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Abstract

Virus-specific memory T cell populations demonstrate plasticity in antigen recognition and in their ability to accommodate new memory
T cell populations. The degeneracy of T cell antigen recognition and the flexibility of diverse antigen-specific repertoires allow the host to
respond to a multitude of pathogens while accommodating these numerous large memory pools in a finite immune system. These cross-
reactive memory T cells can be employed in immune responses and mediate protective immunity, but they can also induce life-threatening
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mmunopathology or impede transplantation tolerance and graft survival. Here we discuss examples of altered viral pathogenes
s a consequence of heterologous T cell immunity and propose models for the maintenance of a dynamic pool of memory cells.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Näıve CD8 T cells expand and differentiate into cytokine-
roducing effector cells on encountering antigen under con-
itions of effective co-stimulation. After the peak of the im-
une response and clearance of the antigen, this programmed

vent is followed by a decrease of CD8 T cells by apopto-
is, resulting in the generation of an antigen-specific CD8
emory T cell pool. The significance and characteristics of
emory CD8 T cells in viral infections have been extensively
escribed elsewhere[1–7]. Their main functions include pro-
iding protection on re-exposure to a pathogen and prevent-
ng the re-emergence of low-grade persistent viruses. They
re able to achieve this, because their high frequency and

Abbreviations: LCMV, lymphocytic choriomeningitis virus; PV,
ichinde virus; VV, vaccinia virus; RSV, respiratory syncytical virus; EBV,
pstein Barr virus; MCMV, murine cytomegalovirus; VSV, vesicular stom-
titis virus; TdT, terminal deoxynucleotidyl transferase; NP, nucleoprotein;
PC, antigen presenting cells; CFSE, 5-(and -6-)-carboxyfluorescein diac-
tate succinimidyl ester

elevated activation state leads to their rapid response
antigenic challenge[8–10].

These antigen-specific memory T cells are accommod
into a finite immune system which already contains a l
pool of pre-existing memory T cell populations. In fact, me
ory cells are part of a continually evolving interactive n
work, as immune responses to each new pathogen alt
frequencies, distributions and activities of memory T cells
posited from previous responses. This network is comp
of a diverse repertoire of T cells, which compete with e
other for niches in an ever-changing environment. This
view will focus on how the immune system generates
dynamic network of T cell populations with a resilient pl
ticity to combat infections.

2. Degeneracy of T cell recognition

Although memory T cells are highly antigen specific, t
maintain a diverse T cell receptor (TCR) repertoire[11,12]
∗ Corresponding author. Tel.: +1 508 856 3039; fax: +1 508 856 0019.
E-mail address:Liisa.Selin@umassmed.edu (L.K. Selin).

and can be degenerate in the number of antigens that they can
recognize. TCR diversity and degeneracy are potentially im-
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portant features to prevent pathogen escape by mutation. The
TCR of a CD8 T cell discriminates peptides of usually 8–10
amino acids that are embedded in MHC-I molecules[13].
Data from studies using crystal structures of peptide–MHC
complexes suggest that only a few contact residues (often
side chains of the amino acids) of the embedded peptide in-
teract with the TCR (reviewed in[14,15]). A TCR can tolerate
certain amino acid substitutions in the peptide sequence and
still become activated. For example, amino acid substitutions
for a HLA B8-restricted Epstein Barr virus (EBV) peptide at
positions 1, 2, and 8 were tolerated, while substitutions at
positions 4, 6, and 7 were crucial for CTL recognition[16].

“Molecular mimicry”—where a different peptide retains
sites that are necessary for interaction with the TCR[17]—is
one of several paths to cross-reactive T cell responses. It is
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also possible that different regions of the same TCR can inter-
act with two different targets[18,19]and that a T cell can ex-
press two different TCR, due to incomplete allelic exclusion
of the TCR alpha chain[20]. Taken together, these mecha-
nisms make cross-reactivity very difficult to predict and, as
we postulate, a fairly common event. Reports of pathogen-
specific memory CD8 T cells recognizing cross-reactive epi-
topes on different proteins of the same pathogen, or proteins
from closely related or totally unrelated pathogens are in-
creasing and summarized in a recent review[4]. Mathemati-
cal calculations by Mason suggest that a single TCR should
be able to react against 106 different nonamer peptides[21].
This feature may be valuable to the host, considering the
large number of potential pathogenic antigens to which one
is exposed over a lifetime. The host needs mainly to be con-
ig. 1. Consequence of modulation of the T cell repertoire during heterologo
pecificities. The näıve T cell repertoire encounters virus A (blue) and virus A
ool is exposed to an unrelated virus B (green), memory CD8 T cells that are
ross-reactive CD8 T cells specific for the first virus decrease in number. Th
nd partial protective immunity.
us viral infections: The dots represent CD8 T cell populations that have different
-specific CD8 T cells expand and maintain into memory. If this memory T cell
cross-reactive will preferentially expand and dominate the response whereas non
e now dominant cross-reactive CD8 T cells can participate in immunopathology
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Fig. 2. Viral infections interfere with the induction of tolerance against allo-antigens. (A) Naı̈ve allo-specific T cells (colored grey) are deleted and become
functionally anergic (colored green) after receiving a transfusion of donor allogeneic cells (donor-specific transfusion or DST) with a co-stimulatory blockade.
Mice that have been tolerized to the allo-antigens can then accept allogeneic skin grafts. (B) A viral infection during the co-stimulatory blockade protocol will
activate allo-specific T cells (colored yellow) and interfere with the establishment of tolerance, resulting in skin graft rejection. (C) Naı̈ve mice infected with
viruses generate memory allo-specific T cells (colored blue) that are refractory to the induction of tolerance using co-stimulatory blockade protocols and reject
allogeneic skin grafts.

cerned with cross-reactive T cells that are self-reactive, as
occurs during conditions of autoimmunity, but a number of
mechanisms serve to preclude that phenomenon. If T cells are
as highly cross-reactive as estimated[21], one would expect
that cross-reactivity could compensate for a situation with
a limited TCR repertoire and still allow a normal immune
response. Studies in mice deficient for the enzyme termi-
nal deoxynucleotidyl transferase (TdT) have estimated that
the size of their alpha/beta TCR repertoire is only 5–10%
of that calculated for wild-type mice[22] due to an impaired
TCR CDR3 diversification. When challenged with LCMV or
Sendai virus, these mice demonstrated a surprisingly normal
immune response and recovery from infection[23]. Since
T cells from TdT-deficient mice are reported to be more
‘promiscuous’, i.e. cross-reactive, than those in wild-type
mice [24], T cells with a highly cross-reactive profile may
have compensated for the less diverse TCR repertoire. It is
noteworthy that mice having very limited TCR diversity as a
consequence of a transgenic TCR are also capable of respond-
ing to many antigens and resisting viral infections[25,26]. T
cell cross-reactivity might be even more pervasive and func-
tionally relevant if the cross-reactive antigen is stimulating
memory T cells, which are easier to activate than naı̈ve cells
and may be present in the host at a high frequency[27].

The first part of this review will discuss the topic of het-
erologous immunity[28] and the existing evidence that estab-
lished memory T cell responses to a previously encountered
pathogen can have a major impact on T cell immunodom-
inance, protective immunity, and immunopathology during
a subsequent infection with an unrelated pathogen (Fig. 1).
These also may influence allo-specific T cell activity prior to
and following transplantation (Fig. 2).

3. Cross-reactivity modulates the memory T cell
repertoire

A CD8 T cell memory pool created after one virus in-
fection demonstrates a distinct hierarchy of epitope-specific
responses in a naı̈ve host. While some viral epitopes are dom-
inant and stimulate strong T cell responses, others are sub-
dominant and stimulate weaker or barely detectable T cell
responses[29]. Immunodominance is regulated by various
parameters, including the efficiency of processing and pre-
sentation of the peptide, the affinity between peptide and the
MHC-I, the availability of T cells with TCR that recognize
the peptide–MHC complex, and the competition between T
cells for domains on the antigen presenting cell[30]. When
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a memory CD8 T cell pool encounters a cross-reactive anti-
gen, their high frequency and activation state gives them an
advantage over naı̈ve T cells, and can lead to a preferen-
tial expansion of the cross-reactive CD8 T cell population
(Fig. 1). This cross-reactive expansion can alter the hierar-
chy of T cell responses. This was seen in sequential heterolo-
gous virus infections with two distantly related arenaviruses,
lymphocytic choriomeningitis virus (LCMV) and Pichinde
virus (PV). These viruses encode epitopes in the nucleopro-
tein (NP205) with 6 of 8 amino acids in common. This is nor-
mally asubdominantepitope for either virus in a naı̈ve host.
However, due to a selective expansion of NP205-specific
cross-reactive memory CD8 T cells, this NP205-specific T
cell response became dominant when LCMV-immune mice
were infected with PV, or when PV-immune mice were in-
fected with LCMV[31]. These data support the concept that
expansions of cross-reactive T cell populations substantially
contribute to the immune-hierarchies of T cell responses. This
might help explain some of the variability in immunodom-
inant hierarchies observed in human viral infections, where
the host has been exposed to numerous infections through-
out life. For instance, patients with identical haplotypes in-
fected with HIV or hepatitis C show high variability in their T
cell immune-hierarchies[32,33]. Interestingly, cross-reactive
CD8 T cell responses to other pathogens have been docu-
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tered pathogen. A lower affinity cross-reactive T cell response
might be more adept at stimulating immunopathology than
conferring protective immunity. Due to the competition be-
tween cells that gives rise to immunodominance, low affinity
cross-reactive memory cells might prevent the development
of more effective high-affinity T cells responding to the nor-
mally immunodominant epitopes. This is reminiscent of the
phenomenon of “original antigenic sin”, which was first de-
scribed for B cell responses against influenza virus subtypes
[39], but which has also been documented for CD8 T cells in
viral infections. LCMV-immune mice infected with variant
strains of LCMV that encode altered T cell epitopes gener-
ated wild-type LCMV-specific CD8 T cells that were less
effective against the variant strain, leading to impaired viral
clearance[40]. Another example of antigenic sin was ob-
served in dengue virus infection. It has been shown that in-
fection with a dengue virus serotype generated CD8 T cells
with a higher affinity to a second and presumably previously
encountered dengue virus serotype, suggesting that cross-
reactive memory CD8 T cells had preferentially expanded
over T cells more specific to the serotype causing infection
[41]. This type of low affinity cross-reactive T cell may not
be good for the host, as a more severe disease outcome, in-
cluding hemorrhagic fever has been observed in subsequent
infections with different dengue virus serotypes. These data
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ented for both of these viruses[34,35].

. Heterologous immunity and the fine balance
etween protection and pathology during viral
nfections

Memory T cells cross-reactive with a heterologous v
an provide partial protective immunity and, in exp
ental models, can provide the difference between
nd death in the infected individual[36,37]. For example
CMV-immune mice control PV infection, presumably d

o the cross-reactivity of T cells specific for the subdo
ant NP205 epitope[31]. LCMV-immune mice also manife
trong protective immunity against infections with the la
NA poxvirus, vaccinia virus (VV) compared to naı̈ve mice

36,37]. In a respiratory model of infection this heterolog
mmunity prevented mortality to an otherwise lethal dos
V [37]. Adoptive transfer studies demonstrated that C
nd CD8 T cells from LCMV-immune mice were required

ransfer protective immunity to naı̈ve mice challenged wit
V or VV [36]. Selective expansion of LCMV-specific me
ry CD8 T cells on VV infection suggested the possib
f cross-reactive CD8 T cell responses between these
iruses[37,38]. In fact, we have identified VV-specific CD
cell epitopes in mice by searching for sequence simil

o a potentially cross-reactive LCMV epitope[4], (Selin and
ornberg, unpublished data).
Not unexpectedly, heterologous immunity is not as

ective as homologous immunity, which elicits high affin
cell and antibody responses against a previously enc
uggest that cross-reactive T cells can make the differen
urviving a subsequent infection with an unrelated patho
ut suboptimal clearance of the pathogen can also pote
he ongoing immune response, leading to immunopatho
Fig. 1).

Another example of the fine balance that exists within
rologous immunity was observed during VV infection
CMV-immune mice, where, once again, the price for p

ial protective T cell immunity was altered immunopath
gy. After an intraperitoneal inoculation, LCMV-immu
ice challenged with VV developed necrosis of viscera

ermed acute fatty necrosis or panniculitis[36]. This form
f panniculitis is analogous to human erythema nodosu
respiratory infection model, reduced mortality of LCM

mmune mice infected with VV was accompanied by alte
ung pathology. Their lungs were significantly infiltrated
CMV-specific T cells, which contributed to obstruction
ronchioles by fibrin and inflammatory cells (bronchiol
bliterans). In humans, erythema nodosum and bronch
bliterans are of unknown etiology but can be seen in s
iral and bacterial infections and are also associated wit
oimmune diseases[42,43]. The development of bronchio
is obliterans in lung allografts is associated with transp
ejection[43].

Manifestations of heterologous immunity may there
xplain human disease pathogenesis variations though
iously to be due to genetic variations, the physiological
ition of the patient, or the inoculation route and dose.

ndividual’s history of infections may shape the T cell me
ry pool in ways that contribute to this variability. For exa
le, the difference between a clinical and an asymptom
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acute EBV infection is the magnitude of the T-cell response,
not the viral load[44]. Symptomatic disease is less likely in
young children than in teenagers and young adults, who have
a longer history of infections and presumably a more com-
plex pool of memory cells than in young children[45]. In
addition, autoimmunity has been associated with viral infec-
tions[46], and it is likely that an individual’s history of virus
infections and the unique composition of the cross-reactive
memory T cell pool may either initiate or reactivate T cells
with auto-immune potential.

An individual’s history of infections and the numerous
variations in infection sequences make heterologous immu-
nity complicated and hard to predict. For example, it is not
universal that LCMV protects against a subsequent infection,
as immunity to LCMV enhanced respiratory syncytial virus
(RSV) titers. Similarly, although immunity to influenza virus
results in decreased titers of VV, it causes an enhancement
in LCMV and murine cytomegalovirus (MCMV) titers on
C57BL/6 mice[47].

Heterologous immunity does not just contribute to T cell
numbers and population dynamics but can also alter T cell
function and immune deviation. Immunity to previously en-
countered viruses can alter the cytokine response to subse-
quently encountered viruses. Mice immune to LCMV and
challenged with VV make much higher levels of IFN� and
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exposure to allo-antigens in the form of blood transfusions,
prior transplants, or pregnancy[54,55]. Surprisingly, memory
allo-specific T cells are detectable in patients that have never
been obviously exposed to allo-antigens[56], suggesting that
these T cells were activated by cross-reactive environmental
antigens. Early studies in murine models demonstrated that
CD8 T cells activated during an acute LCMV infection of H2b

mice recognized both H2k and H2d allogeneic target cells
in a standard cytotoxicity assay[57]. Cytotoxic, allo-specific
CD8 T cells were also generated following infection with PV,
VV, and MCMV [58]. Allo-specific CTL activity was also
detected in humans infected with EBV during acute infec-
tious mononucleosis[59,60]. These results showed that allo-
specific CD8 T cell responses are activated after viral infec-
tions, but did not address whether the allo-specific responses
were activated by an antigen-dependent cross-reactive mech-
anism or by a non-specific bystander mechanism mediated by
the massive production of cytokines after infection.

We now know that many virus-specific CD8 T cells gen-
erated in response to viral infections directly cross-react
with allo-antigens[57,61–65]. Short-term CD8 T cell clones
derived from LCMV-infected mice were shown to lyse
both virus-infected syngeneic targets and uninfected allo-
geneic target cells[64]. This cross-reactivity between LCMV-
specific T cells and allo-antigens is consistent with earlier
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ower levels of IL-6 than näıve mice challenged with VV
uch of the enhanced IFN� production comes directly fro

he LCMV epitope-specific T cells activated by the VV
ection[37,47]. A history of influenza infection protects mi
rom severe disease caused by infection with live RSV c
enge after an RSV G-protein vaccination[48]. This study
emonstrated that immunity to influenza shifted the u
H2 response into a TH1 response and prevented sev
osinophilic infiltrates in the lung. Changes in TH1/TH2 re-
ponses due to infections or vaccinations early in childh
ight explain why some children are more likely to deve
llergies than others. Several studies reported benefici

ects of early infections in childhood on the developmen
sthma; this may be the consequence of an early skew

he memory pool towards a TH1 phenotype that would inhib
H2-based allergic responses (reviewed in[49]).

. Cross-reactivity between virus-specific T cells and
llo-antigens

The degenerate nature of antigen recognition by the
s exemplified by the ability of T cells to recognize non-se
llogeneic MHC molecules. Allo-specific T cells represe
ubstantial population of the naı̈ve T cell repertoire, with be
ween 0.1 and 10% of naı̈ve T cells within an individual hos
eing reactive with any unique allogeneic haplotype, as
ured by limiting dilution analysis and quantitative meas
ents of cells responding to allo-antigens in vivo[50–53].
his high frequency of allo-specific T cells allows a hos
fficiently generate effector allo-specific T cells follow
tudies in which long-term murine CD8 T cell clones s
ific for either influenza virus or vesicular stomatitis vi
VSV), and human clones specific for EBV recognized a
eneic cells in cytotoxicity assays[61,62,66,67]. In addition,
llo-reactive T cells specific for H2Kk could be shown t

yse syngeneic H2b-target cells infected with influenza vir
68]. Cross-reactivity between virus-specific CD8 T cells
llo-antigens has been visualized directly from mice acu

nfected with LCMV[63]. LCMV-specific CD8 T cells iso
ated from H2b mice produced IFN� following a short in
itro stimulation with either H2d- or H2k-expressing ce
ines. This cross-reactivity was broad-based, as a porti

cells specific for each of the four LCMV-epitopes exa
ned (GP33, NP205, GP276, and NP396) cross-reacted
2d, yet it was distinctive, as different proportions of e
pitope-specific population recognized H2d or H2k targets

63]. Together, these findings demonstrate the promis
f allo-antigen recognition in a variety of viral systems.

The studies described above show that cross-reactiv
n important mechanism for the activation of allo-spe
D8 T cells after a viral infection, but they do not exclu

he possibility that allo-specific T cells would also be a
ated in a bystander manner through TCR-independent
li [69]. There is evidence to suggest that the cytokine
nvironment that develops after a viral infection is suffic

o activate T cells to homeostatically divide with no incre
n overall number[58,70]. However, during either a viral in
ection or an immune response against allogeneic cells
tander activation of T cells as measured by the acquis
f cytotoxicity or by proliferation with an increase in numb

s not readily apparent[25,52]. To evaluate the contributio
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of bystander activation to allo-specific responses generated
after a viral infection, HY-TCR-transgenic (tg) mice were
utilized [25]. TCR-tg HY-specific CD8 T cells have an ex-
tremely limited T cell repertoire, with 30–50% of the CD8
T cells expressing both transgenic�- and�-chains and the
remaining cells expressing the transgenic�-chain with an
endogenously expressed�-chain[71]. T cells derived from
HY-TCR-tg mice respond equally well against both H2d- and
H2k-expressing cells in mixed lymphocyte cultures, but an
LCMV infection preferentially activated only H2k-specific
CTL in those mice[25]. The stimulation of H2k-specific T
cells and not H2d-specific T cells after the LCMV infections
is in contrast to the activation of both populations in wild
type mice and suggests that cross-reactivity and not a by-
stander effect drive the allo-specific responses. In addition,
bystander-induced proliferation is not evident in an exper-
imental model of a graft versus host response[52]. In this
model, H2b-splenocytes were adoptively transferred into an
allogeneic H2b/d host, which should be incapable of rejecting
the donor cells. This allows the host-reactive T cells within
the transferred population to proliferate extensively in the
allogeneic environment, in a manner similar to a graft ver-
sus host reaction. However, co-adoptively transferred spleno-
cytes that were completely syngeneic (H2b/d) with the host
did not divide despite the vigorous anti-host response[52].
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uously exposed to pathogens. Viral infections, in addition to
precipitating graft rejection in traditionally treated transplant
recipients[72,73], may also impede the maintenance of tol-
erance against allo-antigens. In murine models, acute infec-
tions with viruses such as LCMV and PV shortly after trans-
plantation (1–15 days post-transplant) and persistent LCMV
infection interfered with the early maintenance of tolerance
to allo-antigens and resulted in rapid rejection of donor skin
grafts (Fig. 2) [69,84,85]. This virus-induced rejection was at
least partially dependent on CD8 T cells, as depletion of CD8
cells from the recipient mice significantly delayed rejection.
Interestingly, the viral interference in the induction of toler-
ance was transient, as recipient mice infected with LCMV
50 days post-transplant did not reject tissue grafts[84]. It is
possible that multiple factors account for the inability of an
LCMV infection at 50 days post-transplant to promote rejec-
tion, including the permanent deletion of the allo-specific T
cells[86], the development of regulatory T cells that maintain
peripheral tolerance to allo-antigens[87], or a combination
of deletion and immunoregulation. The mechanism by which
viral infections block this early maintenance of tolerance has
not been completely elucidated, but the inability of poly(I:C),
VV, or MCMV to interfere with the co-stimulatory blockade
at this time point suggests that the production of cytokines
alone is not sufficient[88].
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Regardless of the mechanisms driving the activatio
llo-specific T cells after a viral infection, this phenome
as potentially serious implications for the field of transp

ation. Virus infections have long been known to prec
ate the rejection of allografts, and the immunosuppre
rug treatment given to graft recipients makes the pa
ore susceptible to viral infections[72,73]. One promis

ng new strategy to increase the success of allogeneic
lantation and avoid the use of immunosuppressive d

nvolves the specific suppression of allo-specific T cel
ponses by blocking co-stimulatory signaling during ac
ion [74]. The activation of näıve T cells requires two sig
als: the first is engagement of the TCR by the approp
HC–peptide complex, and the second is the co-stimula
rovided though pathways such as CD28–CD80/CD86
D40–CD40L(CD154)[75,76]. TCR engagement in the a
ence of this second co-stimulatory signal will result in a n
unctional or anergic population of antigen-specific T c
hich may ultimately be lost by apoptosis[77]. Pretreatmen
f a transplant recipient with antibodies to co-stimula
olecules such as CD40L and with an infusion of do

ells will specifically anergize T cells reactive to donor a
ens and tolerize the recipient against donor tissues[78].
he mechanism mediating the induction of tolerance by
timulatory blockade appears to involve multiple pathw

ncluding the physical deletion of T cells, the functional an
ization of T cells, and the immunoregulation of allo-spec
cells by regulatory T cells[79].
Co-stimulatory blockade effectively induces toleranc

he unperturbed T cell repertoire of a naı̈ve host[78,80–83],
ut in “real-world” conditions a transplant recipient is con
Näıve T cells require co-stimulatory signaling to mo
ffective responses against an antigenic challenge, but
ry T cells are less reliant on co-stimulation to become

ivated[89,90]. The activation of memory T cells in the a
ence of co-stimulation suggests that the presence of
pecific memory T cells may diminish the effectiveness o
timulatory blockade to induce tolerance against alloge
issues. Both CD8 and CD4 allo-specific memory T cells
rated by exposure to allo-antigens are refractory to the in

ion of tolerance using the standard co-stimulatory block
nd efficiently reject allogeneic transplant[91–93]. Of inter-
st is that prior exposure to allo-antigens is not the only m
nism for the generation of allo-specific memory T ce
s infection with viruses or bacteria also elicit allo-spe
emory T cells[63,64,91,94]. Allo-specific memory CD
cells generated byLeishmania majorinfection [94] and

llo-specific memory CD8 T cells generated by LCMV
ection [63] are refractory to the tolerance induced by
timulatory blockade and efficiently reject allogeneic s
rafts (Fig. 2). In addition, mice that have been sequenti

nfected with unrelated viruses have higher frequencie
llo-specific memory T cells and display heightened re

ance to the co-stimulatory blockade[91].
A closer examination of allo-specific CD8 T cell popu

ions in mice sequentially infected with heterologous viru
eveals that, while the frequency of T cells specific fo
nique haplotype may increase after a secondary viral i

ion, there is a corresponding decline in the number T
pecific for alternative haplotypes, relative to the levels
he primary infection[63]. The selective alterations in t
requencies of T cells specific for distinct haplotypes a



L.K. Selin et al. / Seminars in Immunology 16 (2004) 335–347 341

multiple viral infections suggests that T cell cross-reactivity
contributes to these changes in repertoire and also implies that
the activation of allo-specific T cells after an infection is an
antigen-driven phenomenon. Whether the rejection of foreign
transplants can be directly attributed to cross-reactive mem-
ory T cell responses remains to be resolved. One alternative
explanation for the virus-induced rejection of transplants is
that helper factors produced during a viral infection enhance
the proliferation of non-cross-reactive allo-specific T cells
that are stimulated by third party allo-antigens derived from
the graft. Overall, these findings indicate that the real world
environment presents a number of unique challenges for the
use of co-stimulatory blockade protocols, and these issues
will need to be solved to achieve success in human transplant
patients.

6. Attrition and accommodation of virus-specific
memory CD8 T cells

The peripheral CD8 T cell pool consists of naı̈ve and mem-
ory subsets, often distinguished by the expression of CD44,
and the homeostasis of the two compartments appears to be
regulated independently of each other[95]. This indepen-
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How and when this attrition of virus-specific memory CD8
T cell takes place has been the subject of several studies
[103–106]. We have proposed two hypothetical models, pas-
sive competition and active deletion, for this attrition. The
passive competition model suggests that during heterolo-
gous virus infection, pre-existing memory CD8 T cells in-
evitably have to compete with newly generated pathogen-
specific CD8 T cells for structural niches and/or survival fac-
tors such as cytokines, and eventually some memory CD8 T
cells would lose this battle and die off. Virus-specific mem-
ory CD8 T cells also have to compete with T cells expanding
homeostatically in response to lymphopenic environments,
which are often induced during virus infections. The pas-
sive competition scenario may be exemplified in a study by
Chapdelanie et al., in which an enhancedMycobacterium
bovis-specific CD8 T cell response, due to over-expression
of IL-15, resulted in more profound attrition of pre-existing
Listeria monocytogenes-specific CD8 T cells[104]. The ac-
tive deletion model suggests that pre-existing memory CD8
T cells undergo a bystander apoptosis and get killed off by cy-
totoxic factor(s) released during the early phase of new virus
infection. Thus far, our experimental data with mice suggest
that the majority of virus-specific memory CD8 T cell attri-
tion is a consequence of the active deletion model (Fig. 3)
[103,106].
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ence, in fact, seems appropriate, as the purpose of the
ompartments is quite distinct. While the homeostasis o
äıve T cell pool ensures continuous generation and ma
ance of a diverse T cell repertoire, the priority of the m
ry CD8 T cell compartment is the preservation of a m

ocused antigen-experienced pool of memory cells spe
o previously encountered pathogens.

Once generated, antigen-specific memory CD8 T cell
aintained in a remarkably stable manner[96,97]. The stable
ature of memory CD8 T cells is, in part, attributable to
elf-renewal capacity of memory CD8 T cells, supporte
art, by a member of the�c cytokine family, IL-15[98,99].

n the absence of IL-15, virus-specific memory CD8 T c
ecay slowly over time, due to the lack of “basal level ho
static proliferation”[98].

The stability of memory CD8 T cells is disrupted by sub
uent heterologous viral or bacterial infections[96,100–102].
ith the exception of cross-reactive CD8 T cells, which h

een shown to be spared or to even increase in numbe
ajority of non-cross-reactive memory CD8 T cells red

heir frequencies and numbers upon successive heterol
irus or bacterial infections. This memory CD8 T cell attrit
s not just limited to the secondary lymphoid tissues but is
pplicable to T cell populations residing in non-lymphoid
ipheral organs[103]. This attrition phenomenon intuitive
rovides solutions to dilemmas of the immune system a

nformation storage system. Instead of ever increasing
ize of the secondary lymphoid tissues to harbor all the m
ry T cells generated from numerous previously encoun
athogens, the immune system sacrifices old memory T

o accommodate new ones.
Deletion of memory CD8 T cells occurs very early d
ng acute virus infections[103,105,106]and is associate
ith generalized lymphopenia observed in many acute

erial [107] and viral infections, including influenza[108],
easles[109], Ebola [110], varicella zoster[111], E55+
urine leukemia[112], LCMV [103,106]and SARS coron

iruses[113]. Of note is that this lymphopenia prefere
ially affects some lymphocyte subsets more than others
D44hi memory CD8 T cells are particularly affected, m
o than CD44lo (näıve) CD8 T cells[103,105,106]. This dele
ion of memory CD8 T cells occurs throughout the body
s mediated by apoptotic cell death, as many of the CDhi

D8 T cells exhibit signs of apoptosis such as annexin-V
ctivity and terminal deoxynucleotydyl transferase-medi
UTP nick-end labelling (TUNEL) staining[106,112]. This
arly lymphopenic phase parallels the peak of type I

106], a signature cytokine produced by components o
nnate immune system, including subsets of dendritic
DCs) activated via the Toll-like receptors[114]. It is unclea
hether this lymphopenia is required for a subsequent
al expansion of T cells specific to the pathogen. Howev

s noteworthy that old mice, in contrast to young mice, w
esistant to E55+ murine leukemia virus-induced lymph
ia, and the authors speculated that the lack of the lymph
ia was associated with subsequently generated lower
nd antibody responses and suboptimal protective imm

112]. The lymphopenia and memory CD8 T cell loss
e recapitulated by directly injecting mice with poly(I:C)
otent type I IFN inducer, and mice deficient in type I I
eceptors were resistant to the poly(I:C)-or LCMV-indu
ymphopenia[106]. Type I IFN may not be the only facto
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Fig. 3. (A) The kinetics of non cross-reactive PV-specific memory CD8 T cell attrition demonstrates an ongoing loss of memory during heterologous persistent
LCMV infection as compared to acute LCMV infection. PV-immune mice were infected with either acute LCMV Armstrong (red) or persistent clone13 (blue)
infection. The frequency of dominant PV NP38-specific CD8 T cells in PBL was followed using IFN� assay. The kinetics of attrition was overlaid with the
kinetics of LCMV-specific CD8 T cell to show early depletion of PV-specific CD8 T cells. (B) Loss of functional PV-specific memory at the early and the
late phase of LCMV infection as measured by an in vivo cytotoxicity assay. Using PV NP38-coated targets in PV-immune, PV-immune acutely infected with
LCMV Armstrong or PV-immune mice infected with LCMV clone 13, which establishes a persistent infection, there is evidence for loss of functional memory
both at the early phase (day 2) and the late phase (day 40) of LCMV infection with either LCMV strain[103].

as downstream cell death pathways remain to be clarified.
This apoptosis does not appear to require the conventional
death pathways involving Fas, FasL, Bcl-2, Bcl-XL, perforin
or IFN� [106,107].

During virus infection, the lymphopenic phase is soon
followed by the proliferation of new virus-specific T cells
and possibly some homeostatic proliferation of other cells
to fill the available space, although the extent of homeo-
static proliferation under those conditions is unknown[105].
The lymphopenia can be recapitulated without expansion of
new antigen-specific T cells by inoculating the mice with
poly(I:C) in the absence of an antigenic challenge[106].
Adoptive transfer studies have revealed that the poly(I:C)
treatment reduced the number and the frequency (<70%) of
CFSE-labeled virus-specific CD8 T cells as early as 18 h after
treatment and prior to any signs of cell division[105]. This
poly(I:C)-induced lymphopenia is immediately followed by
an IL-15-mediated homeostatic division (recovery phase),
and then that ensues a substantial but not complete recovery
of memory CD8 T cells by 5 days after treatment[105]. In
contrast, however, during a virus infection, which also poses
an antigenic challenge, the initial loss of memory CD8 T cells
is poorly restored[103]. The reduced number of pre-existing
memory CD8 T cells that survived the initial lymphopenia
now have to compete with proliferating T cells specific to the

newly encountered pathogen (Fig. 3). Thus, some aspects of
the competition model appear to be operating during the re-
covery phase and contribute to overall attrition.

The phenomenon of memory CD8 T cell attrition has been
previously investigated almost exclusively in acute infec-
tions, where the pathogen gets cleared from host and the host
immune system eventually returns to steady-state homeosta-
sis. Some pathogens can evade or compromise host immune
surveillance and establish persistent infections, which may
disrupt the homeostasis of the host immune system by pos-
ing a continuous antigenic challenge[103,115,116]. Height-
ened levels of type I IFN, the key cytokine of attrition, can be
continuously detected during persistent infections, and this
continuous presence of type I IFN during chronic virus infec-
tion may intensify the level of attrition. We have examined
the extent and the pattern of attrition of previously acquired
memory CD8 T cells during acute or chronic virus infection
by using the LCMV model system in the mouse[103]. The
Armstrong strain of LCMV induces an acute sterilizing in-
fection associated with a strong IFN and T cell responses
and complete resolution of infection. In contrast, its highly
disseminating clone 13 variant causes a long-term persistent
infection in part by anergizing or deleting virus-specific T
cells [117]. PV-, VSV-, or VV-immune mice were infected
with either a moderate dose of LCMV-Armstrong to estab-
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lish an acute infection or with a high dose of LCMV-clone
13, to establish a persistent infection. A far more profound
level of attrition was detected among non cross-reactive virus-
specific memory CD8 T cells during the persistent infection
(Fig. 3). Furthermore, when CFSE-labeled memory CD8 T
cells were transferred into persistently infected hosts, a con-
tinuous loss of donor memory CD8 T cells was detected,
even long after the initial infection, and the loss was not due
to the lack of IL-15-dependent basal level homeostatic pro-
liferation[103]. Chronic virus infections are often associated
with generalized immunosuppression, although the mecha-
nisms are poorly understood[118,119]. Chronic LCMV in-
fection has been associated with aberrant antigen presenting
cells (APCs)[116,120], and with structural defects in the sec-
ondary lymphoid tissues[120]. In addition, our findings sug-
gest that severe attrition of previously acquired memory CD8
T cells during chronic virus infection may also contribute to
immunosuppression.

Repeated attrition of virus-specific memory CD8 T cells
upon successive infections and vaccinations may eventually
lead to impairment of protective immunity against the orig-
inal virus. Supporting this notion, Smith et al. demonstrated
compromised host protective immunity against tumor chal-
lenge due to reduced frequency of tumor-specific CD8 T cells
caused by a heterologous bacterial infection[101]. Clearance
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also asked whether computer-generated modeling can add in-
sights into the significance of the active vs. passive attrition
process. We have simulated “as if” situations by mathemati-
cal modeling, utilizing systems to consider the impact of both
cross-reactive and non-cross-reactive T cells between an in-
fectious agent which established the memory pool and a new
infectious agent driving an active T cell response. We have
used IMMSIM, a well-established model of the immune sys-
tem, based on cellular automata and governed by probabilistic
events. The program is available athttp://www.immsin.org
and can be downloaded for research and educational use.
References to the model’s past applications are found in
[123–127].

The IMMSIM body consists of epithelial cells in a grid
of 240 discrete “interaction sites” where 2500 cells of each
type (TH1, TH2, Tc, B, macrophages) of the immune sys-
tem are distributed, meet with each other and with antigens,
and mount cellular and humoral responses whenever a virus
infects the target epithelial cells. The specific interactions
are governed by affinity and chance (via computer generated
random numbers, RNs). Different RNs result in responses
different in repertoire and events, simulating the variability
within individual mice in vivo.

Each run begins with a virus inoculum at time step (TS)
1; the response builds a memory pool consisting of several
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f CSFE-labeled viral epitope-presenting target cells is
reatly impaired under these conditions as shown in in
ytotoxicity assays[103]. Furthermore, several reports ha
hown that the actual number and frequency of memory
cells are critical for protective immunity against viral

acterial infections[121,122].
Despite many demonstrations of infection-induced m

ry T cell attrition in the mouse system, it is presently
lear how important this is in human T cell homeost
nd protective immunity. Although virus-induced lympho
ia has been frequently reported in many human infec

109–111,113], the link between the lymphopenia and me
ry T cell attrition in humans remains to be further clarifi
ttrition in humans may not be as dramatic as in the mo
ystem, as the physically larger immune system may
ide a buffering apparatus to the IFN-induced deletion
he moment, there are no data to support or refute this
ytokine-induced T cell attrition in humans may be m
ronounced during persistent virus infections, including H
hese issues remain to be further clarified and better u
tanding of these issues will eventually lead to more effe
accine development.

. Computer-generated modeling of passive versus
ctive attrition

Some experimental data relating to active (cytokine
retion at the beginning of the response) and passive (
etition for space and resources) mechanisms of T cell

ion and discussion above are shown inFig. 3, but we have
lones. At TS 500, a second virus, different but having a c
eactive epitope, is injected, and the changes in the me
ell clones can be followed (Fig. 4). To study repeated se
ndary responses starting with the same primary memo
imulation of the in vivo adoptive transfer technique), we h
sed the same RN for the primary and allowed a differen

or each secondary infection.
By enabling or disabling the attrition functions that

odeled in the IMMSIM code, responses withactiveonly,
assiveonly or bothactiveandpassiveattrition are obtained
ig. 4shows a set of three experiments where CD8 mem
lones develop in these three conditions. These runs ar
esentative of a large number of repeated experiments, w
ave been compared and studied quantitatively. While a
er of observations and facts about the runs are listed i
gure legend, the following findings were statistically tes
nd constitute the conclusions of this analysis.

After the challenge by the second virus,activeandboth
ctive + passiveattrition thwart the growth of cross-react
lones, allowing an opportunity for new clones to start
he number of the latter is significantly larger withboththan
ith passive only(p < 0.01,n = 180, Student’st-test).
The pattern of dominance is influenced by the mod

ttrition: extreme dominance of single clones is favore
ctiveattrition, while co-dominance is more frequent w
assive,which exerts a flattening effect. Furthermore,
ispersion measured among the highest three clones o
un of the secondary response is significantly wider inactive
ndboththan inpassive(p < 0.01,n = 180, Student’st-test).

Affinity edge is important to establish clonal dominan
ut in these experiments is only one of the factors; the su

http://www.immsin.org/
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Fig. 4. Mathematical modeling of memory T cell attrition by active, passive
or both mechanisms: Tc memory clone dynamics during the primary and
secondary response to cross-reacting viruses, under three models of attrition
simulated by IMMSIM. Abscissa: time steps (TS) 0–1100. Ordinate: Tc
memory clone cells numbers. Arrows at TS = 1 and TS = 500 indicate the
time of inoculum of V1 (70 particles) and V2 (120 particles), respectively. V1
clearance is complete at TS∼= 200 and V2 clearance at TS∼= 700. Attrition
is enacted in active by simulating IFN type 1 secretion by target epithelial
cells at the time of the infection. The lymphokine diffuses locally and then
causes the death of memory cells by contact, thus creating space for V2
specific cell growth. There is an early decrease in all memory clones; the
cross-reacting ones show a typical “dip” before the secondary rise. Passive
attrition is simulated by a drastic decrease of lifespan of memory cells when
they reach a density threshold. It starts significantly later than active and its
effect is felt for several hundreds TS, as it causes a characteristic decrease
of the secondary clones after the secondary peak. The combination of both
modes in both features early plunging of primary memory, a dip before
the secondary growth and the after peak fall. The experiments shown also
illustrate the significant findings of stimulation of new responding clones in
active and both, and of favoring high affinity clones by active and both. This
is epitomized by the relative behaviour of the green (low affinity for V1,
medium affinity for V2) and the red (no reaction with V1, high affinity for
V2) clones in the three attrition modes. By contrast note that clones blue and
yellow have high affinity for V1 but do not bind V2, clones purple, lightblue
and black do not bind V1 and have high affinity or medium affinity (black)
for V2.

of the highest fit is favored byactiveandboth but not by
passiveattrition (Fig. 4).

Experimental studies in mice, as discussed in the preced-
ing section, have strongly implicated cytokine-dependent ac-
tive attrition as being a major player in memory T cell loss.
It is noteworthy that this mathematical model predicts that
this active attrition thwarts the expansion of cross-reactive T
cells. This active attrition may therefore serve to temper the

immunodomination that could be imposed by low affinity but
high frequency cross-reactive T cells on the development of
more effective high affinity clones specific to well presented
antigens.

8. Conclusion

The immune system has evolved such that highly di-
verse antigen-specific memory TCR repertoires to multiple
pathogens over a lifetime can be accommodated within a con-
fined space. With each new infection memory T cells are pref-
erentially deleted by active cytokine-dependent mechanisms
and possibly also by passive competition. However, mem-
ory T cells specific to previously encountered pathogens but
cross-reactive with the newly encountered pathogen are pref-
erentially maintained or expanded, such that the T cell reper-
toire specific to the previous pathogen becomes permanently
altered. These stimulated cross-reactive memory T cells play
a role in heterologous immunity by mediating effector func-
tion, by modulating the T cell immunodominance hierarchy,
and by influencing the balance between protective immunity
and immunopathology. Virus-specific T cells cross-reactive
with allo-antigens can alter the memory allo-specific T cell
pool and may modulate allograft survival and transplantation
t
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