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We show here that T cell cross-reactivity between heterologous viruses influences the immuno-
dominance of virus-specific CD8+ T cells by two mechanisms. First,T cells specific for cross-reactive
epitopes dominate acute responses to viral infections; second, within the memory pool, T cells
specific for cross-reactive epitopes are maintained while those specific for non-cross-reactive
epitopes are selectively lost. These findings suggest an immunological paradigm in which viral
infections shape the available T cell repertoire, causing alterations in the hierarchies of both the
primary and memory CD8+ T cell responses elicited by subsequent viral infections. Thus,
immunodominance is a function of the host’s previous exposure to unrelated pathogens, and this may
have an impact on protective immunity and immunopathology.
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T cell immunodominance and 
maintenance of memory regulated by 
unexpectedly cross-reactive pathogens

Antigen recognition by CD8+ T cells has a degenerate nature1, but the
ramifications for T cell cross-reactivity in vivo are still not completely
understood. Promiscuous antigen recognition has been observed for
virus-specific CD8+ T cells, with cross-reactive responses between
viruses as diverse as influenza and rotavirus2 or influenza and hepati-
tis C virus3. Cross-reactive cytotoxic T lymphocytes (CTLs) against
unrelated viruses such as lymphocytic choriomeningitis virus
(LCMV), Pichinde virus (PV) and vaccinia virus were easily observed
when hosts that were immune to one virus were challenged with a sec-
ond virus, which promoted the outgrowth of cross-reactive clones4. We
postulated that cross-reactivity between heterologous viruses is a rela-
tively common event and can have marked consequences, including
enhancement of protection against subsequent virus challenge5, induc-
tion of immunopathology6 and shaping of the T cell memory pool7.
The recent identification of cross-reactive epitopes—which share
seven of nine amino acids (aa)—between the common, but heterolo-
gous, human pathogens influenza and hepatitis C virus3, highlights the
need for us to fully understand the repercussions of previous infections
on an individual’s ability to respond to subsequent challenges with
pathogens. We define here distinct cross-reactive epitopes and show
that virus cross-reactivity influences T cell immunodominance, chang-
ing hierarchies of the virus-specific CD8+ T cells during acute respons-
es and in the memory pool.

Virus-specific CD8+ T lymphocytes recognize short, 8–11 aa–long,
peptides that are derived from viral proteins and presented in the con-
text of major histocompatibility complex (MHC) class I molecules on
the surface of infected cells8. Of the many virus-derived peptides that

are processed and presented, relatively few stimulate strong CD8+ T
cell responses. The peptides that are targets for virus-specific T cells are
generally recognized in a distinct hierarchy of dominance with some
being strong (immunodominant), others being weak to barely
detectable (subdominant) and still others being detectable only in the
absence of dominant epitopes (cryptic)9. The hierarchies of CD8+ T cell
responses in mice of various haplotypes have been well defined for
numerous viruses, including herpes simplex virus (HSV)10, influenza
virus11,12, LCMV13–16, murine gammaherpesvirus 6817,18, Sendai virus19,
simian virus 40 (SV40)20 and vesicular stomatitis virus (VSV)21. The
determinants recognized in various virus models range from systems in
which there is a single immunodominant epitope—such as HSV10,
Sendai virus22 and VSV21—to more complex models—such as influen-
za12,23, LCMV24 and SV4025—that have multiple dominant epitopes. The
hierarchies of T cell responses elicited by viral infections of immuno-
logically naïve animals are generally very stable.

The factors that influence immunodominance are not well under-
stood, and the epitope hierarchy for T cell responses against any given
virus is probably shaped by a combination of factors that operate con-
currently. Elements that influence immunodominance hierarchies
include the efficiency of peptide processing and presentation, the affin-
ity of the peptide for the presenting MHC molecule, the overall number
of peptide-MHC complexes, the available T cell receptor (TCR) reper-
toire and the phenomenon of immunodomination in which T cells spe-
cific for immunodominant peptides suppress responses to other viral
epitopes9. Examination of human HIV-specific CD8+ T cell responses
showed that immunodominance hierarchies may not be as stable in
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humans as in murine models. Virus-specific CD8+ T cells generated in
individual HLA-A2+HIV-1+ patients showed extreme variability in hier-
archies for known HLA-A2–restricted epitopes derived from HIV pro-
teins26. A plausible explanation for this variability is that the non-
matched HLA molecules expressed between the patients alter the
immunodominance hierarchies. For instance, the immunodominance
hierarchy of H-2b–restricted, influenza-specific T cell responses is
changed in (H-2b × H-2k)F1 mice23. However, HIV-1+ patients that coex-
press the same alleles, HLA-A2, HLA-A3 and HLA-B7, maintain
marked diversity in the hierarchies of the HIV-specific T cell respons-
es, suggesting that immunodominance may be influenced by factors
that have yet to be determined27.

We identify here four CD8+ T cell epitopes for PV and show that 
T cells specific for one PV-encoded subdominant epitope cross-react
with a subdominant LCMV epitope. Our data indicate that previous
infection with either LCMV or PV markedly amplifies the T cell
response against the cross-reactive peptide after challenge with heterol-
ogous virus, but not with the homologous virus. In addition, previous
infection with either LCMV or PV disrupted the overall hierarchy of
epitope-specific T cells elicited after challenge with the heterologous
virus. The alteration of immunodominance was evident in virus-specif-
ic T cell memory, with cross-reactivity affecting both the maintenance
and the initial establishment of CD8+ memory as T cells specific for
cross-reactive epitopes were maintained while non-cross-reactive T cells
were lost.

Results
Hierarchy of virus-specific CD8+ T cell responses
Six virus-derived peptides have been identified as H-2b–restricted epitopes
for LCMV-specific CD8+ T cells13–16; we evaluated four of these peptides
(Fig. 1a). Two of the LCMV peptides are derived from the glycoprotein,
GP(33–41) (KAVYNFATC) and GP(276-286) (SGVENPGGYCL), and
two are derived from the nucleoprotein, NP(205–212) (YTVKYPNL) and
NP(396–404) (FQPQNGQFI). The NP(396–404), GP(33–41) and
GP(276-286) peptides are restricted by H-2Db and NP(205–212) is
restricted by H-2Kb. The hierarchy of the epitope-specific CD8+ T cell
responses induced by LCMV infection was determined by intracellular
interferon-γ (IFN-γ) staining (Fig. 1a). GP(33–41) and NP(396–404)

elicited strong responses, whereas GP(276-286) elicited a moderate
response; all three peptides are considered immunodominant epitopes.
NP(205–212) elicited weak responses and is considered a subdominant
epitope15. This hierarchy of immunodominance is very reproducible
between experiments and persists into memory28. Additionally, we have
defined four epitopes encoded for by PV, three immunodominant epi-
topes—NP(16–25) (RGLSNWTHPV), NP(38–45) (SALDFHKV) and
NP(122–132) (VYEGNLTNTQL)—were identified by screening over-
lapping 20 aa that spanned the PV nucleoprotein and one very weak sub-
dominant epitope, NP(205–212) (YTVKFPNM) (Fig. 1b). The PV pep-
tides NP(16–25) and NP(122–132) are restricted by H-2Db; and
NP(38–45) and NP(205–212) are restricted by H-2Kb (data not shown). 
T cell responses elicited by either virus did not recognize the immun-
odominant peptides derived from the heterologous virus.

H-2Kb–restricted PV and LCMV epitope similarity
We tested the hypothesis that T cell cross-reactivity between heterolo-
gous viruses is a key factor in the development of immunodominance
hierarchies for T cells. However, examination of the role cross-reac-
tivity plays in shaping T cell hierarchies was complicated by the lack
of defined cross-reactive peptides between viruses. LCMV and PV
showed a very low amount of T cell cross-reactivity, which was
detectable only after challenge of LCMV-immune mice with PV4. A
comparison between the amino acid sequences of the LCMV-derived
T cell epitopes and the corresponding PV sequences revealed a high
degree of sequence similarity with the subdominant NP(205–212) epi-
tope but limited similarity with the immunodominant peptides. The
sequence of LCMV NP(205–212) contains the predicted Kb-binding
motif29, with a tyrosine at position 5 and a hydrophobic leucine at the
COOH terminus. PV NP(205–212) varied from its LCMV counterpart
at these two positions, with a phenylalanine at position 5 and a methio-
nine at position 8; both amino acids can function as anchoring residues
for MHC binding. The relative H-2Kb–binding affinities for LCMV
NP(205–212) and PV NP(205–212) were compared with an MHC sta-
bilization assay; they were identical, with peptide concentrations rang-
ing from 100 µM to 0.02 µM (data not shown). Although these two
epitopes share six of eight amino acid residues, their antigenic proper-
ties did not appear to be identical: infection with PV consistently
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Figure 1. Stable immunodominance hierarchy of the CD8+

T cell responses elicited by LCMV or PV infection.
Splenocytes from B6 mice acutely infected with either LCMV 
(8 days after challenge) or PV (7 days after challenge) were exam-
ined by intracellular IFN-γ staining after stimulation with either 
(a) LCMV-derived peptides or (b) PV-derived peptides. The num-
bers represent the percentage of IFN-γ–producing CD8+ T cells.
Data are from an individual mouse and are representative of three
separate experiments. LCMV NP396, LCMV NP(396–404); LCMV
NP205, LCMV NP(205–212); LCMV GP33, LCMV GP(33–41);
LCMV GP276, LCMV GP(276–286); PV NP16, PV NP(16–25); PV
NP38, PV NP(38–45); PV NP122, PV NP(122–132); PV NP205, PV
NP(205–212).
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elicited a higher frequency of CD8+ T cells specific for PV
NP(205–212) than for LCMV NP(205–212). There was an average
1.7-fold increase for PV NP(205–212) in five experiments, as deter-
mined by intracellular IFN-γ staining.

Cross-reactivity of CD8+ T cells on NP(205–212)
To assess the cross-reactive nature of PV NP(205–212), the acute
responses elicited by infection with either LCMV or PV were compared
for their ability to lyse virus-infected target cells (Fig. 2a) or
NP(205–212)-pulsed target cells (Fig. 2b). Splenocytes from mice
infected with either LCMV or PV lysed target cells infected with the
homologous virus but not with the heterologous virus (Fig. 2a), con-
firming the concept that any cross-reactivity between the viruses is very
low4. In cytotoxicity assays, cells pulsed with high concentrations of
peptide are more sensitive targets than virus-infected cells, allowing for
the detection of epitope-specific CD8+ T cells present at lower frequen-
cies. We found that splenocytes from mice infected with either PV or
LCMV lysed target cells pulsed with either LCMV NP(205–212) or PV
NP(205–212) (Fig. 2b). Infection of mice with PV failed to elicit a
response against LCMV NP(396–404), whereas effector
cells induced by LCMV efficiently lysed NP(396–404)-
pulsed target cells. Splenocytes from naïve mice did not
show cytotoxicity against any target cells above back-
ground amounts. In vitro stimulation of splenocytes from
LCMV-immune mice with either LCMV NP(205–212) or
PV NP(205–212) generated T cell cultures with compa-
rable lytic activity against target cells pulsed with either
of the two peptides but not with NP(396–404) (data not
shown). Finally, using intracellular IFN-γ staining, we
showed that T cells induced by either virus recognized
cells coated with NP(205–212) encoded by either virus
(Fig. 1). Together these studies suggest that LCMV
NP(205–212) and PV NP(205–212) induce cross-reactive
CTL responses.

Low frequency of memory NP(205–212)-specific T cells
LCMV-immune mice are more resistant to PV challenge than naïve mice5.
Previous infection with PV also affords some protection against LCMV
challenge. It was proposed that this protection was mediated by the pres-
ence of cross-reactive CD8+ T cells in the memory population of these
immune animals, but cross-reactive epitopes were not identified. The fre-
quency of NP(205–212)-specific memory T cells in PV-immune mice was
on average less than that in LCMV-immune mice; it ranged from unde-
tectable to 0.6% of the CD8+ T cells in PV-immune mice. Memory CD8+

T cells specific for the LCMV immunodominant epitopes NP(396–404)
and GP(33–41) were present at high frequencies in LCMV-immune mice
but were undetectable in PV-immune mice (Fig. 3a). Memory CD8+

T cells specific for the PV immunodominant epitopes NP(16–25),
NP(38–45) and NP(122–132) were present at high frequencies in PV-
immune mice but were undetectable in LCMV-immune mice (Fig. 3b).
However, a very low frequency of cross-reactive NP(205–212)-specific 
T cells was found in both LCMV-immune and PV-immune mice, and we
questioned whether this would allow for their early expansion after het-
erologous challenge and result in protection.
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Figure 2. Cross-reactivity between LCMV and PV is not evident with virus-infected targets but is detectable with LCMV NP(205–212) and PV
NP(205–212). (a) Splenocytes from B6 mice that were acutely infected with either LCMV (8 days after challenge) or PV (7 days after challenge) were examined with a
standard cytotoxicity assay against virus-infected MC57G target cells. (b) Splenocytes from naïve B6 mice or B6 mice that were acutely infected with either LCMV or PV
were examined with a standard cytotoxicity assay against peptide-pulsed RMA target cells. E:T, effector to target ratio.
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Figure 3. NP(205–212)-specific T cells are present in both
LCMV-immune and PV-immune mice. Splenocytes from
either PV-immune or LCMV-immune mice were examined by intra-
cellular IFN-γ staining. The numbers represent the percentage of
IFN-γ–producing CD8+ T cells. (a) LCMV-encoded peptides and (b)
PV-encoded peptides were used. Data are representative of three
separate experiments.
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Dominant LCMV epitope in PV-immune mice
The data above show that LCMV and PV share a subdominant epitope,
and that mice infected with either virus maintain memory T cells spe-
cific for the cross-reactive peptides. To explore the impact of T cell
cross-reactivity on the induction of virus-specific CD8+ T cells, we
used intracellular cytokine staining to measure IFN-γ production by
epitope-specific T cells generated in either age-matched naïve or PV-
immune mice that were acutely infected with LCMV (Fig. 4a). The
lack of cross-reactive neutralizing antibody responses between LCMV
and PV allows for individual mice to be sequentially infected with
these two viruses without a reduction in viral antigen by antibodies30.
Naïve mice infected with LCMV mounted a CD8+ T cell response with
a normal epitope hierarchy. In contrast, the hierarchy of the LCMV-
specific T cell response generated in PV-immune mice was altered,
with a marked increase in the frequency of NP(205–212)-specific 
T cells. Additionally, the T cell responses specific for the normally
immunodominant LCMV epitopes were decreased compared to those
in naïve mice.

Intracellular IFN-γ staining is dependent on the ability of individual 
T cells to secret IFN-γ in response to peptide stimulation. To exclude the
possibility that nonfunctional LCMV-specific T cells were present in
PV-immune mice infected with LCMV, splenocytes from PV-immune or
naïve mice that were infected with LCMV were stained with peptide-
loaded MHC–immunoglobulin G1 (IgG1) dimers31. Both the suppres-
sion of NP(396–404)- and GP(33–41)-specific T cell responses and the
amplification of NP(205–212)-specific T cell responses in PV-immune
mice infected with LCMV were confirmed with the MHC-IgG1 dimers
(Fig. 4b). The control MHC-IgG1 dimers—influenza NP(366–374) for
Db and ovalbumin peptide OVA(257–264) for Kb—stained in back-
ground amounts. These results indicated that the reduction of CD8+

T cells specific for the LCMV immunodominant epitopes cannot be
attributed to the presence of nonfunctional or non-IFN-γ–producing 
T cells. The increase in NP(205–212)-specific T cells and decreases in
the immunodominant-specific responses were also reflected in the total
numbers of CD8+ T cells (Fig. 4c).

Because studies of antiviral T cell responses in humans generally use
peripheral blood, it was of interest to determine whether alterations in
immunodominance hierarchies would be detectable in the peripheral
blood of mice exposed to multiple viruses (Fig. 5). Naïve mice infect-
ed with LCMV mounted a CD8+ T cell response with a normal epitope
hierarchy in the peripheral blood (Fig. 5a). As shown above with
splenocytes, the frequency of NP(205–212)-specific T cells was
markedly elevated in the peripheral blood of the four PV-immune mice
infected with LCMV, ranging between 7–28% of the CD8+ T cells. In
two of the four PV-immune mice infected with LCMV (Fig. 5b,d), 
T cell responses specific for the normally immunodominant LCMV
epitopes were markedly decreased. The immunodominant epitope-spe-
cific T cells generated in the remaining two PV-immune mice infected
with LCMV (Fig. 5c,e) were affected less, but were still lower in fre-
quency than the responses in naïve mice infected with LCMV. These
results showed that previous virus infections can greatly alter immun-
odominance hierarchies during subsequent infections, with increases in
the frequency of cross-reactive T cells and suppression of T cell
responses against non-cross-reactive epitopes. The variability in
responses elicited by secondary viral infection was consistent with the
concept that genetically identical mice develop distinctive TCR reper-
toires32, which may promote variations in cross-reactivity between indi-
vidual mice.

Early LCMV response in PV-immune mice
Studies of heterologous immunity have shown that previous infection
with either LCMV or PV provides partial protection against heterolo-
gous viral infection as early as 4 days after challenge5. In the spleens of
LCMV-immune mice compared to naïve mice challenged with PV, there
was a significant 97% reduction in the viral titer (LCMV-immune, 3.2 ±
0.3 log PFU/ml; naïve, 4.7 ± 0.4 log PFU/ml; P < 0.05, n = 5 mice per
group). There was a more modest, but still significant, 50% reduction in
LCMV splenic titers upon challenge of PV-immune mice compared to
naïve mice (PV-immune, 5.3 ± 0.2 log PFU/ml; naïve, 5.6 ± 0.2 log
PFU/ml; P < 0.05, n = 5 mice per group). Based on these observations,
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Figure 4. Previous infection with PV alters the
hierarchy of the CD8+ T cell response elicited
by acute LCMV infection. (a) Splenocytes from
naïve or PV-immune mice acutely infected with
LCMV (8 days after challenge) were examined by
intracellular IFN-γ staining. The numbers represent
the percentage of IFN-γ–producing CD8+ T cells.
(b) Splenocytes from naïve or PV-immune mice
acutely infected with LCMV were stained with the
indicated peptide-loaded MHC-IgG1 dimers. Data
are representative of three separate experiments.
(c) Numbers of IFN-γ–secreting, epitope-specific 
T cells generated in naïve mice infected with LCMV
or in PV-immune mice infected with LCMV.
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we speculated that the cross-reactive NP(205–212) T
cell response would develop earlier than the response
to other immunodominant epitopes. Therefore, we
examined CD8+ T cell responses on days 4, 5 and 6
after challenge in groups of three or four mice by intra-
cellular IFN-γ staining (Web Fig. 1 online). In naïve
mice infected with LCMV, NP(396–40)-, GP(33–41)-
and NP(205–212)-specific T cells were detected
directly ex vivo by intracellular IFN-γ staining 6 days
after challenge and had a standard hierarchy of domi-
nance (Web Fig. 1a–c online). In contrast, PV-immune
mice infected with LCMV preferentially mounted an
NP(205–212)-specific response that began to expand
on day 5 after challenge and became dominant on day
6. The frequencies of NP(396–404)- and GP(33–41)-
specific responses were reduced on day 6 relative to
the numbers in infected naïve mice. CD8+ T cells spe-
cific for PV NP(38–45) were not detectable in naïve
mice infected with LCMV (Web Fig. 1d online). These results showed
that alterations in the hierarchy of CD8+ T cells after LCMV infection of
PV-immune mice were evident early during the immune response,
which was consistent with the earlier anamnestic-like response of mem-
ory T cells. The cross-reactive T cells would be, therefore, available
more rapidly to clear the second virus.

Dominant PV epitope in LCMV-immune mice
Acute PV infection of naïve C57BL/6 (B6) mice was dominated by
responses against the PV peptides NP(16–25), NP(38–45) and
NP(122–132), with a low but detectable response against NP(205–212)
(Fig. 6a). In contrast, acute PV infection of LCMV-immune mice
induced enhanced, 10- to 20-fold increased, responses against LCMV
NP(205–212) and PV NP(205–212) (Fig. 6a–d). In LCMV-immune
mice challenged with PV the responses against the three immunodomi-
nant peptides were markedly decreased compared to PV infection in
naïve mice (Fig. 6b,c). The reduced frequency of the normally immuno-
dominant responses correlated with the expansion of the cross-reactive

NP(205–212)-specific T cells. The total number of NP(205–212)-spe-
cific CD8+ T cells also increased during acute PV infection of LCMV-
immune mice compared to the numbers in naïve mice infected with PV
(Fig. 6d). These results demonstrated that previous infection with a
virus encoding a cross-reactive epitope shifted the normally subdomi-
nant NP(205–212)-specific T cell response generated by infection into a
dominant response and suppressed responses against the non-cross-
reactive epitopes.

Homologous virus challenge
Our data showed that previous viral infection markedly altered the
immunodominance hierarchy of T cells responding to a secondary chal-
lenge with a heterologous virus encoding a cross-reactive peptide. To
determine whether the same alterations in hierarchies could be observed
after homologous virus challenge, we used the intracellular IFN-γ assay
to examine T cell responses generated in either LCMV-immune or 
PV-immune mice challenged with the homologous virus. Rechallenge
of LCMV-immune mice with LCMV focused the T cell response on the

631

Figure 6. Previous infection with LCMV alters the hierarchy
of the CD8+ T cell response elicited by acute PV infection.
Splenocytes from (a) naïve mice that were acutely infected with PV or
(b,c) LCMV-immune mice that were acutely infected with PV were
examined by intracellular IFN-γ staining (7 days after challenge). Data
are representative of three separate experiments.The numbers rep-
resent the percentage of IFN-γ–producing CD8+ T cells. (d) Numbers
of epitope-specific T cells generated in naïve mice infected with PV or
in LCMV-immune mice infected with PV.The results are average data
from four individual mice.
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Figure 5. Lymphocytes in peripheral blood from PV-
immune mice infected with LCMV display alterations in
immunodominance hierarchies. Lymphocytes in peripheral
blood isolated from either (a) naïve or (b–d) PV-immune mice
that were acutely infected with LCMV 8 days after challenge
were examined by intracellular IFN-γ staining.The numbers rep-
resent the percentage of IFN-γ–producing CD8+ T cells.
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immunodominant NP(396–404) peptide, with only a weak response
against NP(205–212) (Web Fig. 2a online). A similar trend was seen
with the rechallenge of PV-immune mice with PV (Web Fig. 2b online);
in this case, the NP(38–45)-specific T cell response was dominant.
Thus, the results indicated that this disruption of T cell immunodomi-
nance occurred only with heterologous virus challenge.

Cross-reactivity in maintaining and establishing memory
Infection of LCMV-immune mice with PV and other viruses decreases
the overall magnitude of the LCMV-specific CD8 memory pool7, with
variations in memory cell loss being dependent on epitope specificity.
We hypothesized that cross-reactivity between the virus-specific T cell
responses might contribute to this variability in T cell loss. Having now
defined a cross-reactive peptide between LCMV NP(205–212)- and PV
NP(205–212)-specific T cells, we examined the maintenance of both
cross-reactive and non-cross-reactive memory CD8+ T cells in LCMV-
immune mice that were infected with PV and then allowed to reach a
memory state again (LCMV + PV–immune mice) (Fig. 7). A normal
immunodominant hierarchy for the LCMV-specific memory T cells
was seen in the LCMV-immune mice. In LCMV + PV–immune mice
the normally low frequency of the cross-reactive NP(205–212)-specif-
ic T cells in LCMV-immune mice was increased fourfold, becoming
codominant with NP(396–404) and GP(33–41). The frequencies of the
memory CD8+ T cells specific for what we now know are non-cross-
reactive immunodominant LCMV epitopes were decreased, in agree-
ment with published data7.

Previous infection with LCMV markedly altered the hierarchy of 
T cells elicited by a subsequent PV infection during the primary
response (Fig. 7). To examine the impact of previous PV infection on the
establishment of LCMV-specific memory CD8+ T cells, PV-immune
mice were infected with LCMV and then allowed to reach a memory
state again (that is, PV + LCMV–immune). In PV + LCMV–immune
mice, NP(205–212)-specific T cells dominated the LCMV-specific
memory repertoire; there was a statistically significant increase in the
magnitude of their response compared to that of LCMV-immune mice;
P < 0.02 for LCMV NP(205–212) and P < 0.005 for PV NP(205–212).

The frequency of non-cross-reactive memory T cells specific for the nor-
mally dominant LCMV epitopes was diminished. Our findings indicate
that the observed attrition of memory CD8+ T cells caused by multiple
viral infections occurs only for the non-cross-reactive T cells, whereas
the cross-reactive T cells are increased in frequency. These data also
showed that previous viral infections alter the establishment of virus-
specific memory CD8+ T cells for subsequent infections, with cross-
reactive T cells being maintained and comprising a larger proportion of
the memory pool.

Discussion
Our findings show that cross-reactivity between heterologous viruses
may be a key factor that influences both the hierarchy of CD8+ T cell
responses and the shape of memory T cell pools. A heterologous virus
infection can elicit a strong immunodominant T cell response to a cross-
reactive epitope that is otherwise weak and subdominant, even after
repeated challenge with homologous virus. Evidence that virus-specific
CD8+ T cells are degenerate in their ability to recognize antigen2,33–37

suggests that many cross-reactive T cell epitopes between heterologous
viruses remain to be identified. The epitope-specific CD8+ T cell
responses that are generated in mice by virus infection generally have
distinct hierarchies of dominance9. However, studies in both humans and
mice show that the immunodominance hierarchies of virus-specific 
T cells may be more variable than previously thought23,26,27. Although
some parameters that influence the hierarchies of virus-specific T cells
have been described9, the complex nature of immunodominance is not
fully explained by these factors. We show here that immunodominance
hierarchies of T cells elicited by a viral infection can be markedly affect-
ed by a previous encounter with a heterologous pathogen. The data show
that strongly cross-reactive memory T cells are maintained after sec-
ondary viral infections, while non-cross-reactive T cells are lost simul-
taneously from the memory pool. Our findings suggest that the viruses
encountered during an individual’s lifespan will constantly transform
the T cell repertoire and have a lasting effect on the induction of CD8+

T cell responses against future viral infections.
LCMV and PV are members of the Arenaviridae family; LCMV is

classified as an Old World arenavirus, whereas PV is a New World are-
navirus38. These viruses are only distantly related, as shown by
nucleotide and amino acid comparisons between the two viruses39. The
genetic distance between LCMV and PV is further emphasized by the
limited serologic cross-reactivity between the two viruses and the
absence of cross-reactive neutralizing antibodies30,40. The LCMV
immunodominant (H-2b) T cell epitopes share limited sequence simi-
larity with the corresponding sequences in PV. The NP(205–212) pep-
tide, however, is highly conserved between LCMV and PV, with vari-
ations at only two amino acid residues. In fact, the NP(205–212) pep-
tide sequence is highly conserved among all Old World (Lassa and
Mopeia) and New World (Guanarito, Junin, Machupo, Oliveros,
Pirital, Sabia and Tacaribe) arenaviruses analyzed39. CD8+ T cell cross-
reactivity within the closely related Old World arenaviruses, but not
between the distantly related Old and New World arenaviruses, has
been demonstrated36.

The NP(205–212) epitope is a subdominant epitope during the
acute LCMV-specific response, and low frequencies of memory
NP(205–212)-specific T cells are maintained15. In mice whose TCR
repertoire had been altered by previous infection with either LCMV
or PV, the normally subdominant NP(205–212)-specific T cell
response was markedly enhanced after secondary challenge with the
heterologous virus but not by the homologous virus. This amplifica-
tion of the NP(205–212)-specific response in virus-immune mice may

632

Figure 7. NP(205–212)-specific CD8+ T cells are preferentially maintained
in memory after secondary infection with cross-reactive viruses.
Splenocytes from LCMV-immune, LCMV + PV–immune or PV + LCMV–immune
mice were examined by intracellular IFN-γ staining. Mice infected with two viruses
were generated by infecting them with the first virus and waiting at least 6 weeks
before secondary challenge.After the secondary challenge, mice were left to rest for
at least 6 weeks before use.The percentages of IFN-γ–producing cells stimulated by
each peptide are shown.The results are mean data from five individual mice.
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be attributed to the higher precursor frequency of NP(205–212)-
specific T cells present and to the fact that memory CD8+ T cells
respond more vigorously than naïve T cells to antigen41. Epitope-spe-
cific memory T cells appear to have a selective advantage during the
establishment of immunodominance42, as shown with TCR-transgenic
CD8+ T cells41.

CD8+ T cell cross-reactivity between unrelated viruses may only
become readily detectable after secondary heterologous viral challenge,
which preferentially expands the number of cross-reactive T cells4. In
agreement with this, published data show that a low degree of cross-
reactivity between influenza strain-specific CD8+ T cells was greatly
enhanced after sequential infection with the influenza strains35.
Together these findings suggest that potential cross-reactive CD8+

T cell responses can be easily overlooked when examining viral infec-
tions in naïve mice.

Whereas PV-immune mice infected with LCMV generated strong
NP(205–212)-specific T cell responses, responses against the LCMV
immunodominant epitopes were reduced in frequency. This reduction
in the dominant LCMV-specific epitopes is reminiscent of the immuno-
domination phenomenon43, which has been documented for T cell
responses specific for influenza12, OVA44, LCMV45,46 and minor histo-
compatibility antigens47. Immunodomination is characterized as the
ability of T cells specific for immunodominant epitopes to suppress
responses against other peptides9. Proposed mechanisms for immuno-
domination include the early accumulation of peptide-specific T cells
that may reduce the antigen load prior to optimal activation of T cells
for other epitopes46, the competition for antigen-presenting cells and/or
essential cytokines44,47 or suppression of T cells by a global effect
potentially mediated by cytokines. In contrast, generation of memory
CD8+ T cells specific for a H-2d–restricted subdominant LCMV epitope
induced by DNA immunization did not suppress the induction of 
T cells specific for an immunodominant epitope after infection with
LCMV45. These findings may be explained by the strong immuno-
genicity of the immunodominant epitope for H-2d mice NP(118–126)
peptide)48 and suggest that the ability of T cells to suppress is variable.

In mice, previous viral infections can have profound effects on host
responses to subsequent infections with potentially cross-reactive het-
erologous viruses, leading to protective immunity and enhanced
immunopathology6,28. The human immune system is continually bom-
barded with infectious agents, so the likelihood for the induction of
cross-reactive responses between heterologous viruses is high. In fact
any immunodominant epitope defined for a human viral pathogen may
only be immunodominant because of previous exposure of the host to
a ubiquitous agent encoding a cross-reactive peptide. In many viral
infections, such as infection with Epstein-Barr virus and varicella
zoster virus, disease manifests with more severe immunopathological
lesions in teenage and young adult patients than in younger children49,50.
It is likely that a host’s immune repertoire is altered with each succes-
sive infection and that the type of responses generated against each sub-
sequent challenge reflect their past exposures to immunogens.

Methods
Mice. Male mice B6 (H-2b) were from the Jackson Laboratory (Bar Harbor, ME) and were
aged 2–18 months. All experiments were done in compliance with institutional guidelines,
as approved by the Institutional Animal Care and Use Committee of the University of
Massachusetts Medical School.

Viruses. LCMV (Armstrong strain) and PV (AN3739 strain) stocks were prepared in the
baby hamster kidney cell line BHK21 as described4. For the generation of acute virus-spe-
cific T cell responses (7 to 9 days after infection), mice were infected intraperitoneally with
5 × 104 plaque-forming units (PFU) of LCMV or 2 × 107 PFU of PV. The stocks of PV were

purified through a sucrose gradient and diluted in Hanks’ balanced salt solution. Mice were
considered immune 6 weeks or later after infection.

Synthetic peptides. Synthetic peptides were generated by either Genemed Synthesis (San
Francisco, CA) or American Peptide Company (Sunnyvale, CA) and were purified with
reverse phase-high pressure liquid chromatography to 90% purity. Final products were ana-
lyzed by mass spectroscopy. Different sources of PV NP(16–25) showed diverse abilities to
stimulate CD8+ T cells during intracellular IFN-γ assays, but this was compensated for, in
part, by increased concentrations of peptide in the assay. The reasons for this diversity,
which could reflect peptide stability or sensitivity to competition from contaminants, are not
known. The different sources yielded consistent data for all other peptides examined.

Assay for cell-mediated cytotoxicity. The 51Cr-release assay was used to quantify virus-
specific CTLs as described7. Virus-infected target cells were prepared by infecting MC57G
cells with virus for 48 h and then labeling with 51Cr. To prepare peptide-pulsed target cells,
51Cr-labeled RMA cells were incubated with 100 µM of synthetic peptide for 1 h at 37 °C
and then washed three times. For effector cells, single-cell suspensions were prepared from
spleens, and erythrocytes were removed by lysis with a 0.84% NH4Cl solution. Effector
cells were then added in various graded effector:target ratios. The amount of radioactivity
released in the supernatants was quantified with a liquid scintillation counter (Wallac,
Turku, Finland). Percent specific lysis was calculated as [(E – S)/(M – S)] × 100, where E
equals the counts per minute released from targets incubated with lymphocytes, S equals
the counts per minute released from target cells incubated with no lymphocytes and M
equals the counts per minute released from cells after lysis with 1% Nonidet P40 (USB,
Cleveland, OH).

Intracellular IFN-γ staining. IFN-γ–producing CD8+ T cells were detected with the
Cytofix-Cytoperm Kit Plus (with GolgiPlug, BD Pharmingen, San Diego, CA), as
described7. Splenocytes were prepared as described above. Peripheral blood was pre-
pared by lysing red blood cells with 0.84% NH4Cl solution for 10 min at 37 °C. Briefly,
cells were incubated with 5 µM synthetic peptide, 10 U/ml of human recombinant IL-2
(BD Pharmingen) and 0.2 µl of GolgiPlug for 5 h at 37 °C. The samples were analyzed
with a FACSCalibur and CellQuest Software (both from Becton Dickinson, San Diego,
CA). The LCMV GP(33–41) sequence contains two overlapping peptides: Kb-restricted
GP(34–41) and Db-restricted GP(33–41)14. Thus, T cells specific for either GP(33–41) or
GP(34–41) will recognize the GP(33–41) peptide in most functional assays, including
intracellular IFN-γ assays. In our functional studies both the GP(33–41) and GP(34–41)
peptides were used, but for simplicity only results with the GP(33–41) epitope were
shown because this reflects the magnitude of the T cell responses against both peptides.
When shown, error bars are representative of the s.e.m.

Virus titration. The amount of splenic virus was quantified by plaque assay with a 10% tis-
sue homogenate from individual mice as described5. The Student’s t-test was used for sta-
tistical analysis.

MHC-IgG1 dimer staining. MHC-IgG1 dimers were prepared as described31. Db-IgG and
Kb-IgG1 dimers (BD Pharmingen) were incubated with 600-fold molar excess peptide and
0.15 µg of β2-microglobulin per µg dimer for 7 days. The peptide-loaded MHC dimers were
used to stain CD8+ T cells at 1 µg/106 cells. Cells were incubated for 1.5 h at 4 °C in FACS
buffer. Samples were washed and stained with anti-CD8α and biotinylated anti–mouse
IgG1 (clone A85-1, BD Pharmingen) for 20 min. Samples were then washed and stained
with phycoerythrin-streptavidin (BD Pharmingen) for 20 min. Stained samples were ana-
lyzed as described above.

Statistical analyses. The Mann-Whitney test was used for data analysis where indicated.

Note: Supplementary information is available on the Nature Immunology website.

Acknowledgments
We thank B. S. Sheridan for excellent technical assistance. Supported by National
Institutes of Health research grants AR-35506,AI-17672 and AI-46629 (to R. M.W.),AI-
46578 (to L. K. S.),AI-29575,AI-44129 and NMSS (RG 2637 A2/1) (to J. P. S.); training
grant AI-07439 (to M.A. B.) and, in part, by a center grant DK-32520.

Competing interests statement
The authors declare competing financial interests: see the Nature Immunology website
(http://immunology.nature.com) for details.

Received 26 February 2002; accepted 15 May 2002.

1. Boesteanu,A. et al. A molecular basis for how a single TCR interfaces multiple ligands. J. Immunol.
161, 4719–4727 (1998).

2. Shimojo, N., Maloy,W. L.,Anderson, R.W., Biddison,W. E. & Coligan, J. E. Specificity of peptide binding
by the HLA-A2.1 molecule. J. Immunol. 143, 2939–2947 (1989).

3. Wedemeyer, H., Mizukoshi, E., Davis,A. R., Bennink, J. R. & Rehermann, B. Cross-reactivity between
hepatitis C virus and influenza A virus determinant-specific cytotoxic T cells. J.Virol. 75,
11392–11400 (2001).

4. Selin, L. K., Nahill, S. R. & Welsh, R. M. Cross-reactivities in memory cytotoxic T lymphocyte recogni-
tion of heterologous viruses. J. Exp. Med. 179, 1933–1943 (1994).

633

©
20

02
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/im

m
u

n
o

l.n
at

u
re

.c
o

m



nature immunology •      volume 3 no 7       •       july 2002       •       http://immunol.nature.com

ARTICLES

5. Selin, L. K.,Varga, S. M.,Wong, I. C. & Welsh, R. M. Protective heterologous antiviral immunity and
enhanced immunopathogenesis mediated by memory T cell populations. J. Exp. Med. 188,
1705–1715 (1998).

6. Chen, H. D. et al. Memory CD8+ T cells in heterologous antiviral immunity and immunopathology in
the lung. Nature Immunol. 2, 1067–1076 (2001).

7. Selin, L. K. et al. Attrition of T cell memory: selective loss of LCMV epitope-specific memory CD8 T
cells following infections with heterologous viruses. Immunity 11, 733–742 (1999).

8. Townsend,A. R. et al. The epitopes of influenza nucleoprotein recognized by cytotoxic T lympho-
cytes can be defined with short synthetic peptides. Cell 44, 959–968 (1986).

9. Yewdell, J.W. & Bennink, J. R. Immunodominance in major histocompatibility complex class I-restrict-
ed T lymphocyte responses. Annu. Rev. Immunol. 17, 51–88 (1999).

10. Bonneau, R. H., Salvucci, L.A., Johnson, D. C. & Tevethia, S. S. Epitope specificity of H-2Kb-restricted,
HSV-1-, and HSV-2-cross- reactive cytotoxic T lymphocyte clones. Virology 195, 62–70 (1993).

11. Belz, G.T., Xie,W.,Altman, J. D. & Doherty, P. C.A previously unrecognized H-2Db-restricted peptide
prominent in the primary influenza A virus-specific CD8+ T-cell response is much less apparent fol-
lowing secondary challenge. J.Virol. 74, 3486–3493 (2000).

12. Chen,W.,Anton, L. C., Bennink, J. R. & Yewdell, J.W. Dissecting the multifactorial causes of immuno-
dominance in class I- restricted T cell responses to viruses. Immunity 12, 83–93 (2000).

13. Gairin, J. E., Mazarguil, H., Hudrisier, D. & Oldstone, M. B. Optimal lymphocytic choriomeningitis virus
sequences restricted by H-2Db major histocompatibility complex class I molecules and presented to
cytotoxic T lymphocytes. J.Virol. 69, 2297–2305 (1995).

14. Hudrisier, D., Oldstone, M. B. & Gairin, J. E.The signal sequence of lymphocytic choriomeningitis virus
contains an immunodominant cytotoxic T cell epitope that is restricted by both H- 2Db and H-2Kb

molecules. Virology 234, 62–73 (1997).
15. van der Most, R. G. et al. Identification of Db- and Kb-restricted subdominant cytotoxic T-cell

responses in lymphocytic choriomeningitis virus-infected mice. Virology 240, 158–167 (1998).
16. Whitton, J. L., Gebhard, J. R., Lewicki, H.,Tishon,A. & Oldstone, M. B. Molecular definition of a major

cytotoxic T-lymphocyte epitope in the glycoprotein of lymphocytic choriomeningitis virus. J.Virol. 62,
687–695 (1988).

17. Liu, L., Usherwood, E. J., Blackman, M.A. & Woodland, D. L.T-cell vaccination alters the course of
murine herpesvirus 68 infection and the establishment of viral latency in mice. J.Virol. 73,
9849–9857 (1999).

18. Stevenson, P. G., Belz, G.T.,Altman, J. D. & Doherty, P. C. Changing patterns of dominance in the
CD8+ T cell response during acute and persistent murine gamma-herpesvirus infection. Eur. J.
Immunol. 29, 1059–1067 (1999).

19. Cole, G.A., Hogg,T. L., Coppola, M.A. & Woodland, D. L. Efficient priming of CD8+ memory T cells spe-
cific for a subdominant epitope following Sendai virus infection. J. Immunol. 158, 4301–4309 (1997).

20. Tanaka,Y.,Anderson, R.W., Maloy,W. L. & Tevethia, S. S. Localization of an immunorecessive epitope
on SV40 T antigen by H-2Db-restricted cytotoxic T-lymphocyte clones and a synthetic peptide.
Virology 171, 205–213 (1989).

21. Van Bleek, G. M. & Nathenson, S. G. Isolation of an endogenously processed immunodominant viral
peptide from the class I H-2Kb molecule. Nature 348, 213–216 (1990).

22. Kast,W. M. et al. Protection against lethal Sendai virus infection by in vivo priming of virus-specific
cytotoxic T lymphocytes with a free synthetic peptide. Proc. Natl. Acad. Sci. USA 88, 2283–2287 (1991).

23. Belz, G.T., Stevenson, P. G. & Doherty, P. C. Contemporary analysis of MHC-related immunodominance
hierarchies in the CD8+ T cell response to influenza A viruses. J. Immunol. 165, 2404–2409 (2000).

24. Gallimore,A., Dumrese,T., Hengartner, H., Zinkernagel, R. M. & Rammensee, H. G. Protective immu-
nity does not correlate with the hierarchy of virus- specific cytotoxic T cell responses to naturally
processed peptides. J. Exp. Med. 187, 1647–1657 (1998).

25. Mylin, L. M., Bonneau, R. H., Lippolis, J. D. & Tevethia, S. S. Hierarchy among multiple H-2b-restricted
cytotoxic T-lymphocyte epitopes within simian virus 40 T antigen. J.Virol. 69, 6665–6677 (1995).

26. Betts, M. R. et al. Putative immunodominant human immunodeficiency virus-specific CD8+ T- cell
responses cannot be predicted by major histocompatibility complex class I haplotype. J.Virol. 74,
9144–9151 (2000).

27. Day, C. L. et al. Relative dominance of epitope-specific cytotoxic T-lymphocyte responses in human

immunodeficiency virus type 1-infected persons with shared HLA alleles. J.Virol. 75, 6279–6291 (2001).
28. Selin, L. K. & Welsh, R. M. Cytolytically active memory CTL present in lymphocytic choriomeningitis

virus-immune mice after clearance of virus infection. J. Immunol. 158, 5366–5373 (1997).
29. Rammensee, H. G., Falk, K. & Rotzschke, O. Peptides naturally presented by MHC class I molecules.

Annu. Rev. Immunol. 11, 213–244 (1993).
30. Howard, C. R. Neutralization of arenaviruses by antibody. Curr.Top. Microbiol. Immunol. 134,

117–130 (1987).
31. Schneck, J. P. Monitoring antigen-specific T cells using MHC-Ig dimers. Immunol. Invest. 29,

163–169 (2000).
32. Lin, M.Y. & Welsh, R. M. Stability and diversity of T cell receptor repertoire usage during lymphocytic

choriomeningitis virus infection of mice. J. Exp. Med. 188, 1993–2005 (1998).
33. Anderson, R.W., Bennink, J. R.,Yewdell, J.W., Maloy,W. L. & Coligan, J. E. Influenza basic polymerase 2

peptides are recognized by influenza nucleoprotein-specific cytotoxic T lymphocytes. Mol. Immunol.
29, 1089–1096 (1992).

34. Belz, G.T., Xie,W. & Doherty, P. C. Diversity of epitope and cytokine profiles for primary and sec-
ondary influenza a virus-specific CD8+ T cell responses. J. Immunol. 166, 4627–4633 (2001).

35. Haanen, J. B.,Wolkers, M. C., Kruisbeek,A. M. & Schumacher,T. N. Selective expansion of cross-reac-
tive CD8+ memory T cells by viral variants. J. Exp. Med. 190, 1319–1328 (1999).

36. Oldstone, M. B. et al. Common antiviral cytotoxic T-lymphocyte epitope for diverse arenaviruses.
J.Virol. 75, 6273–6278 (2001).

37. Wilson, C. S., Moser, J. M.,Altman, J. D., Jensen, P. E. & Lukacher,A. E. Cross-recognition of two mid-
dle T protein epitopes by immunodominant polyoma virus-specific CTL. J. Immunol. 162,
3933–3941 (1999).

38. Southern, P. J. in Fields Virology (eds. Fields, B. N., Knipe, D. M. & Howley, P. M.) 1505–1520 (Lippincott-
Raven, Philadelphia, 1996).

39. Bowen, M. D., Peters, C. J. & Nichol, S.T. Phylogenetic analysis of the Arenaviridae: patterns of virus
evolution and evidence for cospeciation between arenaviruses and their rodent hosts. Mol.
Phylogenet. Evol. 8, 301–316 (1997).

40. Wulff, H., Lange, J.V. & Webb, P.A. Interrelationships among arenaviruses measured by indirect
immunofluorescence. Intervirology 9, 344–350 (1978).

41. Veiga-Fernandes, H.,Walter, U., Bourgeois, C., McLean,A. & Rocha, B. Response of naïve and memory
CD8+ T cells to antigen stimulation in vivo. Nature Immunol. 1, 47–53 (2000).

42. Klenerman, P. & Zinkernagel, R. M. Original antigenic sin impairs cytotoxic T lymphocyte responses
to viruses bearing variant epitopes. Nature 394, 482–485 (1998).

43. Deng,Y.,Yewdell, J.W., Eisenlohr, L. C. & Bennink, J. R. MHC affinity, peptide liberation,T cell reper-
toire, and immunodominance all contribute to the paucity of MHC class I-restricted peptides recog-
nized by antiviral CTL. J. Immunol. 158, 1507–1515 (1997).

44. Kedl, R. M., Schaefer, B. C., Kappler, J.W. & Marrack, P.T cells down-modulate peptide-MHC complex-
es on APCs in vivo. Nature Immunol. 3, 27–32 (2002).

45. Rodriguez, F., Slifka, M. K., Harkins, S. & Whitton, J. L.Two overlapping subdominant epitopes identi-
fied by DNA immunization induce protective CD8+ T-cell populations with differing cytolytic activi-
ties. J.Virol. 75, 7399–7409 (2001).

46. Weidt, G., Utermohlen, O., Heukeshoven, J., Lehmann-Grube, F. & Deppert,W. Relationship among
immunodominance of single CD8+ T cell epitopes, virus load, and kinetics of primary antiviral CTL
response. J. Immunol. 160, 2923–2931 (1998).

47. Roy-Proulx, G., Meunier, M. C., Lanteigne,A. M., Brochu, S. & Perreault, C. Immunodomination results
from functional differences between competing CTL. Eur. J. Immunol. 31, 2284–2292 (2001).

48. Sigal, L. J. & Rock, K. L. Bone marrow-derived antigen-presenting cells are required for the genera-
tion of cytotoxic T lymphocyte responses to viruses and use transporter associated with antigen
presentation (TAP)-dependent and -independent pathways of antigen presentation. J. Exp. Med. 192,
1143–1150 (2000).

49. Rickinson,A. B. & Kieff, E. in Fields Virology (eds. Fields, B. N., Knipe, D. M. & Howley, P. M.) 2397–2446
(Lippincott-Raven, Philadelphia, 1996).

50. Weinstein, L. & Meade, R. H. Respiratory manifestations of chickenpox. Arch. Intern. Med. 98,
91–99 (1956).

634

©
20

02
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/im

m
u

n
o

l.n
at

u
re

.c
o

m


	T cell immunodominance and maintenance of memory regulated by unexpectedly cross-reactive pathogens
	Introduction
	Results
	Hierarchy of virus-specific CD8+ T cell responses
	H-2Kb–restricted PV and LCMV epitope similarity
	Cross-reactivity of CD8+ T cells on NP(205–212)
	Low frequency of memory NP(205–212)-specific T cells
	Dominant LCMV epitope in PV-immune mice
	Early LCMV response in PV-immune mice
	Dominant PV epitope in LCMV-immune mice
	Homologous virus challenge
	Cross-reactivity in maintaining and establishing memory

	Discussion
	Methods
	Mice.
	Viruses.
	Synthetic peptides.
	Assay for cell-mediated cytotoxicity.
	Intracellular IFN-γ staining.
	Virus titration.
	MHC-IgG1 dimer staining.
	Statistical analyses.

	Acknowledgements
	References


