugated anti-mouse
CD8� monoclonal Ab (MAb, clone 53-6.7; BD Biosciences, San Jose, CA). In
some experiments, cells were also stained with fluorescein isothiocyanate-conju-
gated anti-mouse CD44 MAb (clone IM7; BD Biosciences). Cells were fixed and
permeabilized and then stained for intracellular IFN-� and tumor necrosis factor
alpha (TNF-�) with a phycoerythrin-conjugated anti-mouse IFN-� MAb (clone
XMG1.2; BD Biosciences) and fluorescein isothiocyanate-conjugated anti-
mouse TNF-� MAb (clone MP6-XT22; BD Biosciences), respectively. After
washing, samples were resuspended in 1% paraformaldehyde–PBS and acquired
on a FACSCalibur flow cytometer (BD Biosciences). The frequency of CD8� T
cells responding to each MHC class I peptide was quantified by determining the
percent total of gated CD8� and IFN-�� or TNF-�� cells using CellQuest
software (Becton Dickinson, San Jose, CA). The peptide-specific responses were
calculated by subtracting the percentage of cells that scored positive for IFN-� or
TNF-�� production in the absence of peptide (no peptide control).

In vivo cytotoxicity assay. Splenocytes from naive B6.SJL/J mice were treated
with red blood cell lysing buffer, washed, and divided into two equal cell popu-
lations at 10 � 106 cells/ml. One group of cells was incubated with the relevant
CTL peptide at 0.5 �g/ml (targets) and the other group with DMSO (marker
population) for 90 min at 37°C. Cells were washed and resuspended at 10 � 106

cells/ml with PBS–0.1% bovine serum albumin. Target and marker cell popula-
tions were incubated with 1.0 �M and 100 nM CFSE (Invitrogen Molecular
Probes, Carlsbad, CA), respectively, for 10 min at 37°C. Excess CFSE was
removed by washing, the two cell populations were combined in 1:1 ratio, and
10 � 106 total cells were adoptively transferred intravenously into day 8 LCMV-
infected recipient B6 mice. After 5 h, spleens were harvested from recipient
mice. Splenocytes were stained with biotin-conjugated mouse anti-CD45.1 MAb
(clone A20; BD Biosciences), followed by streptavidin-allophycocyanin conju-
gate to further differentiate donor cells from recipient. The ratio of target
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(CFSEhigh) to marker (CFSElow) donor cells was assessed by flow cytometry on
a FACSCalibur. Specific killing was calculated as follows: 100 � [(target-to-
marker ratio in LCMV-infected mice � 100)/(target-to-marker ratio in naive
mice)].

RESULTS

CD8� CD44hi T-cell response in LCMV-infected H-2b mice.
In preliminary experiments, a total of 91% of CD8� CD44hi T
cells were detected in splenocytes from day 8 LCMV-infected
H-2b mice. In contrast, we observed repeatedly that a maxi-
mum of 45% of CD8� T cells could produce IFN-� in response
to all of the previously characterized epitopes (GP33-41,
GP34-41, GP276-286, GP118-125, GP92-101, NP205-212,
NP166-175, and NP235-243), except GP70-77, which did not
evoke a significant IFN-� response over background.

This discrepancy might be due to the presence of unac-
counted antigen-specific CD8� T cells or cytokine-mediated
bystander activation. Experiments using LCMV-infected MHC
class I-matched cells as stimulators to enumerate antigen-spe-
cific CD8� CD44hi T cells yielded highly variable results (data
not shown). Therefore, we chose to search for the additional
antigen-specific CD8� T cells by screening the antigenicity of
LCMV-derived peptides predicted to bind to either Kb or Db

molecules.

Identification of LCMV-derived potential CD8� epitopes
using predicted peptides. A total of 400 predicted determi-
nants were synthesized, comprising the top 100 each of Kb

8-mers and 9-mers and Db 9-mers and 10-mers. The antigenic-
ity of these predicted peptides was assessed at the peak of the
primary T-cell response by using purified splenic CD8� T cells
from B6 mice 8 days after i.p. infection with LCMV. Antige-
nicity was evaluated by measuring IFN-� spot formation in at
least two independent ELISPOT assays utilizing 0.5 and 10
�g/ml of each peptide. Representative data from the screen of
the 100 Kb 9-mer peptides tested at 0.5 �g/ml is shown in Fig.
1. Peptides with an average of �20 spot-forming cells (SFCs)/
106 CD8� T cells and an average SI of �2.0 in replicate assays
were considered positive. Using this approach, we identified 18
Kb 8-mer, 14 Kb 9-mer, 11 Db 9-mer, and 5 Db 10-mer potential
epitopes. Of these, two corresponded to the well-characterized
NP epitopes, NP396-404 and NP205-212, and five were previ-
ously characterized GP epitopes (GP33-41, GP34-41, GP118-
125, GP92-101, and GP70-77) (data not shown).

Identification of LCMV-derived CD8� epitopes using over-
lapping 15-mer peptides. Previous work has established that
CD8� T-cell epitopes can be identified by using overlapping
peptides spanning complete viral proteomes (1, 27). Herein,
we measured the antigenicity of a library of 15-mer peptides,

FIG. 1. Representative screen of individual Kb 9-mer peptides derived from the LCMV Armstrong proteome. The criteria for positivity were
an SI of �2.0 and net SFCs/106 cells of �20 in duplicate assays. The line at 20 net SFCs/106 cells indicates the threshold used to define positivity.
An asterisk indicates positive peptides. In total, 20 of 100 Kb 9-mer peptides were positive in the IFN-� ELISPOT assay. The number of positive
Kb 9-mer peptides was reduced to 18 after removing nested peptides containing the same core sequence but producing a lower response in the
assay.
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overlapping by 10 amino acids that spanned the entire LCMV
Armstrong proteome. This method was utilized to confirm
putative epitopes identified by the predictive approach and
also to identify potentially novel epitopes overlooked by the
predictive approach.

A set of 664 15-mer peptides was divided into 83 peptide
pools with 8 peptides per pool. The antigenicity of these pools
was evaluated in two independent IFN-� ELISPOT assays
using purified splenic CD8� T cells from day 8 LCMV-infected
B6 mice. The two peptide pools spanning the Z protein were
not positive in these assays. By contrast, 24 pools derived from
the NP, GP, and L proteins generated positive responses fol-
lowing LCMV infection. A total of 42 15-mer peptides gener-
ated reproducible responses (data not shown). Each peptide
pool contained one or more positive 15-mer peptide(s), except
one pool, for which no definitive individual peptide stimulating
a response could be identified.

Optimal epitopes map within antigenic 15-mer peptides. Of
the 42 antigenic 15-mers, 25 were nested and produced a sim-
ilar CD8� T-cell response to an already identified predicted
minimal peptide (data not shown). In several cases, two over-
lapping 15-mer peptides matched a single predicted determi-
nant, thus decreasing the number of candidates from 25 to 16.
Furthermore, 17 antigenic 15-mers did not contain a predicted
peptide. To identify the optimal candidate epitope within each
of these “unmatched” 15-mer peptides, sets of 8-mers, 9-mers,
10-mers, and 11-mers were synthesized and tested in the IFN-�
ELISPOT assay using purified splenic CD8� T cells from day
8 LCMV-infected B6 mice as effectors.

Representative data for the truncated peptides derived from

the NP236-250 15-mer are shown in Fig. 2A. At the 0.5-�g/ml
dose, three peptides of 11 amino acids in length were able to
activate CD8� T cells to a level similar to that of NP236-250,
whereas the remaining peptides generated either weak or no
responses. The optimal 11-mer peptide was mapped to NP238-
248 by analyzing the dose-dependent CD8� T-cell response to
these three 11-mer peptides (Fig. 2B). Of these 11-mers,
NP238-248 was the only peptide capable of activating CD8� T
cells at both 5 and 0.5 ng/ml.

Accordingly, we identified an additional seven optimal pep-
tides (data not shown). No clear candidate epitope could be
identified for 10 of the unmatched antigenic 15-mer peptides,
because of weak and/or inconsistent results with the original
15-mer and/or truncated peptide sets. The well-characterized
GP-specific Db 11-mer epitope, GP276-286, was independently
identified here. We also identified two NP-specific 11-mers,
NP165-175 and NP238-248, that were similar to the previously
known Db 8-mer, NP166-173, and Kb 9-mer, NP235-243, re-
spectively. In addition, we identified 4 novel L protein-derived
determinants, including 2 Kb 8-mers, 1 Kb 11-mer, and 1 Db

11-mer. These potential epitopes were missed by the predictive
approach because they contained a noncanonical Kb motif
(8-mers) or were of noncanonical size (11-mers).

Enumeration of antigen-specific CD8� T cells during LCMV
infection. In summary, the prediction approach identified 48 can-
didate epitopes. The overlapping peptide approach identified a
total of 23 potential epitopes. A combined total of 55 unique
putative LCMV-specific determinants were detected by both
epitope identification methods, the majority of which were newly
identified and derived from the L protein (data not shown). To

FIG. 2. Representative screen of optimal determinants within an antigenic 15-mer peptide. (A) The optimal epitope was mapped within a
15-mer peptide, NP236-250, by analyzing CD8� T-cell responses to a series of truncated peptides, including eight 8-mers, seven 9-mers, six 10-mers
and five 11-mers (separated by dotted lines) in an IFN-� ELISPOT assay using purified splenic CD8� T cells from LCMV-infected B6 mice 8 days
postinfection. The amino acid sequence of each peptide is indicated. Three highly antigenic 11-mer peptides, NP237-247, NP238-248, and
NP239-249, were detected. (B) Dose-dependent CD8� T-cell responses to the three antigenic 11-mer peptides were analyzed by IFN-� ELISPOT
assay to pinpoint the optimal 11-mer epitope. Only NP238-248 remained antigenic at low peptide doses and was therefore defined as the optimal
epitope within the 15-mer peptide.
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FIG. 3. Frequency of CD8� IFN-�� T cells against newly identified and known epitopes during LCMV infection. B6 mice were infected i.p.
with LCMV. Day 8 postinfection splenocytes were harvested and stimulated in vitro with or without the indicated peptides at 0.1 �g/ml (boldface
type indicates novel epitopes) in the presence of BFA and rhIL-2. Intracellular IFN-� staining was used to enumerate the number of antigen-
specific CD8� T cells. A representative analysis for each epitope is shown, where the percentage of CD8� T cells that stain positive for IFN-� is
indicated in the upper right quadrant.
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further examine the antigenicity of the 55 candidate epitopes
defined in the ELISPOT assays, we tested them in an IFN-� ICCS
assay utilizing 0.1 �g/ml of peptide. Under these stringent condi-
tions, a total of 28 different epitopes yielded positive results (at
least �1.5 standard deviation above the average background).
This threshold was based on the lowest standard deviation mea-
sured for the known epitopes. Nine of these were previously
known (GP70-77 was negative), and 19 represent novel responses
(representative data are shown in Fig. 3).

A total of 15 different L-specific novel epitopes were de-
tected with responses in the 9.2 to 0.45% range (Table 1,
background values are subtracted from the percentage of
CD8� IFN-�� cells averaged from two or more experiments).
Of the four known NP epitopes identified, the overall strongest
CD8� T-cell response was generated against the NP396-404
(12%) epitope and followed by NP205-213 (2.8%), NP165-175
(1.9%), and NP238-248 (1.8%). Within the seven GP-derived
epitopes, five were previously known with responses in the 12
to 0.42% range and four (GP44-52, GP221-228, GP365-372,
and GP166-173) with responses of 4.0%, 2.8%, 1.2%, and
0.59%, respectively, were novel.

Evaluation of relative efficacy and accuracy of different
epitope identification methods. To assess the effectiveness of
the predictive approach, the number of epitopes from Table 1
was plotted versus their rank for each H-2b allele-size combi-
nation (Fig. 4). A strong correlation was observed between
peptide antigenicity and prediction rank. In fact, each of the Kb

8-mer, Db 9-mer, and Db 10-mer with a prediction rank of one
were antigenic, and all epitopes had a prediction rank of �38
(Table 1). Therefore, testing the top 1.2% (equivalent to 40)
highest-ranking predicted epitopes (from each allele-size com-

TABLE 1. Summary of characteristics of LCMV-derived epitopes

Antigen namea

(peptide position) Peptide sequence Restriction
size

ELISPOT assay
(SFC/106 cells)

ICCS assay
(% CD8� IFN-�� cells)b

In vivo CTL assay
(% specific killing)

Prediction
rankingd

Binding affinity
(IC50 nM)e

Kb Db

GP118-125 ISHNFCNL Kb 8-mer 826 2.1 NDc 1 1.5 8,870
GP166-173 ITIQYNLT Kb 8-mer 191 0.59 ND 18 35.2 7,390
GP221-228 SQTSYQYL Kb 8-mer 209 2.8 7.8 27 7.8 64,500
GP34-41 AVYNFATC Kb 8-mer 8,923 8.2 ND 28 1.2 1,320
GP365-372 MGVPYCNY Kb 8-mer 265 1.2 ND 38 5,740 88,000
L156-163 ANFKFRDL Kb 8-mer 801 1.7 62 6 4.6 70,000
L313-320 TSTEYERL Kb 8-mer 218 0.86 ND 7 34 80,100
L775-782 SSFNNGTL Kb 8-mer 163 0.94 11 24 104 2,650
L2062-2069 RSIDFERV Kb 8-mer 931 2.5 98 26 1.1 88,000
L1189-1196 MMCPFLFL Kb 8-mer 85 0.56 ND 29 246 26,300
L1428-1435 NSIQRRTL Kb 8-mer 60 1.2 4.3 * 58,794 70,000
L1878-1885 GPFQSFVS Kb 8-mer 815 1.3 59 * 46 70,000
NP205-212 YTVKYPNL Kb 8-mer 885 2.8 ND 3 0.55 70,000
L1302-1310 INYCIGVIF Kb 9-mer 102 0.45 ND 6 86 30,600
L743-751 VFYEQMKRF Kb 9-mer 155 0.64 ND 7 344 78,500
L663-671 VVYKLLRFL Kb 9-mer 51 1.4 ND 8 43 3,460
L1369-1377 FAAEFKSRF Kb 9-mer 171 2.5 ND 21 25 6,040
L349-357 SSLIKQSKF Kb 9-mer 150 4.4 5.6 22 472 4,720
GP44-52 FALISFLLL Db 9-mer 65 4.0 4.9 3 424 1.9
GP33-41 KAVYNFATC Db 9-mer 10,024 12.2 98 25 7,000 1,439
L338-346 RQLLNLDVL Db 9-mer 720 1.1 76 1 ND 0.15
L455-463 FMKIGAHPI Db 9-mer 410 9.2 25 13 ND 188
L689-697 KFMLNVSYL Db 9-mer 41 4.6 18 14 ND 11
NP396-404 FQPQNGQFI Db 9-mer 9,576 12.4 ND 2 4,240 0.23
GP92-101 CSANNSHHYI Db 10-mer 537 0.42 ND 1 5,260 113
NP165-175 SSLLNNQFGTM Db 11-mer 999 1.9 32 * 1,040 14,000
NP238-248 SGYNFSLGAAV Kb 11-mer 1,313 1.8 91 * 0.38 172
GP276-286 SGVENPGGYCL Db 11-mer 1,885 3.5 90 * 16,400 414

a Bold font highlights novel epitopes.
b Peptide tested at 0.1 �g/ml.
c ND, not determined.
d Asterisk indicates peptides identified only by 15-mer screening approach.
e Underlining indicates high- or intermediate-affinity binders (IC50 	 500 nM).

FIG. 4. Evaluation of bioinformatics prediction accuracy and sen-
sitivity. Each line corresponds to the prediction for one H-2b allele and
peptide size. The y axis represents the number of epitopes that were
identified as a function of the prediction rank of each epitope on the
x axis. Epitope ranking is based on the predicted IC50s for each epitope
generated by the prediction algorithms.
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bination) would have been sufficient to identify all 11 Kb

8-mers, 5 Kb 9-mer, 6 Db 9-mers, and 1 Db 10-mer epitopes.
We also measured the binding capacity of the LCMV-specific
epitopes identified through the predictive approach to their
predicted H-2b molecule (Table 1). Of these epitopes, 13 bound
with high affinity (50% inhibitory concentration [IC50] 	 50 nM),
8 with intermediate affinity (IC50 	 500 nM), and 2 with low
affinity (IC50 	 6,000 nM).

We then compared the effectiveness of the predictive ap-
proach to the overlapping peptide approach. A total of 28
unique epitopes were identified by predictive and overlapping
peptide methods, which included 9 of the previously reported
epitopes. The cumulative CD8� T-cell responses generated by
individual peptide stimulation in the IFN-� ICCS assays were
defined as 100% of the response. Of the 28 epitopes identified
by our analyses, the 3 noncanonical 11-mers made up 8.2% of
the response (Fig. 5). The remaining 91.8% of the response
was composed of 25 epitopes of canonical size. Of the canon-
ical epitopes, 11 were identified by both methods (54.1%), 2 by
15-mer peptides only (2.9%), and the other 12 by predicted
peptides only (34.8%).

In total, 54.1% of the anti-LCMV response is composed of
epitopes that were identified by both methods. The 15-mer
approach including truncated peptide sets required synthesis
and testing of 1,214 peptides and identified approximately
65.2% of the overall response. By contrast, the predictive ap-
proach required synthesis and testing of 400 peptides (or 160 if
only the top 1.2% from each allele would have been synthe-
sized) and identified approximately 88.9% of the total re-
sponse.

Further characterization of the new LCMV-specific epitopes.
In the next series of experiments, the newly identified epitopes
were further characterized in comparison to the previously
known epitopes. First, we measured the frequency of TNF-�-
producing cells. In agreement with a previous study, the per-

centage of TNF-�-producing CD8� T cells was consistently
lower than that of IFN-� (2); however, all 28 LCMV peptides
generated a reproducible TNF-� response at 0.1 �g/ml (data
not shown). Subsequently, we extended the IFN-� ICCS dose-
response studies to determine 50% effective concentrations
(EC50s, defined as the peptide concentration inducing 50% of
the maximal CD8� T-cell response) for candidate known and
new epitopes.

The CD8� T-cell responses directed against the NP-specific
11-mer epitopes, NP165-175 and NP238-248, and the well-
characterized NP396-404 and NP205-212 were in a similar
EC50 range (10 to 100 pg/ml) (Fig. 6A). The EC50s for the
newly identified GP221-228 and GP44-52 epitopes (100 ng/ml)
were within the higher range of the 5 known GP-specific
epitopes (50 pg/ml to 100 ng/ml) (Fig. 6B). The epitopes de-
rived from the L protein had EC50s (50 pg/ml to 100 ng/ml)
(Fig. 6C) similar to the known GP- and NP-derived epitopes.
Overall, these titration experiments demonstrated that peptide
avidities of the newly identified LCMV-specific epitopes are
within the same range as those of the known epitopes.

We also compared the frequency of memory CD8� T cells
against the known and newly identified epitopes at 28, 115, and
239 days after LCMV infection. In general, long-term memory
CD8� T-cell frequencies remained at approximately 20 to 40%
of the day 8 response for all epitopes (data not shown). Taken
together, these experiments show that the novel epitopes iden-
tified herein induce significant primary and memory CD8�

T-cell responses as well as possessing similar peptide avidities
to the previously characterized LCMV-derived epitopes.

Total size of antigen-specific CD8� T-cell response during
LCMV infection. Intracellular IFN-� staining was used to assess
the percentage of LCMV-specific CD8� T cells responding to the
known and new epitopes. Splenocytes from B6 mice 8 days after
LCMV infection were cultured in vitro either without or with
peptides at 0.1 �g/ml each for 5 h in the presence of BFA and

FIG. 5. Comparison of epitope identification methods. The 28 LCMV-specific epitopes are categorized by size (noncanonical versus canonical),
method (predictive versus overlapping peptides), and reference (known versus new epitopes). The relative percentage of responding CD8� T cells
to each group of epitopes is shown, where the additive percentage of CD8� T cells producing IFN-� to each of the 28 individual epitopes is defined
as 100% of the response.
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rhIL-2. A peptide dose of 0.1 �g/ml was utilized, since all of the
known epitopes retained their activity at this concentration (Fig.
6). By adding CD8� T-cell responses generated by stimulation
with individual peptides, we found that the 9 previously charac-
terized epitopes (9 known) stimulated 45% of CD8� T cells,
whereas the 19 newly identified epitopes (19 new) stimulated
42% of CD8� T cells (Fig. 7A). Notably, when responses to all 28
peptides were added together (9 known plus 19 new), 87% of
CD8� T cells were stimulated. The data demonstrates that the T

cells recognizing the new epitopes make up a significant portion
(about one half) of the LCMV-specific response.

Next, we examined the sum total of CD8� T-cell responses
directed against the 28 LCMV-specific epitopes, categorized
by the viral antigen from which they were derived. Using pep-
tides at 0.1 �g/ml, we found that NP epitopes stimulated 18%
of CD8� T cells, whereas GP epitopes stimulated 35% of
CD8� T cells (Fig. 7B). The L epitopes contributed to 34% of
the CD8� T-cell response, again emphasizing that epitopes

FIG. 6. CD8� T-cell dose-dependent response against known and newly identified LCMV-specific epitopes. Splenocytes from day 8 LCMV-
infected mice were stimulated with candidate NP-specific peptides (A), GP-specific peptides (B), and L-specific peptides (C) from 10 pg/ml to 1
�g/ml. Intracellular IFN-� staining was used to enumerate the number of antigen-specific CD8� T cells. Data are presented as relative percentages
of CD8� T cells that produce IFN-� following peptide stimulation, where 100% is defined as the maximal response regardless of the peptide dose
tested. Closed markers indicate known epitopes, whereas open markers indicate newly identified epitopes. The dotted line indicates half of the
maximal CD8� T-cell response, which was used to define the EC50 of each peptide. Data represent results from one of two or more independent
experiments.
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derived from the L protein make up a significant portion of the
overall CD8� T-cell response to LCMV.

Finally, we compared the percentage of antigen-specific
CD8� T cells to the population of activated CD8� CD44hi T
cells in the spleen. We found that approximately 91% � 3.7%
of CD8� T cells stain for CD44, which closely correlates with
the frequency of CD8� T cells responding to the 28 epitopes
identified in this study (Fig. 7C and D).

In vivo cytotoxic killing of L peptide-pulsed target cells
during LCMV infection. After establishing that L-specific pep-
tides are recognized by a significant fraction of CD8� T cells
during LCMV infection of B6 mice, we examined the specific
killing of L peptide-coated targets in vivo to further character-
ize the primary antiviral response against the L protein. Cyto-
toxicity was assessed by transferring peptide-labeled B6.SJL/J
splenocytes into day 8 LCMV-infected B6 recipient mice.

After 5 h in vivo, we observed a 98% � 2.2% and 90% �
3.5% reduction in targets coated with the control GP33-41 and

GP276-286 peptides, respectively, compared to the unlabeled
marker population (representative data are shown in Fig. 8A).
As expected, peptide-coated targets transferred into naive B6
mice were not killed. The specific killing induced by L455-463,
L2062-2069, and L156-163 epitopes, which stimulated a high,
medium, and low percentage of CD8� T cells compared to the
known epitopes, respectively, was measured next. A high level
of cytotoxicity (98% � 0.80%) was observed against targets
labeled with L2062-2069 (Fig. 8A), similar to the degree of
cytotoxicity observed for GP33-41- and GP276-286-coated
targets. A lower level of cytotoxicity was seen for L156-163
(62% � 16%) and L455-463 (25% � 14%) peptide-coated
target cells.

We also observed that the level of killing did not correlate
with the percentage of CD8� IFN-�� T cells specific for the
L455-463 epitope. To further investigate the relationship be-
tween cytolytic activity and IFN-� production, the in vivo cy-
totoxic potential for 11 of the newly defined epitopes was

FIG. 7. Newly identified epitopes significantly contribute to overall magnitude of CD8� T cell response against LCMV. (A) Splenocytes from
day 8 LCMV-infected mice were stimulated with individual peptides at 0.1 �g/ml. The percentage of CD8� T cells specific to either known or new
epitopes was measured by intracellular staining for IFN-�. The 9 previously characterized epitopes (9 known) consisted of the sum of responses
against NP396-404, NP205-213, NP165-175, NP238-248, GP33-41, GP34-41, GP276-286, GP118-125, and GP92-101. The sum total response
against the 19 new peptides was composed of GP44-52, GP221-228, GP365-372, GP166-173, L455-463, L349-357, L689-697, L2062-2069,
L1369-1377, L156-163, L1878-1885, L1428-1435, L775-782, L338-346, L313-320, L663-671, L1189-1196, L743-751, and L1302-1310. (B) CD8�

T-cell responses were categorized by viral antigen. The NP response is against 4 NP epitopes, GP response against 9 GP epitopes, and L response
against 15 L epitopes. (C) Total percentage of CD8� CD44hi T cells from day 8 LCMV-infected mice. Splenocytes were stained for CD8 and CD44,
and the percentage of double-positive cells is indicated in the upper right quadrant. Results are representative of six independent experiments.
(D) Comparison of the percentage of CD8� CD44hi T cells to the percentage of epitope-specific CD8� IFN-�� T cells from LCMV-infected B6
mice on day 8 postinfection.
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FIG. 8. Functional role of L epitopes in vivo during acute LCMV infection. (A) Specific in vivo cytotoxicity of L peptide-coated target cells.
Day 8 LCMV-infected B6 mice were intravenously injected with CFSE-labeled target cells coated with GP33-41, GP276-286, L2062-2069,
L455-463, or L156-163 peptide (n 
 3). After 5 h, spleens were harvested and analyzed for specific killing of peptide-coated targets. Representative
histograms for each peptide are gated on CD45.1� target cells in the spleen. Ratios of relevant peptide-coated (CFSEhigh) and unlabeled marker
(CFSElow) donor cell populations were used to determine percentages of specific killing. Numbers correspond to the percentage of target cells
killed. Data represent results from one of three independent experiments. (B) Comparison between cytotoxic activity and the percentage of
antigen-specific CD8� T cells producing IFN-�. Each square represents the percentage of specific killing and the percentage of CD8� IFN-�� T
cells for 11 of the newly defined LCMV epitopes, GP33-41, GP276-286, NP165-175, and NP238-248. (C) Impact of L peptide vaccination on virus
titer. B6 mice were primed with GP33-41 (open squares), L2062-2069 (closed squares), L156-163 (open circles), L455-463 (closed circles), or mock
control (open triangles) with DMSO emulsified in incomplete Freund’s adjuvant (n 
 5). Twelve days later, mice were challenged i.p. with 1 �
105 PFU LCMV. Virus titers were calculated per gram of spleen. When no plaque growth was detected, values were set at the threshold of
detection (log10 PFU/gram spleen 
 4.3). Horizontal lines indicate mean values. Results are representative of two independent experiments.
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measured (the percentage of specific killing averaged from two
experiments is shown in Table 1) and compared to GP33-41,
GP276-286, NP165-175, and NP238-248. The averaged cyto-
toxicity values were then plotted versus the frequency of CD8�

IFN-�� T cells for each epitope (Fig. 8B). The curve repre-
sents the fit of a rate equation model, assuming a rate of
specific killing proportional to the number of antigen-specific
CD8� IFN-�� T cells times the number of peptide-pulsed
target cells. Overall, a positive correlation was observed be-
tween the level of cytotoxicity and IFN-� production for the
majority of epitopes. However, three outlying epitopes, L349-
357, L455-463, and NP165-175, on the lower right of Fig. 8B
were not included in the model fit. Interestingly, these outlying
T-cell subsets produced significant levels of IFN-� but only
generated low levels of in vivo killing.

Protection from LCMV challenge is dependent on the level
of in vivo cytotoxicity. Since epitopes derived from the L pro-
tein were effective at generating IFN-� and TNF-� responses
as well as inducing significant levels of cytotoxicity, we exam-
ined whether priming of B6 mice with L peptides would confer
protection against a subsequent virus challenge. B6 mice were
immunized with GP33-41, L2062-2069, L156-163, L455-463, or
a mock control with DMSO. Twelve days after peptide immu-
nization, mice were challenged i.p. with a 1 � 105-PFU dose of
LCMV Armstrong. As shown in Fig. 8C, priming the mice with
GP33-41 peptide conferred protection against LCMV chal-
lenge. Protection against infection was also seen for the L
epitope, L2062-2069. For both GP33-41 and L2062-2069 pep-
tide-primed mice, significant reductions in virus titers at day 4
postinfection were observed (Fig. 8C). L156-163 peptide-
primed mice were only moderately protected following virus
challenge. In contrast, the L455-463 peptide-primed and mock-
primed mice were not able to control LCMV infection.

We then determined whether the protective capacity of the
L peptides was dependent on the cytolytic activity and/or
IFN-� production of the L-specific CTLs. For L2062-2069,
L156-163, and L455-463 epitopes, we observed that viral load
in peptide-primed mice was inversely correlated with the cyto-
lytic activity of the L-specific CD8� T cells. Furthermore, the
protective capacity of the L peptides seemed independent of
IFN-� production since L2062-2069- and L455-463-specific
CD8� T cells produced moderate and high amounts of IFN-�,
respectively, but vastly differed in their protective capacity.
Thus, priming with a peptide derived from the L protein can
confer protective immunity to virus challenge and is largely
dependent on the cytotoxic potential of the L-specific CD8� T
cells.

DISCUSSION

In this study, we performed a comprehensive screen of the
entire LCMV Armstrong proteome, including the GP, NP, L,
and Z proteins, with the main purpose of reexamining immu-
nodominance in the LCMV system. This reevaluation was
prompted by the observation that a significant fraction of the
CD44hi-specific CD8� T-cell response was not accounted for
by known epitopes. These comprehensive analyses confirmed
the antigenicity of previously characterized epitopes from GP
and NP, and at the same time, identified four new epitopes
from the GP protein. Two of the 11-mer NP epitopes, NP165-

175 and NP238-248, overlapped with the two NP 15-mer pep-
tides documented in a recent study by van der Most et al.,
where the antigenicity of 15-mer peptides spanning LCMV
Armstrong GP and NP was examined by IFN-� ICCS (31). No
epitope was identified from the Z protein, probably because of
its small size (�99 amino acids). Strikingly, a total of 15 novel
epitopes from the RNA polymerase L protein, not previously
believed to be antigenic, were identified here. The identifica-
tion of these new epitopes, the majority of which were derived
from the L protein, demonstrates that the overall breadth of
the LCMV-specific CD8� T-cell response is more complex
than previously appreciated.

The identification of novel LCMV-derived epitopes raised
the question of functional significance of each of these
epitopes during LCMV infection of H-2b mice. We addressed
this by comparing the characteristics of the known epitopes to
the newly defined epitopes through several different functional
assays. We found that the new epitopes induced responses of
similar magnitude and have TCR peptide avidities, primary
TNF-� responses, and memory IFN-� responses similar to
those of the previously characterized epitopes. Several of the
new epitopes, including four L epitopes, induced significant
levels of in vivo cytotoxicity. We found that there was an
overall positive correlation between IFN-� production and cy-
tolytic activity. However, not all epitopes fit this model, sug-
gesting that in some cases IFN-� production is independent of
CTL activity. This phenomenon might be linked to peptide
avidity for either MHC or T-cell receptor (TCR) molecules. By
extending this comparison to the protective capacity of the L
peptides, we observed that L peptides could confer protection
if the corresponding L-specific CTLs had high cytolytic poten-
tial. Interestingly, the protective capacity of the L peptides
appeared to be largely independent of IFN-� production. In
addition, it appears that in some instances cytotoxicity and
protection might not always be correlated with TCR peptide
avidity. For example, the L2062 peptide appears to have a high
affinity to the Kb molecule (1.1 nM) but a low avidity to the
TCR. Even with the low TCR avidity, the L2062 peptide trig-
gered the strongest killing and the highest level of protection of
the three L peptides tested. Taken together, this suggests that
the L peptides are present in sufficient quantities during
LCMV infection and reinforces the functional importance of
the L-specific CD8� T-cell response.

In this study, we also observed unrealistically large CD8�

T-cell responses directed against LCMV when using high doses
of stimulating peptide. For instance, adding together individual
CD8� T-cell responses produced with 1 �g/ml of peptide in
IFN-� ICCS assays led to nonrealistic estimates of total re-
sponses that were greater than 110% of CD8� T cells. Thus,
when measuring CD8� T-cell frequencies, high peptide con-
centrations should be interpreted with care (6, 15) and lower
doses might be more physiologically relevant (2). Accordingly,
in our study, when characterizing the novel epitopes, we en-
sured that high peptide concentrations were not used.

When determining the total LCMV-specific CD8� T-cell
response, we found that the percentage of activated CD8�

CD44hi T cells generated against LCMV was in the 87 to 95%
range. This is in agreement with a recent study that used
CD44hi expression along with granzyme B, 1B11, CD62L,
CD11a, and CD127 expression to estimate the number of ac-

4938 KOTTURI ET AL. J. VIROL.



tivated CD8� T cells in LCMV-infected B6 mice, where ap-
proximately 85 to 95% of CD8� T cells exhibited an effector
phenotype at day 8 postinfection (17). Total virus-specific
CD8� T-cell responses have also been estimated by using vi-
rus-infected MHC class I-matched cells as stimulators (13, 19).
Nevertheless, in the case of LCMV infection of H-2b mice, no
information is available, and as we found, the results with
infected cells were highly variable (data not shown). Alterna-
tively, the total LCMV-specific response has been estimated by
adding individual epitope-specific CD8� T-cell responses (20).
Overall, we found that the percentage of CD8� CD44hi T cells
closely correlated with the epitope-specific response when us-
ing individual peptides at low doses, thus suggesting that there
is very little bystander T-cell activation during acute LCMV
infection and that the greater part of the CD8� T-cell response
to LCMV was mapped in this study.

Prior to this study, H-2b-restricted epitopes derived from the
L protein had not been reported. One previous study intimated
that H-2b mice infected with a viral variant of LCMV Arm-
strong mounted CD8� T-cell responses against the L protein;
however, no L-specific epitopes were documented (16). There-
fore, we were surprised by the large number of L epitopes
identified in our study. In fact, a significant portion of the
overall LCMV-specific CD8� T-cell response was “hidden”
within the L protein. Supporting our findings, a recent study
has identified an H-2d-restricted epitope located within the L
protein, further demonstrating L protein antigenicity (5). The
antigenicity of the L protein has been generally discounted
because of early reports on the low level of mRNA transcrip-
tion and protein expression of the polymerase both in vitro and
in vivo (10–12). Furthermore, L epitopes have been over-
looked in previous studies searching for novel LCMV-derived
epitopes, since these studies only focused on the antigenicity of
GP and NP and did not extend their analysis over the entire
LCMV proteome (31, 32). The unearthing of L epitopes sug-
gests that proteins made in small quantities during viral infec-
tion are capable of being recognized and inducing a substantial
CD8� T cell response.

Our study also allows a side-by-side comparison of two pop-
ular epitope identification methods, namely, MHC binding
prediction and overlapping 15-mer peptides. Only the top 160
peptides were required to capture all of the antigenic peptides
found by the predictive method. Fewer peptides were required
in comparison to the overlapping peptide approach, but the
predictive approach was unable to identify epitopes greater
than 10 amino acids in length or determinants containing non-
canonical Kb or Db binding motifs. The overlapping peptide
approach identified a smaller fraction of the overall response
(approximately 65% compared to 89%). In addition, a larger
number of peptides were initially screened, and several hun-
dreds of peptides were required to map the minimal epitope
within each positive 15-mer.

We established that the overall breadth of CD8� T-cell
responses against LCMV is broader than previously thought.
Based on these results, current models for T-cell specificity and
immunodominance should be adjusted to include the newly
defined epitopes. Taken together, the data presented in this
study illustrates that even though LCMV infection of H-2b

mice is one of the most well-characterized systems for studying

viral infection, new aspects of the virus interaction with its host
continue to be discovered.
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