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Memory of mice and men: CD8"
T-cell cross-reactivity and
heterologous immunity

Summary: The main functions of memory T cells are to provide protect-
ion upon re-exposure to a pathogen and to prevent the re-emergence of
low-grade persistent pathogens. Memory T cells achieve these functions
through their high frequency and elevated activation state, which lead to
rapid responses upon antigenic challenge. The significance and char-
acteristics of memory CD8 T cells in viral infections have been studied
extensively. In many of these studies of T-cell memory, experimental
viral immunologists go to great lengths to assure that their animal
colonies are free of endogenous pathogens in order to design reprod-
ucible experiments. These experimental results are then thought to pro-
vide the basis for our understanding of human immune responses to
viruses. Although these findings can be enlightening, humans are not
immunologically naive, and they often have memory T-cell populations
that can cross-react with and respond to a new infectious agent or cross-
react with allo-antigens and influence the success of tissue transplanta-
tion. These cross-reactive T cells can become activated and modulate the
immune response and outcome of subsequent heterologous infections, a
phenomenon we have termed heterologous immunity. These large mem-
ory populations are also accommodated into a finite immune system,
requiring that the host makes room for each new population of memory
cell. It appears that memory cells are part of a continually evolving
interactive network, where with each new infection there is an alteration
in the frequencies, distributions, and activities of memory cells generated
in response to previous infections and allo-antigens.

Cross-reactivity and T-cell receptor repertoires

T-cell cross-reactivity
The antigen-specific memory T-cell populations that are
important in protection against subsequent infection (1-3)
have diverse T-cell receptor (TCR) repertoires (4, 5) but also
are intrinsically cross-reactive. The TCR of a CD8" T cell
discriminates peptides of usually eight to 10 amino acids
that are embedded in major histocompatibility complex class
I (MHC-I) molecules (6). Crystal structural studies revealed
that only a few TCR contact residues on the peptide presented
by MHC molecules are required for activation (7-11),

although a TCR can tolerate certain amino acid substitutions



in the peptide sequence and still become activated. For exam-
ple, amino acid substitutions for a human leukocyte antigen
(HLA) BS8-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 cytotoxic T-lymphocyte
recognition (12). Thus, ‘molecular mimicry’, whereby a pep-
tide ligand differing from the original ligand retains sites that
are necessary for interaction with the TCR (13), is one of
several paths to cross-reactive T-cell responses. However, an
alternative explanation for this flexibility in TCR binding may
be explained by thermodynamic studies of TCR — peptide —
MHC interactions (14—17). The TCR undergoes conforma-
tional changes of the TCR complementarity determining
region 3 (CDR3) for proper accommodation to cognate anti-
gen, as seen with human T cells binding flu-M1sg_ ¢¢/HLA-
A2.1 and EBV-EBNA3335 34;/HLA-B8 epitopes (15, 16) and
mouse T cells binding a cytochrome C epitope MCCgg 193/
H2-E (14). Wu et dl. (17) have suggested an ‘induced fit’
model, where an af-TCR with low conformational comple-
mentarity to a peptide-MHC first contacts the MHC molecule
via the CDR1 and CDR2 loops, followed by readjustment of
the flexible CDR3 loops to the peptide — MHC complex. This
flexibility in the CDR3 molecule leads to an enhanced ability
of a single TCR to accommodate structurally diverse peptides.
It is possible that this kinetic flexibility in the TCR may also
lead to different regions of the same TCR interacting with
different sites on two separate ligands, termed as alternative
recognition (18, 19). Another mechanism for T-cell cross-
reactivity is the ability of T cells to express two different TCRs,
due to incomplete allelic exclusion of the TCRa chain (20).
Mathematical calculations suggest that a single TCR should be
able to react against 10° different nonamer peptides (21).
Taken together, these mechanisms make cross-reactivity very
difficult to predict and a fairly common event.
Cross-reactivity may be valuable to the host, considering
the large number of potential pathogenic antigens to which
one is exposed over a lifetime. Cross-reactivity could com-
pensate for a situation with a limited TCR repertoire and still
allow a normal immune response. For instance, mice deficient
for the enzyme terminal deoxynucleotidyl transferase (TdT)
have impaired CDR3 diversification with a TCR repertoire
which is only 5-10% of that calculated for wildtype mice
(22), but upon lymphocytic choriomeningitis virus (LCMV)
or Sendai virus infection, these mice have a relatively normal
immune response and recover from infection (23). These
TdT-deficient mice are reported to have T cells with a highly
cross-reactive profile when compared to wildtype mice (24),

and thus, they may compensate for the less diverse TCR
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repertoire. Additionally, many TCR transgenic mice, which
have limited TCR diversity, are capable of responding to many
antigens and resisting viral infections (25, 26).

Reports of pathogen-specific memory CD8" T cells recog-
nizing cross-reactive epitopes on different proteins of the
same pathogen or proteins from closely related or totally
unrelated pathogens are increasing (reviewed in 27).
Perhaps it is not surprising that cross-reactive T-cell responses
can be seen directed at evolutionarily conserved sites within
virus groups, such as different strains of influenza virus
(28-30) or dengue virus (31, 32), or conserved sites
between different members of the same virus group, such as
hantaviruses (33), arenaviruses (34), and flaviviruses (35).
However, examples of cross-reactive T-cell responses invol-
ving completely unrelated viruses such as LCMV and vaccinia
virus (VV) (36), influenza virus and hepatitis C virus (HCV)
(37), influenza virus and EBV (38), influenza virus and
human immunodeficiency virus (HIV) (39), and human
(40),

shown. These cross-reactive T-cell responses are more fre-

papillomavirus and coronavirus have now been
quently observed once memory T-cell populations have been
generated, due the increased frequency and higher activation
state of memory T cells (41-43). When -cross-reactive
immune responses are present, they can alter T-cell dynamics
and have considerable consequences on the pathogenesis of
infection and either inhibit or enhance the replication of a
newly encountered heterologous virus (44—47). They can also
have a significant impact on allospecific T-cell activity prior to
and following transplantation (48, 49). In addition, auto-
immunity has been associated with viral infections (50), 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.

Cross-reactivity, immunodominance, and TCR diversity
Although hundreds of peptides in any viral infection have
appropriate sequences to bind MHC-I, usually only a small
number of epitopes stimulate immunogenic responses. The
CD8™ T-cell memory pool created after a virus infection has
a distinct hierarchy of epitope-specific responses in a naive
host. Some viral epitopes are dominant, stimulating high
frequency T-cell responses, while others are subdominant,
stimulating weaker or barely detectable T-cell responses
(51). This immunodominance hierarchy is regulated by vari-
ous parameters, including the efficiency of processing and
presentation of the peptide, the affinity between peptide and
the MHC-I, the availability of T cells with TCRs that recognize
165
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the peptide-MHC complex, and the competition between T
cells for domains on the antigen-presenting cell (APC) (52).

Public versus private specificity
Many epitope-specific responses have distinct TCR CDR3
amino acid motifs that are maintained between clonotypes
and between different individuals. For example, in the
human HLA-A2-restricted influenza A M1-58 V317 response,
the amino acid motif IRSS is common (5), and in the H2-K%-
restricted HLA-CW3 Vb10 response in DBA/2 mice, SxG in
the first three positions of the CDR3 region was a common
motif (53). Other CDR3 binding motifs have been identified,
including the H2-D"-restricted nucleoprotein
(NP)396-specific VB8.1 response (GxxN) in LCMV infection
(54) and the HLA-Bl4-restricted HIV Env EL9 response
(GQG) (55). Conservation of CDR3 amino acid motifs sug-
gests that these sites are required for the TCR to bind to the

murine

MHC - ligand structure. These similarities in VP usage and
amino acid motifs, as well as conservation of immunodomi-
nance hierarchies, can be thought of as the ‘public specifici-
ties’ of epitope-specific T-cell responses that are similar
between individuals.

Despite the public specificities in T-cell responses, there can
be tremendous diversity in the TCR repertoire between indi-
viduals. The TCR usage per epitope differs between individual
hosts, even though there might be general similarities in
preferred TCR VP usage or specific CDR3 amino acid motifs
(53, 56-58). Thus, the TCRs on the antigen-specific T-cell
clones are unique to the individual, and these unique regions
have been referred to as the ‘private specificity’ for that
epitope-specific response. This variation is probably a conse-
quence of the random stochastic process of TCR rearrange-
ment in the thymus, which results in variations in the naive
peripheral TCR repertoire, and of the random stochastic pro-
cess whereby a T-cell encounters an APC presenting its cog-
nate ligand (59). T-cell clones that are stimulated early may
dominate the response by interfering with the stimulation of
other T cells (52).

Private specificity of cross-reactive memory alters subsequent

immune repertoires
When a memory CD8" T-cell has specificity for an epitope of
an unrelated pathogen, the high frequency and activation state
of memory cells gives it an advantage over naive T cells,
which can lead to preferential expansion of the cross-reactive
CD8" T-cell population. This cross-reactive expansion can
alter the hierarchy of T-cell responses; we saw this in sequen-
tial heterologous virus infections in mice with two distantly
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related arenaviruses, LCMV and Pichinde virus (PV) (34).
These viruses encode epitopes in NP,s with six of eight
amino acids in common. This epitope is normally subdomi-
nant for either virus in a naive host. However, due to a
selective expansion of NP,qs-specific cross-reactive memory
CD8" T cells, this NP, s-specific T-cell response became
dominant when LCMV-immune mice were infected with PV
or when PV-immune mice were infected with LCMV (34).
These data support the concept that expansions of cross-reac-
tive T-cell populations substantially contribute to the immune
hierarchies of T-cell responses. This study may explain some
of the variability in immunodominant hierarchies observed in
human viral infections, where the host has been exposed to
numerous infections throughout life. For instance, patients
with identical haplotypes infected with HIV or HCV show
high variability in their T-cell immune hierarchies (60, 61).
Interestingly, cross-reactive CD8" T-cell responses to other
pathogens have been documented for both of these viruses
(37, 62).

Our studies with VV infection of LCMV-immune mice
showed that VV sometimes elicited the expansion of T cells
with one LCMYV epitope specificity but other times elicited the
expansion of T cells with a different specificity. This outcome
could be explained by the stochastic nature of clonal domi-
nance and by the private specificities in antigen-specific TCR
repertoires in each immune host. Thus, the proportion of
epitope-specific memory T cells cross-reactive with another
antigen would differ from host to host. This variation is
indeed what we have observed in LCMV-immune hosts chal-
lenged with VV (36, 63). In our study to predict which
LCMV-encoded epitopes might be driving cross-reactive
responses to VV, substantial variability was noted when indi-
vidual mice were tested. In 50% of mice, the VV infection
stimulated strong expansion of T cells specific to the LCMV
NP,0s.212 epitope, in 23% of mice they were specific to either
the glycoprotein (GP);; or GPs4 overlapping epitopes, and in
15% of mice specific to the GPy5_1,5 epitope (Fig. 14). Often
there was expansion of T cells specific to only one LCMV
epitope, but sometimes T cells specific to more than one
epitope were expanded. The question was whether these
variations in expansion represent random stochastic events in
an LCMV-immune mouse challenged with VV, where only a
limited number of the cross-reactive T cells actually engage
antigen, or whether each mouse had a unique T-cell repertoire
in regards to its potential cross-reactivity with VV. To address
this point, carboxyfluorescein succinimidyl ester (CSFE)-
labeled LCMV-

immune mice were three

splenocytes  from  different donor

adoptively transferred into
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Fig. 1. (A) Hierarchy of lymphocytic choriomeningitis virus (LCMV)
epitope-specific memory populations which expand upon vaccinia virus
(VV) infection. Determined by private specificity of the T-cell receptor (TCR)
repertoire of each individual mouse, NP,(5(50% of mice) > GP34(23%)

> GP;5(15%). (B) Structural modeling demonstrates similar structures
evident in areas important for TCR interaction between VV al 1r; g and LCMV
GP, 5, LCMV GP34, LCMV NP, 5, and VV €71, 3. Using the concept of
molecular mimicry, LCMV epitopes were identified that induced cross-reactive
CD8" T-cell responses recognizing the VV al 1r, 95 epitope (shown in green).
The arrows mark positions 4, 7 (white), and 6 (yellow), which are important

recipients, which were each then challenged with VV. The
pattern of epitope-specific T-cell expansion was virtually iden-
tical among the recipients of a single donor but differed in
recipients from different donors. This result showed that these
variations in T-cell responses were reflections of the private
specificities of the individual immune host.

Although there is a high level of T-cell cross-reactivity
involving the two LCMV and PV NP,qs epitopes in regards
to peptide-induced interferon-y (IFNYy) production, a hetero-
logous virus challenge selects for a very small subset of the
cross-reactive T cells, leading to a substantial narrowing of the
TCR repertoire (64). This narrowing of the repertoire had
different patterns between individuals, and adoptive transfer
studies indicated that this variation was a reflection of the

private specificities of the immune system that developed after
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for TCR interaction. For modeling 3-D structures of putative peptide-H-2K"
complexes, we used X-ray coordinates of the crystallized TCR(2C)—dEV8—
H-2K" (PDB access number 2CKB). Using Swiss-PDB Viewer software
(GlaxoSmithKline R & D, Geneva, Switzerland), we mutated dEV8 to simulate
the peptides whose sequences are shown in (B). The modified variants with
minimal rotamer penalties were subjected to an energy minimization protocol.
For graphical presentation of the simulated peptide-H-2K" complexes, PyMol
software (DeLano scientific LLC, San Carlos, California) was utilized. The
H-2K"-restricted ovalbumin epitope, SIINFEKL, is shown as the actual crystal
structure adapted from PDB access number 1VAC (185).

the primary infection. Most studies, with few exceptions (65),
have linked narrow TCR repertoires to poor viral clearance
and an enhanced probability of selecting for epitope escape
variants (66—69). Thus, private specificities of memory TCR
repertoires adds another level of complexity in understanding
cross-reactive T-cell responses and further explain the
variability in disease outcome upon infection with the same
pathogen (70).

Cross-reactivity and heterologous immunity: balancing
protection and pathology

Cross-reactivity and protective immunity
Memory T cells cross-reactive with a heterologous virus can

provide partial protective immunity and, in experimental
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models, can provide the difference between life and death in
the infected host (44, 45, 71) (Table 1). For example, LCMV-
immune mice control PV infection, presumably due to the
cross-reactivity of T cells specific for the subdominant NP,
epitope (34, 63). LCMV-immune mice also manifest strong
protective immunity against infections with the large DNA
poxvirus VV compared to naive mice (44). In a respiratory
model of infection, this heterologous immunity prevented
mortality to an otherwise lethal dose of VV (45). Adoptive
transfer studies demonstrated that CD4" and CD8" T cells
from LCMV-immune mice were required to transfer protect-
ive immunity to naive mice challenged with PV or VV (44).
Because of the tenuous balance between T-cell immuno-
dominance, protective immunity, and immunopathology,
heterologous immunity is not always beneficial. Although
immunity to LCMV protected against respiratory VV infection,
it inhibited the clearance of respiratory syncytial virus (RSV)
(45, 47). Similarly, our work demonstrated that a history of
influenza A infection protected against VV but inhibited clear-
ance of murine cytomegalovirus (MCMV) and LCMV (46)
(Table 1).

Table 1. Heterologous immunity: changes in viral titer as a conse-
quence of prior infection

Immunizing Challenge change in titer

virus virus versus control

A. Systemic (i.p) infection

Altered viral titers

in the spleen or liver
LCMV PV 193%
LCMV MCMV 160%
LCMV A% 197%
PV LCMV 160%
PV MCMV 175%
PV A% 198%
MCMV LCMV 184%
MCMV PV 169%
MCMV W 197%
% LCMV 150%
W PV 121%
A% MCMV —0%

B. Mucosal (i.n) infection

altered viral titers in the lung
LCMV A% 187%
MCMV A% 168%
INFLUENZA A% 175%
INFLUENZA LCMV 1400%
INFLUENZA MCMV 1500%

LCMV, lymphocytic choriomeningitis virus; PV, Pichinde virus; MCMV, murine
cytomegalovirus; VV, vaccinia virus.

The numbers above represent the percentage reduction of PFU titer in (A)
the spleen or liver or (B) lung.

3—4 days postchallenge of mice, comparing heterologous virus-immunized
versus unimmunized (44-46).
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Lack of reciprocity

Although LCMV immunity protects against VV, immunity to
VV does not protect against LCMV (44). Correspondingly,
although VV elicits the proliferation of a subset of CSFE-
labeled adoptively transferred LCMV memory cells, LCMV
stimulates very little proliferation of a VV-immune population
(63). Since VV encodes over 200 proteins and perhaps thou-
sands of potential epitopes, it is probably much more likely to
encode an epitope that would activate some cells from an
LCMV-immune T-cell population, whereas LCMV, which
encodes only four proteins and a far more limited number
of epitopes, may be less likely to encounter a VV-immune
T-cell to stimulate. This finding could explain why so many
large DNA viruses have evolved to encode gene products that
interfere with MHC-I antigen presentation (72). Other factors
may also be involved. For instance, VV might be a better
inducer of interleukin-12 (IL-12) than LCMV and could lead
to enhanced IFNYy production by cross-reactive T cells (45).

Matrix of cross-reactivity
The selective expansion of LCMV-specific memory CD8*
T cells upon VV infection suggested the possibility of cross-
reactive CD8" T-cell responses between these two viruses
(45, 63). Based on the concept of molecular mimicry, we
have identified cross-reactive epitopes by searching for VV
sequence homology with the LCMV NP, s epitope (Fig. 1B).
An epitope, VVallr g, generated CD8" T-cell responses that
were highly cross-reactive with three LCMV-specific memory
CD8™ T-cell responses, NP,os, GP34, and GP; g (which, inci-
dentally, showed no cross-reactivity with each other), with
one PV-specific response, NP,os, and another VV epitope-
specific response, e7r;3o (36, unpublished data). Hence, a
whole matrix of cross-reactivity was revealed, where one VV
epitope could activate five different CD8* memory popula-
tions and impact heterologous immunity. Of significance,
however, was when al 1r,9g-stimulated cell lines were derived
from individual LCMV-immune donors, each line had differ-
ent patterns of cross-reactivity, with some high for one epi-
tope and others high for a different epitope, again reflecting

the private specificity of cross-reactivity (unpublished data).

Cross-reactivity and altered pathology
T cells mediate not only protective immunity but also sub-
stantial immunopathology (73-78). In LCMV infection,
T cells clear the virus but can also mediate a severe leptome-
ningitis (73, 74). The T-cell-mediated pathology during acute
infection likely results from the inflammatory conditions

induced by the presence of high numbers of T cells lysing



infected tissues, producing pro-inflammatory cytokines and
chemokines which recruit other cells. Disease outcome is
ultimately based on a fine balance between the number of
memory T cells recruited to sites of viral replication, the
efficiency and length of time these T cells are present, and
amplifying pro-inflammatory responses, before virus is
cleared. The efficiency of the activated T cells in viral clearance
is at least partially dependent on the avidity of the TCR
interaction with its ligand. Studies with altered peptide ligands
(APLs), which represent an in vitro model for cross-reactive
responses, show that high- and low-potency ligands differ in
the length of time the TCR interacts with MHC/ligand, i.e.
TCR ‘avidity’, and modify the functional potential of indivi-
dual clones (7, 79). These studies help explain why a lower
avidity cross-reactive response may not protect as well against
a heterologous virus or why heterologous immunity may not
be as effective at mediating protective immunity as homolo-
gous immunity. It is easy to imagine how an enhanced early
activation of a lower avidity cross-reactive clone might be
inefficient at protection but could lead to different types of

immunopathology.

Heterologous immunity and altered pathology in mice
An example of the balance between T-cell immunity and
pathology is seen in VV infection of LCMV-immune mice.
LCMV-immune mice challenged with VV developed pannicu-
litis presenting as necrosis of visceral fat (44), which is
analogous to human erythema nodosum. In a respiratory
infection model, reduced mortality of LCMV-immune mice
infected with VV was accompanied by altered lung pathology
(45). The lungs were infiltrated by LCMV-specific T cells,
which contributed to obstruction of bronchioles by fibrin
and inflammatory cells (bronchiolitis obliterans). In humans,
erythema nodosum and bronchiolitis obliterans are of
unknown etiology but can be seen in some viral and bacterial
infections and are also associated with autoimmune diseases
(80-82). Erythema nodosum has been observed after vaccina-
tion for smallpox or hepatitis B. The development of bronch-
iolitis obliterans in lung allografts is associated with transplant
rejection (82). Altered pathology also occurred in the influ-
enza-immune mice with augmented viral replication upon
LCMV or MCMYV infection. Instead of the usual mild mono-
nuclear infiltrate observed in acute MCMV infection of naive
mice, influenza-immune mice infected with MCMV develop-
ed a severe consolidating mononuclear pneumonia with evi-
dence of bronchiolization. During bronchiolization, alveolar
epithelium is replaced by bronchiolar-like cells, which is an

indicator of lung repair (83).
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Heterologous immunity and altered pathology in humans
Manifestations of heterologous immunity may therefore
explain variations in human disease pathogenesis thought
previously to be only affected by genetic differences, the
physiological condition of the patient, or the inoculation
route and dose. The individual’'s history of infections may
shape the T-cell memory pool in ways that contribute to this
variability. Heterologous immunity and cross-reactive T-cell
responses are reminiscent of the phenomenon of ‘original
antigenic sin’, which was first described for B-cell responses
against influenza virus subtypes (84). Different strains and
variants of influenza virus are commonly cross-reactive at
the T-cell level in mice and humans, leading to speculations
that these cross-reactive cells may be involved in the patho-
genesis of influenza virus infections (28-30). Perhaps the
most recognized human examples of heterologous immunity
come from dengue virus infections. Infection with a dengue
virus serotype generated CD8" T cells with a higher avidity to
a second and presumably previously encountered dengue
virus serotype, suggesting that cross-reactive memory CD8™"
T cells had preferentially expanded over T cells with greater
avidity to the serotype causing infection (31, 85). These
lower avidity cross-reactive T cells may mediate a more severe
disease outcome, including hemorrhagic fever, which has
been observed in subsequent infections with different dengue

virus serotypes.

EBV and acute infectious mononucleosis
The difference between a clinical and an asymptomatic acute
EBV infection is the magnitude of the T-cell response not the
viral load (86). Symptomatic disease in the form of acute
infectious mononucleosis syndrome is less likely in young
children than in teenagers and young adults, who have a
longer history of infections and presumably a more complex
pool of memory cells than young children (87). Other infec-
tions follow a similar pattern including mumps, chicken pox,
polio, and measles. A subset of T cells directed against a major
HLA-A2.1-restricted immunodominant EBV epitope, BMLE-
1,50, can cross-react with the invariant HLA-A2.1-restricted
influenza A virus epitope M1sg, even though they share only
three of nine amino acids (38). Our recent studies have
shown activation of these cross-reactive T cells in some but
not all acute mononucleosis patients, perhaps again reflecting
private specificities in the host response (38). Due to the large
size of its genome, EBV likely presents an extensive pool of
potential CD8™ T-cell epitopes that could activate other cross-
reactive memory CD8™ T cells of different specificities. In fact,
we have been able to define a matrix of cross-reactive EBV and
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influenza virus epitopes, analogous to the VV/LCMV allr;s,
matrix, which centers on the EBV BMLF1,z, epitope (unpub-
lished data) (Fig. 2).

Analyses of the M15g TCR repertoire from two individuals
experiencing EBV-associated acute infectious mononucleosis,
however, revealed a substantially different hierarchy of JB
usage than in healthy influenza A immune donors, suggesting
that a skewed subset of the M1sg-specific TCR repertoire,
probably those cross-reactive with EBV, were being stimulated
to proliferate. Interestingly, these cross-reactive T cells, as in
APL studies, behaved differently in their functional responses
to each ligand. Some cross-reactive cells bound both tetramers
and produced tumor necrosis factor o (TNFa), IFNYy, and
macrophage inflammatory protein 1f (MIPI1B) to both
ligands, some bound only one tetramer but produced TNFq,
IFNYy, and MIP1P to the alternate ligand, while some bound
only one tetramer but were able to produce only MIP1f to the
alternate ligand. It would appear that how a cross-reactive
T-cell interacts with its alternative ligand is highly variable
and that functional patterns of T-cell cross-reactivity are
indeed heterogeneous. Hence, multiple techniques are
required to detect T-cell cross-reactivity, including tetramer
staining and different functional assays. A potentially import-
ant factor in TCR interaction with its ligand is TCR avidity.
The interaction between a cross-reactive T-cell and its alter-
native ligand could be too weak to stably bind tetramer but
could be sufficient to induce a distinct hierarchy of cytokine
production. This is analogous to the observation that influenza
M1-specific clones were unable to bind M1-specific tetramers

but produced IFNYy following M1 peptide stimulation (88).

(IV) M15g
<+— GILGFVFTL

¢ (5/16)

(IV) NPgs
KLGEFYNQMM

(211)

(3/13)

—»
(2/11)

Fig. 2. Cross-reactive CD8" T-cell matrix. The Epstein — Barr virus
BMLF1,g, peptides induce CD8" T-cell responses that cross-react with
four other CD8" T-cell populations. The influenza M1 peptide can
induce CD8” T-cell responses that cross-react with at least three other
CD8™ T-cell populations. Which cross-reactive pattern any individual
displays depends on the private specificity of each individual’s T-cell
receptor repertoire. The numbers in the figure indicate how many
individuals of the total tested demonstrated the predominant cross-
reactive response indicated (the thickness of arrows correlates with the
frequency).
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HCV and fulminant hepatitis
There is extreme variability in the pathogenesis of HCV in
humans, ranging from asymptomatic to fulminant and from
sterilizing to persistent infections (89). Heterologous immu-
nity may play a role in this variability (90, 91), as HCV
encodes an HLA-A2-restricted epitope, NS3;073 1081, that
shares six of eight amino acids with the influenza epitope
NA,31.239, and T cells from influenza-immune individuals
with no evidence of a past HCV infection can often respond
to the HCV epitope in vitro (37). Hence, the human population
may be partially immune to HCV as a consequence of this
cross-reactivity. A pronounced cross-reactive T-cell response
between influenza and HCV was noted in some patients with
HCV infection, with resultant narrowing of the repertoire to
this single epitope (90). These same patients experienced a
fulminant necrotizing hepatitis far more severe than patients
who mounted a more diverse T-cell response. These patients
would likely be immune to the ubiquitous influenza virus
suggesting that private specificities may have dictated the

altered immune responses.

Heterologous immunity and immune deviation

Immunity to previously encountered viruses can alter the
cytokine response to subsequent virus encounters. Prior
immunity to LCMV induces much higher levels of IFNy and
lower levels of IL-6 upon VV infection (45, 46). Much of the
enhanced IFNy production comes directly from the LCMV
epitope-specific T cells activated by the VV infection (45, 46).
Immunity to influenza protects mice from severe disease
caused by infection with RSV after an RSV G-protein vaccina-
tion (92) by shifting the usual T-helper 2 (Th2) response into
a Th1 response and preventing severe eosinophilic infiltrates
in the lung. Changes in Th1/Th2 responses due to infections
or vaccinations early in childhood might explain why some
children are more likely to develop allergies than others.
Several studies reported beneficial effects of early infections
in childhood on the development of asthma, which may be
the consequence of an early skewing of the memory pool
toward a Th1 phenotype that would inhibit Th2-based allergic
responses (93).

Heterologous immunity and allografts

The impact of heterologous immunity extends to the field of
transplantation, as viral infections can influence the generation
of cellular immune responses to allo-antigens and have been
associated with the rejection of foreign tissue transplants

(48, 49, 94-99). The contribution of heterologous immunity



to the induction of allospecific immune responses is sup-
ported by evidence that virus-specific T cells cross-react with
allo-antigens (12, 48, 99—104). This cross-reactivity provides
a mechanism for the observed activation of allospecific T cells
following infections and for the detection of memory allo-
specific T cells within individuals that have not been pre-
viously exposed to allo-antigens (105). The activation of
allospecific T cells by viral infections presents a unique obsta-
cle for the transplant of foreign tissues and for the induction

of transplant tolerance.

Detection of allospecific T cells

The naive T-cell repertoire contains a large number of allo-
specific T cells, some of which may be recruited into virus-
specific T-cell responses. The frequency of naive allospecific
T cells has been estimated to range between 0.1 and 10% of
the total T cells, using limiting dilution and cell outgrowth
techniques (106-109). However, these protocols are not
optimal for quantification directly ex vivo, as they require
lengthy periods of in vitro culture and may not accurately
reflect the frequency of naive allospecific T cells in vivo. More
recently, intracellular cytokine assays have been utilized to
detect allospecific T cells more efficiently directly ex vivo
(105, 110-112). We have adopted this cytokine assay to
specifically identify naive T cells. Naive T cells had previously
been thought to acquire cytokine-producing effector func-
tions only after undergoing a differentiation process, but we
demonstrated that naive T cells rapidly produce TNFa but not
IENy following TCR engagement in vitro (113). Using TNFa
production as a marker, naive allospecific T cells were readily
detected directly ex vivo at frequencies ranging between 0.5
and 0.7% of the total T cells. Naive allospecific T cells were
distinguishable from effector/memory allospecific T cells by
the differential production of TNFa and IFNYy, as effector/
memory cells produced both cytokines (unpublished data).

Cross-reactivity and activation of allospecific T cells by viral

infection
The cross-reactive nature of antigen recognition by T cells
suggests that allospecific T cells may be activated by viral
infections. Initial results from our laboratory demonstrated
that acute infection of B6 mice with LCMV stimulated allo-
specific cytotoxicity against a broad range of foreign haplo-
types (94, 95). The in vitro killing of allogeneic target cells
detected seven days after infection was primarily mediated by
CD8" T cells (94, 99). Allospecific CD8" T cells that were
activated by infection with LCMV were also detected by the
production of IFNY in response to allogeneic targets (48, 49).
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Infection of mice with other viruses, including PV, VV, and
MCMYV, also stimulated allospecific T-cell cytotoxicity, sug-
gesting that this was a generalized phenomenon following
infection (95). Cytotoxic allospecific CD8* T cells were also
found in humans infected with EBV during acute infectious
mononucleosis (100, 114, 115).

Heterologous immunity is an important mechanism for the
activation of allospecific T cells following infection, and CD8™
T-cell cross-reactivity between viruses and alloantigens has
been demonstrated in numerous infection models, with
T-cell clones derived from mice infected with LCMV, influenza
virus, or VSV and from humans infected with EBV or herpes
simplex virus (12, 99-104). Studies examining cross-reactivity
between LCMV-specific CD8" T cells and alloantigens showed
that this cross-reactivity was broad-based, as a portion of T
cells specific for each of the four LCMV epitopes examined
(GP33, NP,s5, GP,74, and NP3o4) cross-reacted with H24 anti-
gens, as determined by the production of IFNYy (48).
However, while this cross-reactivity with H2¢ antigens was
broad, it was also distinctive, with different proportions of
each epitope-specific population recognizing the allogeneic
targets. This distinctive nature of cross-reactivity was clearly
evident between LCMV-specific T cells and H2* antigens,
which was still broad-based but was also more selective, as
two of the four LCMV-epitopes examined (GP33 and NP,s)
were cross-reactive. These results suggest that the viral
infections can dramatically alter the T-cell repertoire in an
unexpected manner by the activation of allospecific T cells
and that infections may account for the presence of allospe-
cific T cells with a memory phenotype in individuals that have
not been previously exposed to alloantigens (105, 110-112).
Indeed, after the acute LCMV infection resolved, memory
phenotype allospecific CD8™ T cells remained present in the
resting immune state (48, 49, 99).

Viral induced rejection of allogeneic implants in vivo
The activation of allospecific CD8" T cells by viral infections
may have important consequences for the transplantation of
foreign tissues and for the maintenance of graft function. Viral
infections have been demonstrated to rapidly induce a CD8”"
T-cell-mediated rejection of allogeneic splenocyte implants in
mice (116). In these studies, the fate of allogeneic cells
implanted into virus-infected mice was monitored using in
vivo cytotoxicity assays. This assay allows T-cell-mediated
rejection of CFSE-labeled allogeneic splenocytes to be exam-
ined in vivo within 20 h after transfer. The in vivo cytotoxicity
assay will also detect natural killer (NK) cell-mediated rejec-
tion of allogeneic splenocytes, and to specifically examine
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T-cell-dependent mechanisms, NK cells need to be depleted
before transfer of the target splenocytes (117). Infection of
B6 mice with either LCMV or PV induced a CD8* T-cell-
dependent mechanism for the rejection of implanted allo-
geneic splenocytes that was first detectable one day after
infection and reached peak levels by day three postinfection
(116). This virus-induced CD8* T-cell-dependent rejection
was surprising, in that it occurred at an early time point
after infection, when NK cell functions are peaking. This
outcome could either be due to allospecific T cells cross-
reacting with viral antigens or be due to a vigorous primary
T-cell response to the implanted allogeneic cells in the wake
of the rich cytokine environment created during acute

infection.

Viral infections abrogate the induction of allospecific tolerance
Traditional methods to prolong survival of allogeneic tissue
grafts have involved the use of chronic immunosuppression to
prevent the generation of donor-specific immune responses
(118-120). The use of costimulation blockade to tolerize
T cells against specific donor tissues has proven to be a
promising alternative approach to achieve long-term survival
of transplanted tissues without the need for generalized
immunosuppression (121-126). However, recent studies
have demonstrated that acute viral infections can seriously
diminish the efficacy of tolerance-inducing protocols. Acute
infection of mice with viruses such as LCMV or PV within
1-15 days post-transplant or by persistent infection with
LCMV interfered with the induction of tolerance to alloanti-
gens and resulted in rapid rejection of allogeneic skin grafts
(96-98). Depletion of CD8" cells from LCMV-infected
recipient mice significantly delayed rejection of the skin
allografts, supporting a role for CD8" T cells in mediating
the rejection. The inability of poly(I:C), VV, or MCMV to
abrogate tolerance under these conditions suggests that the
production of cytokines alone is not sufficient to induce
rejection (97), and the mechanisms mediating this virus-
induced abrogation of transplant tolerance still remain to be
clarified, though they could involve cross-reactivity.

Although a cytokine-mediated disruption of tolerance was
not evident at time points after transplantation, mice treated
with Toll-like receptor (TLR) agonists, such as poly(I:C) and
lipopolysaccharide, prior to the transplant of allogeneic tissues
were not effectively tolerized, suggesting that the very early
stages of tolerance induction are sensitive to a cytokine-
dependent mechanism (127). These findings suggest that

ongoing viral infections will be an impediment to the use of
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costimulation blockade for the induction of tolerance in

humans.

Heterologous immunity abrogates the induction of allospeci-

fic tolerance
The presence of memory allospecific T cells has been asso-
ciated with accelerated rejection of allogeneic tissues in
transplant recipients (105, 110—112). Memory allospecific T
cells generated by exposure to alloantigens are also refractory
to the effects of costimulation blockade, because memory T
cells are less reliant on costimulatory signals for activation
(49, 128, 129). Memory allospecific T cells generated by
infections are also refractory to costimulation blockade
(48, 49, 130). Mice previously infected with LCMV and
possessing memory phenotype allospecific T cells were not
sufficiently tolerized by costimulation blockade to accept allo-
geneic skin grafts (48, 49). Moreover, sequential infection of
mice with heterologous viruses generated higher frequencies
of allospecific memory T cells and increased resistance to
costimulation blockade (48, 49). These results suggest that
an individual’s history of infections will influence their
responsiveness to allo-antigens, and this history will be an
important factor for the design of novel methodologies to
achieve optimal graft survival in humans due to their large

complex memory populations.

Heterologous immunity and modulation of prior
memory

Heterologous immunity between unrelated pathogens has a
great impact on the stability of the memory T-cell pool. The
homeostasis of T cells is a tightly regulated phenomenon with,
in the resting state, relatively fixed proportions of CD4" and
CD8™ T cells and somewhat fixed proportions of memory to
naive cells. As the individual ages, the thymus, the source of
naive T cells, involutes, and there can be a proportional
increase of memory phenotype over naive phenotype T cells
(131). The distinction between bona fide memory cells and
other cells possessing a memory-like antigenic phenotype is
an important one. The mouse memory marker of CD44 can be
expressed on naive T cells after they receive a foreign antigen
signal and go through programmed proliferation and contrac-
tion and become bona fide memory cells, or CD44 can be
expressed on naive T cells when they are introduced into a
lymphopenic environment (131, 132). Such an environment
stimulates naive T cells to respond to self-antigens or perhaps
to microbial flora to acquire a memory CD44 phenotype and

fill up the available space, but they do not go through the



same differentiation scheme as bona fide memory cells. These
cells are thus the product of homeostatic proliferation and are
referred to as ‘HP’ cells. Other types of memory phenotype
cells that are not bona fide memory cells include classical CD1-
restricted NKT cells bearing an invariant TCRo chain (133)
and CD1-nonrestricted NKT cells, such as CD8" T cells coex-
pressing Ly49 markers (134, 135). The net result is that cells
expressing memory phenotypic markers may have been
derived from different sources.

Under resting non-lymphopenic conditions, both bona fide
memory and HP cells undergo a steady state low or basal level
division, which maintains T-cell number and keeps T cells of
different specificities in their same proportional frequencies
(136-138). This is likely because the cells all have similar
division rates. The number of cells remains the same either
because of the limitation of protective niches in the lymphoid
organs or because each division gives rise to one surviving and
one dead daughter. This question has not been resolved. This
steady state low-level proliferation, which also is referred to as
homeostatic proliferation, is not driven by antigen and does
not require an MHC-containing environment. It is at least
partially dependent on signaling by IL-15 or IL-7 (139-141).

Because of this steady-state homeostasis, the proportion of
bona fide memory T cells in a resting immunological environ-
ment can be very stable for a long period of time, and studies
in mice have shown that CD8" T-cell memory is very stable
(142, 143). Some reports suggest that CD4 " T-cell memory
gradually wanes (144, 145), but this point is controversial
and is not supported by other studies (146—148). For some
time there was a debate over whether antigen was needed for
the preservation of T-cell memory. That concept was refuted
by adoptive transfer studies showing that both CD8" and
CD4" memory T cells could be maintained in environments
lacking expression of MHC antigens (146, 149). These experi-
ments were performed with fully differentiated memory cells,
and some evidence suggests that an inadequate priming of T
cells may lead to less stable memory cells (150-152).
Nevertheless, in humans, VV-specific T cells can be found
several decades after immunization (153), and recent quanti-
tative longitudinal studies have shown moderately declining
but still impressive T- and B-cell memory to VV over a similar
period (154, 155). There are suggestions of apparently better
protective memory induced by attenuated rather than inacti-
vated viral vaccines, but it is unclear whether the benefit of
the attenuated vaccines is from generating a stronger immune
response in the first place because of replication of the anti-
gen, generating a response more biased to CD8" T cells, or

having persistent antigen continue to stimulate responses over
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time. Our data have shown that heterologous viral infections
can cause a substantial reduction of memory to previously
encountered pathogens (34, 142, 156, 157). In nature, where
individuals are constantly challenged with infections by dif-
ferent pathogens, the persistence of antigen may counter
balance the loss of memory that would occur by such

infections.

Apoptosis in T-cell responses
T-cell numbers are regulated by the ratio of cell division to
cell death, which usually occurs by apoptosis. It is important
to distinguish the concepts of cell division from cell prolifera-
tion, the latter meaning an increase in cell number. Division
may occur without an increase in cell number, as is the case in
steady-state homeostasis. Dividing cells may become sensi-
tized to various types of proapoptotic stimuli, and division
must overcome the apoptosis to result in an increase in
number. The dynamics of cell number changes during
LCMV infection of mice are displayed in Fig. 3. There initially
is a significant loss in T-cell number during the early stage of
LCMV and many other viral infections in mice and humans
(156, 158-161). An expansion phase of virus-specific T cells
follows, where division outpaces apoptosis. Next, there is a
contraction or silencing phase, where T-cell number in the
spleen and lymph nodes declines through apoptosis (162) and
migration into peripheral tissue (45, 163-165). The para-

meters of these responses are similar in mouse and human.

Virus-induced lymphopenia
Many viral infections in mouse and human induce a substan-
tial loss in lymphocyte and leukocyte numbers in the early
stages of infections (166). Undoubtedly, there may be many
mechanisms for this loss in cell number, but a common
mediator may be type 1 IFN, which is induced at high levels
in the early stages of infections in direct response to viral
replication. A substantial loss in CD8* and CD4* T-cell num-
ber during the first five days of LCMV infection parallels the
levels of type 1 IFN production, does not occur in type 1 IEN
receptor knockout mice (159), is blocked by antibody to type
1 IFN (167), and is mimicked by IFN-inducing TLR agonists,
such as poly(I:C) (159). The cells suffering the highest levels
of apoptosis are CD44™ CD8" T cells. These cells activate
caspases and express phosphatidyl serine on their membranes,
which interacts with annexin V (158, 159). The apoptotic loss
of either memory or, to a lesser extent, naive CD8" T cells
occurs prior to cell division, as shown by bromodeoxyuridine
uptake studies in vivo (159) or by implanting CSFE-labeled T
cells into mice and looking for loss of CSFE staining as an
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Fig. 3. Dynamics of the CD8" T-cell response during sequential
heterologous virus infections. This figure demonstrates the kinetics of
virus growth, interferon synthesis, virus-induced lymphopenia, T-cell
expansion and then apoptotic decline, and stability of CD8" memory in
mice infected with lymphocytic choriomeningitis virus. It shows the

indicator of cell division versus apoptosis (168). This early
apoptosis of T cells is not inhibited by stimulation of the T
cells with their ligand. Injection of mice with enough LCMV
epitope GP33_43 to cause activation of GP33-specific transgenic
or memory CD8" T cells in vivo in regards to up-regulation of
CD69 did not inhibit LCMV- or poly(I:C)-induced apoptosis
of the cells. This finding is of interest, because some models of
T-cell activation have indicated that exposure of T cells to
ligand, especially in the context of proper costimulation,
causes an upregulation of antiapoptotic factors such as Bcl-
XL to protect the dividing T cells from apoptosis (169). Our
computer modeling, however, indicates that without the
apoptosis of memory T cells at the early stages of infection,
cross-reactive T cells might dominate the response to any
infection (168, 170). By selectively reducing the frequency
of memory cells at the beginning of an immune response,
there may be a more highly diverse T-cell response to a new
pathogen, and this high diversity may be beneficial for patho-
gen control.

Type 1 IFN appears to play a number of other roles in the
early stages of T-cell responses. It has a major effect on the
differentiation of antigen-presenting dendritic cells, acting,
somewhat surprisingly, through a signal transducer and
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enhancement of T cells specific to cross-reactive (cxr) and the attrition
against non-cxr epitopes after challenge with a heterologous virus,
such as Pichinde virus. Reprinted, with permission, from the Annual
Reviews of Immunology, Volume 22 ©2004 by Annual Reviews
http://www.annualreviews.org.

activator of transcription 2 (STAT2)-dependent pathway
(171). Recent work on the ‘growth inhibitory’ function of
type 1 IFN, which might be linked to its pro-apoptotic prop-
erties, has implicated the importance of the STAT1 signaling
pathway (172). Of interest is that CD8" T cells downregulate
STAT1 after activation and then become resistant to the
growth inhibitory effects of IEN. Type 1 IFN can also induce
the division of memory T cells through its ability to induce
IL-15 (173). Most memory T cells express receptors for IL-15,
which is also a mediator of homeostatic division (139, 140).
Together, it seems that type 1 IFN first causes apoptosis of
memory T cells and a generalized lymphopenic state. Then
IL-15 stimulates them to divide until the lymphopenic state is
corrected. They do not ‘overshoot’ in number, unless antigen

is there to drive a new immune response.

Contraction or silencing phase
At the peak of the T-cell response, the activated T cells in the
spleen and lymph nodes express elevated levels of Fas and Fas
ligand (FasL) (54), become susceptible to antigen-driven acti-
vation-induced cell death (AICD) (174), express a pre-
apoptotic phenotype, as indicated by staining with annexin

V, but maintain functionality, such as cytotoxicity or cytokine



production (175). There has been controversy concerning
whether staining with annexin V really means impending
apoptosis or whether it might just be a marker for T-cell
activation. Our studies showed that the fate of LCMV-specific
annexin V' CD8™ T cells, when introduced into culture in vitro,
was to fragment their DNA and complete the apoptotic pro-
cesses. When transferred into mice in vivo, the annexin V' cell
populations gradually decreased in number and failed to
mediate a recall response, whereas similarly transferred
annexin V_ cells could mediate a recall response (175).
Some correlations were made between cells that were annexin
V™ and expression of receptors for IL-7 (175). IL-7R is
expressed on cells bearing high concentrations of antiapopto-
tic markers such as Bcl-2, and these are precursors for fully
functional memory cells (176). We thus feel that annexin V is
indeed a harbinger of apoptosis, though the apoptosis does
not necessarily happen immediately.

Part of the silencing phase is associated with the dissemina-
tion of T cells from the spleen and lymph nodes into the
peripheral organs. It is commonly stated that 95% of the
activated T cells die by apoptosis, but that number is based
on examining T-cell frequencies in lymphoid tissue. One
study in the influenza system indicated that there was a
much smaller reduction when all the cells in the body were
added up (165). A feature of LCMV-specific CD8™ cells in the
periphery, meaning lung, visceral fat, or peritoneal cavity, is
that they have a different apoptotic phenotype than those
present in the spleen and lymph nodes at the same time.
These peripheral T cells react less with annexin V, express
more IL-7R, stain less with antibodies to Fas or FasL, and are
relatively resistant to ligand-triggered AICD (54, 175). In the
LCMV system, part of the resistance of peritoneal cells to AICD
was linked to the presence of transforming growth factor-f
(54). In the lung of influenza-infected mice, the resistance to
apoptosis was linked to collagen in the lung signaling through
a1P1 integrin expressed on the T cells (177). Signaling
through certain integrins and adhesion molecules has long
been known to render T cells resistant to apoptosis (178),
and changes in the tissue environment of T cells may well
alter their apoptotic properties. The significance of this find-
ing may relate to the fact that effector memory T cells may
linger in peripheral tissue long after clearance of a virus,
providing a potential fast acting line of defense to pathogens.

An intriguing aspect about the apoptosis of T cells is that
there are epitope-specific preferences regarding the degree of
apoptosis (175). This can easily be seen in the LCMV infection
of C57BL/6 mice, where T cells specific for the D"-restricted

NP396 404 €pitope express higher annexin V reactivity, higher
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Fas, lower IL-7R (175), and higher mitochondrial membrane
potential (179) than do T cells specific for the D -restricted
GP33_4; epitope. This finding might be explained by the fact
that the T cells specific to this epitope may be triggered more
often than by the GP;; epitope, as the LCMV NP is expressed
at much higher levels than the GP during the LCMV infection
of cells. However, VV recombinants expressing NP versus
G-proteins under similar promoters stimulate T cells with
the same apoptotic properties (175). Nevertheless, the NP3
epitope is a very high affinity binder to H2D" and may still be
expressed better than GP;3;. What is most intriguing, however,
is that this differential in apoptosis between NP3o¢ and GP33 is
also seen on secondary immunizations, where there would be
less antigen presented, and in the resting immune state, where
there is no antigen at all. The apoptotic levels are lower in the
resting immune state, but the apoptotic differential between
NP396-specific versus GP33-specific T cells remains. It seems
that the apoptotic properties of epitope-specific T cells are an
intrinsic property of the epitope, presumably learned during
the early phases of infection and imprinted permanently in
those T cells. One might expect that the ratio of NP3g6- to
GP;3-specific T cells should change in the resting memory
state, and indeed there is a moderate shift to GP33 dominance
over time within this otherwise moderately stable memory

population (175).

Loss of memory after viral infections

With the caveat of some subtle shifting of the hierarchies of
T cells having different apoptotic properties, our studies of
infections with LCMV, PV, VV, MCMV, and VSV have indi-
cated that CD8" T-cell memory is generally quite stable for
well over a year but that it is significantly reduced after
subsequent infections with heterologous viruses (34, 142,
157). Very little information is available concerning the
stability of CD8% T-cell memory in humans, because most
studies are done with persistent virus infections, such as
HIV, EBV, CMV, and HCV, or with repeatedly encountered
pathogens like influenza virus. Recent studies of individuals
immunized with VV, the small pox vaccine, have indicated
relatively stable memory populations over several decades,
though the memory frequencies did decline over 10-fold
(155). It will be necessary to determine whether the VV-
specific T-cell repertoires remain stable over time to assess
how stable this memory is. That is because our studies in
the mouse have suggested that VV may be highly cross-
reactive with other viruses, inviting the possibility that
some of the VV-specific T cells may be maintained through
cross-reactivity (36, 71)(Fig. 3).
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A loss of pre-existing memory after subsequent infections has
also not been clarified during human infections. With a ‘larger’
immune system, humans may be able to accommodate large
pools of new memory cells without excluding others. The some-
what stable VV-immune frequencies, assuming that the T cells
are not maintained through cross-reactivity, might argue that
the loss of memory is not a major issue in human infections.
However, the infections that drive memory loss in mice are
major systemic infections that cause a substantial lymphopenia
and then splenomegaly, so one might expect substantial mem-
ory loss to occur more frequently in children rather than adults,

who do not have many diseases of this nature.

Cause of the loss in memory
We have proposed two models to explain the loss of pre-existing
memory occurring as a consequence of a heterologous viral
infection: the Active Attrition Model, whereby something directly
kills off the memory cells, and the Passive Attrition Model, where
the newly formed memory cells compete with the previously
formed memory cells for protective niches in the spleen and
lymph nodes as the immune response contracts (27, 71, 170).
Although both these mechanisms might influence the survival of
memory, our data support the active model, occurring during the
early cytokine-induced lymphopenia phase of infection (156). By
quantifying pre-existing antigen-specific CD8* memory cells and
following their frequencies through the course of infection, it is
clear that their numbers go down very early during the virus-
induced lymphopenia and that their recovery is rather modest.
There may still be some accommodation issues in competing for
protective niches later in infection, but its relative importance
seems less than the active attrition in these models of infection.
Because virus-induced lymphopenia is a commonly described
event occurring during many human infections, including influ-
enza, West Nile, Ebola, HIV, severe acute respiratory syndrome
corona, and even human LCMV (166, 168), we suspect that this
will be a factor driving attrition in memory in humans. There has
been little analysis of the effects of human virus-induced lym-
phopenia on CD8" memory to other antigens, though it is known
that patients receiving IFN therapy at least initially have a loss in
memory phenotype CD8”" T cells (180). These types of issues are
now being examined in controlled vaccination studies, but the
vaccines may not drive the level of lymphopenia necessary to
cause a loss in memory. Otherwise, the vaccinees would get sick.
This issue may be best addressed in those many volunteers who

get bad reactions to the small pox vaccine!

Memory cell attrition during persistent infections
T-cell dynamics are greatly altered during persistent infec-
tions, which not only induce proapoptotic cytokines but also
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drive T cells into apoptotic deletion by AICD or functional
exhaustion (181). Our studies have shown that memory T
cells specific to heterologous viruses are greatly deleted after
the initiation of infection with a high dose of LCMV clone 13,
which will cause a persistent infection, and those T cells do
not rebound in frequency (156). In addition, when CSFE-
labeled memory T cells are transferred into mice persistently
infected with the LCMV clone 13, a few attempt modest levels
of homeostatic division, but most are rapidly eliminated. If
similar mechanisms occur in humans, it would suggest that
persistent infections such as HIV or HCV should vigorously
delete memory to everything else that does not receive re-
stimulation by its own antigen or by cross-reactive antigen.
During persistent human infections, could residual memory T
cells specific to nonpersistent antigens be cross-reactive with

the pathogen driving the infection?

Failure of depleted memory cell populations to recover

The residual populations of memory cells remaining after the
early cytokine-induced deletion during infections are ineffec-
tive in restoring their population frequencies (156). This
ineffectiveness is for two reasons, the first being that they
have to compete with antigen-specific T cells responding to
the ongoing infection. Antigen-driven proliferation at three to
four divisions per day occurs at a much higher rate than
homeostatic division (43, 182), and the pre-existing memory
cells cannot compete. The second factor is that bona fide
memory cells are not very effective at homeostatic prolifera-
tion in the first place, even in the absence of an infection
(183). When CSFE-labeled LCMV-immune splenocytes were
transferred into T-cell-deficient mice or mice rendered
lymphopenic by irradiation or poly(I:C) inoculation, the pro-
portion of LCMV-specific T cells in the reconstituting popula-
tion of cells became, in comparison with its starting
frequency, substantially reduced as the cells proliferated to
fill up the lymphopenic environment. Thus, the memory
cells compete poorly with the HP cells that respond to self-
antigens or microbial flora (131, 183, 184). We predict that
conditions in humans that cause lymphopenia other than
infections, such as irradiation or immunosuppressive drug
treatment, should induce a memory cell loss, which needs to
be tested.

Conclusions

In humans as well as mice, the immune system has evolved
such that multiple diverse antigen-specific memory TCR

repertoires accumulate over a lifetime. With each new



infection, memory T cells must compete for limited space.
This competition is at least partially accomplished by the
preferential loss of prior memory populations by active cyto-
kine-dependent mechanisms. Also, memory T cells specific to
previously encountered pathogens but also cross-reactive with
the newly encountered pathogen are preferentially maintained
or expanded, such that the T-cell repertoire specific to the
previous pathogen becomes permanently altered (Fig. 3).
These activated cross-reactive memory T cells play a role in
heterologous immunity by modulating the T-cell immune hier-

archy and the private specificity of individual antigen-specific
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TCR repertoires, leading to an alteration in the balance between
protective immunity and immunopathology. Virus-specific
T-cell responses cross-reactive with allo-antigens can also alter
the memory allospecific T-cell pool and influence graft rejection
and tolerance induction. Thus, getting the wrong infection in a
host with a particular MHC and at the wrong time in a sequence
of other infections might have significant consequences for the
host. To understand the fine balance memory T cells can play in
the induction of protective immunity versus pathology, we need
to learn more about the consequences of heterologous immu-

nity and cross-reactive T-cell responses.
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