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Abstract
Ag persistence during high-titer chronic viral infections induces CD8 T cell dysfunction and lack
of Ag-independent CD8 T cell memory formation. However, we have a poor understanding of the
generation and maintenance of CD8 T cell memory during asymptomatic persistent viral
infections, particularly γ-herpesvirus infections. In this study, we demonstrate that the continuous
presence of cognate Ag in the host is not required for the maintenance of CD8 T cell memory
during a persistent γ-herpesvirus infection. Importantly, the Ag-independent CD8 T cell memory
that is maintained during γ-herpesvirus persistence has the capacity to survive long-term under
homeostatic conditions and to mount a protective recall response to a secondary encounter with
the pathogen. These data highlight the ability of the immune system to maintain a population of
protective memory CD8 T cells with capacity for long-term Ag-independent survival in the
presence of systemic virus persistence.

Immunological memory represents the ability of the adaptive immune system to remember a
previously encountered Ag and protect the host against secondary infection with that
pathogen. The formation of immunological memory allows the immune system to mount a
rapid, robust, more effective recall response to a secondary challenge (1,2). After the
resolution of an infection, the expanded pathogen-specific T cell population contracts via
programmed cell death, leaving only a small population of long-lived memory T cells (3).
These memory T cells are maintained at increased frequencies than their Ag-specific naive
repertoire, and have reduced costimulatory requirements and a higher activation status than
their naive counterparts (1,4,5). Memory T cells persist independently of Ag and self renew
by homeostatic proliferation in response to the cytokines IL-7 and IL-15 (6–8).

Although the process of maintenance of memory CD8 T cells during an acute resolving
infection is starting to be understood, the fate of CD8 T cell memory during persistent
infections is still a matter of debate. Substantial evidence from studies of persistent infection
with lymphocytic choriomeningitis virus (LCMV)3 clone 13 demonstrates that Ag
persistence leads to progressive effector CD8 T cell dysfunction and to lack of Ag-
independent memory formation (9–11). Cognate viral Ag is required for the maintenance of
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virus-specific CD8 T cells during LCMV persistence (12). These findings have been
partially extended to human infections with HIV and hepatitis C virus (13–16). Persistent
virus infections can appear in two different forms, as follows: those that lead to progressive
pathogen spread, viremia, and clinical disease (high-titer infections such as LCMV or HIV),
and those that are immunologically contained after a generally asymptomatic infection (low-
titer infections such as γ-herpesviruses). γ-Herpesviruses establish a systemic infection with
a perpetual dynamic state of latency/reactivation that shapes the ongoing T cell response
(17–21). Viral Ags are continuously presented during long-term persistence (21) and readily
induce naive and memory CD8 T cell proliferation (22). Despite Ag persistence, immune
surveillance maintains herpesviruses in check and CD8 T cell responses are not globally
compromised (20,21,23–26). Altogether, these results highlight that persistent viral
infections can last for the life of the host without apparent T cell dysfunction.

A key unanswered question that these findings elicit is whether memory CD8 T cells
generated during a low-titer persistent viral infection can survive independently of cognate
Ag and are capable of eliciting long-term protection. This issue is critical for the
maintenance of memory after antiviral treatment during persistent infections. Some studies
suggest that virus persistence may be necessary to maintain a CD8 T cell response (27–29),
whereas others show stable or elevated T cell responses after antiviral drug therapy (30,31).
Whether these sustained or contracted T cell responses are protective to virus reinfection
remains unknown and can only be tested in an animal model. We have addressed these
issues using a model of γ-herpesvirus infection.

In the present study, we sought to analyze the capacity of Ag-experienced CD8 T cells from
murine γ-herpesvirus-68 (γHV68) persistently infected mice to survive and proliferate in the
absence of viral Ags and to subsequently mount a protective recall response. Our data show
that memory CD8 T cells isolated from mice persistently infected with γHV68 have the
ability to survive and homeostatically proliferate in vivo in the absence of cognate viral Ags.
Furthermore, γHV68-specific memory CD8 T cells elicit a recall response by proliferating
during secondary γHV68 infection after being rested in a recipient mouse in the absence of
cognate virus. Finally, the data show that recall of Ag-independent γHV68-specific memory
CD8 T cells confers enhanced protection against a virus challenge. Altogether, these data
demonstrate that protective Ag-independent memory CD8 T cell responses are generated
and maintained during herpesvirus persistence.

Materials and Methods
Mice and viral infection

C57BL/6J and B6.PL-Thy1a/CyJ mice were obtained from The Jackson Laboratory and
Harlan Farms, or were bred at the Research Institute at Nationwide Children’s Hospital.
γHV68, clone WUMS, was propagated and titered on a monolayer of NIH3T3 fibroblasts.
Mice were housed in BL2 containment under pathogen-free conditions. The Institutional
Animal Care and Use Committee approved all of the animal studies described in this work.
Mice were anesthetized with 2,2,2,-tribromoethanol and intranasally inoculated with 1000
PFU γHV68 in 30 μl of HBSS.

Adoptive cell transfers and CFSE staining
Splenocytes from C57BL/6 mice at 3 mo post-γHV68 infection and non-infected age-
matched controls were processed into single-cell suspensions, as described above. Cells
were plated in flasks coated with anti-mouse IgG plus IgM Abs (Jackson ImmunoResearch
Laboratories) for 1 h to enrich for T cells. The nonadherent cells were incubated with Fc
block (CD16/32) and washed and stained with anti-CD44, anti-CD19, and anti-CD8 Abs.

Cush and Flaño Page 2

J Immunol. Author manuscript; available in PMC 2011 February 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cells were purified using a FACSVantage with Diva option; the CD19+ cells were gated
out; and CD8+CD44+ cells were purified (purity 98%). The purified cells were labeled with
0.5 μM CFSE for 15 min at 37°C in HBSS. The cells were washed thoroughly, and 1 × 106

purified cells were injected i.v. into the recipient B6.PL mice. The presence of
CD8+CD90.2+ CFSE-positive cells was analyzed in spleen, lung, and bone marrow cell
suspensions from the recipient mice at different time points after transfer. When indicated,
B6.PL recipient mice were exposed to a sublethal dose of irradiation. Briefly, the recipient
B6.PL mice were exposed to a contained cesium source to receive 5.5 Gy (550 rad). The
presence of γHV68 was routinely analyzed in the spleen of lymphopenic and
nonlymphopenic host mice after adoptive transfer by limiting dilution nested PCR (21) and
infective center assays (32).

Virus titers
The number of latently infected cells was determined on splenic cell suspensions on day 14
after infection using a a standard infectious center assay (32).

Flow cytometry analysis
Single-cell suspensions were obtained from the following organs: bronchial alveolar lavage,
lung parenchyma, mediastinal lymph node (MLN), peripheral blood, spleen, and bone
marrow. Cells were stained with Fc block (CD16/32), and then washed and stained with a
combination of the following γHV68-specific MHC tetramers: open reading frame
(ORF)6487– 495/Db, ORF61524–531/Kb, and Abs against CD8 (53-6.7) and CD90.2 (53.2-1).
MHC tetramers were generated, as described (33), or obtained from the National Institutes
of Health Tetramer Core Facility. Flow cytometry data were acquired on a BD LSR (BD
Biosciences) and analyzed using FlowJo software. Gates were set using negative controls
and isotype controls.

BrdU administration and staining
Recipient B6.PL mice were administered BrdU at 0.8 mg/ml in their drinking water for 14
days, changing out for fresh BrdU water every other day. Single-cell suspensions of the
bone marrow and spleen were prepared at day 14 of BrdU administration. The BD
Pharmingen BrdU flow kit was used to stain the samples following the manufacturer
instructions.

Results
Memory CD8 T cells undergo homeostatic proliferation and mediate protective recall
responses in lymphopenic hosts

The continuous presence of persistent viral Ags is thought to maintain virus-specific CD8 T
cells during persistent infections (9,12). Using γHV68, it has been shown that memory CD8
T cells can undergo IL-15-independent proliferation and that they fail to proliferate in a
naive secondary host (34). Thus, to test whether Ag-experienced CD8 T cells isolated from
long-term γHV68-infected hosts can survive and proliferate in the absence of cognate viral
Ags, we used an adoptive transfer system into lymphopenic hosts. The recipient mice were
previously sublethally irradiated to create space for the newly transferred cells and to
facilitate their engraftment (35,36). We FACS purified Ag-experienced CD8 T cells
(CD44+CD8+) from the spleens of mice infected with γHV68 for at least 3 mo, labeled them
with CFSE, and i.v. transferred 1 × 106 cells per mouse into naive CD90.1 congenic
recipients. This cell transfer represents an average frequency of 5,000 ORF6487–495/Db-
specific CD8 T cells and 50,000 ORF61524–531/Kb-specific CD8 T cells transferred per
mouse. To ensure that no γHV68 virus was transferred, B cells and macrophages were
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depleted by panning and plastic adherence. In addition, CD19+ cells were gated out during
the FACS-sorting procedure. The presence of γHV68 was routinely analyzed in the spleen of
adoptively transferred mice by limiting dilution nested PCR (21) and infective center assays
(32), and no γHV68 was detected (data not shown). In addition, no features of γHV68-
associated infectious mononucleosis (splenomegaly, selective expansion of virus-specific or
Vβ4CD8 T cells) (37) were found in mice recipient of memory CD8 T cells during the
course of the experiments presented in this study. The data show that we could detect the
presence of donor CD8 T cells in the spleen, bone marrow, and lung of the recipient mice at
different times after adoptive transfer (Fig. 1). Donor CD8 T cells constituted between 5 and
30% of the total number of cells in each recipient tissue on day 16, which suggests that they
have dramatically expanded in the recipient mouse. The analysis of CFSE dilution shows
that the transferred CD8 T cells proliferated in response to homeostatic cytokines in the
absence of cognate viral Ags, as typical of Ag-independent memory T cells. High-CFSE
fluorescence intensity could still be detected in a small fraction of donor CD8 T cells that
had not proliferated on day 16 after adoptive transfer (Fig. 1), indicating that the decrease in
CFSE signal intensity described above could not be due to a global decay in CFSE
fluorescence intensity over time. Altogether, these data indicate that Ag-experienced CD8 T
cells from mice latently infected with γHV68 have the ability to survive and proliferate in
the absence of cognate viral Ag in a lymphopenic host.

Next, we addressed whether the adoptively transferred CD8 T cells could mount a recall
response to γHV68 after being rested in the absence of cognate viral Ags. We compared the
recall capacity of Ag-experienced CD8 T cells purified from mice latently infected with
γHV68 (termed γHV68 memory) with that of Ag-experienced CD8 T cells purified from
noninfected control donor mice (termed irrelevant memory). After FACS purification and
adoptive transfer, the γHV68 memory CD8 T cells or irrelevant memory cells were rested
for 30 days in their respective naive congenic recipients. The data show that both
populations of donor CD8 T cells could be detected in the peripheral blood of their
respective recipients at least 1 mo after adoptive transfer (day 0; Fig. 2A). On day 30 after
adoptive transfer, all of the mice were intranasally infected with γHV68. The percentage of
donor CD8 T cells in the peripheral blood was analyzed before infection (day 0) and then on
days 7 and 14 after γHV68 infection. The data show that γHV68 memory CD8 T cells of
donor origin expand from 20% of the total CD8 T cell population (day 30 posttransfer, day 0
of infection) to 40 and 50% of the total CD8 T cells on days 7 and 14 after infection,
respectively (Fig. 2A). The donor CD8 T cells did not expand in response to a γHV68
challenge in the recipient mice that have received irrelevant memory CD8 T cells. These
data strongly suggest that the recall response was specific to γHV68 and not due to
nonspecific inflammation or to an artifact of adoptively transferring cells into a lymphopenic
environment, because irrelevant memory donor cells did not proliferate in response to
γHV68 infection under similar conditions. Due to the high variability of the response in mice
that received irrelevant memory, we performed an analysis of the recall response in
individual mice. The data corroborate that there was a 2-fold increase in the frequency of
donor CD8 T cells transferred from γHV68 memory mice on day 7 (Fig. 2B) or on day 14
(Fig. 2C) after γHV68 recall. The frequency of CD8 T cells of donor origin isolated from
irrelevant memory mice either stayed the same or went down in their respective host after
γHV68 infection. Taken together, these data indicate that memory CD8 T cells from mice
latently infected with γHV68 can mount a recall response to γHV68.

To test whether the recall response was mediated by γHV68-specific CD8 T cells of donor
origin, we analyzed the frequency and number of Ag-specific cells of donor (CD90.2) and
host (CD90.1) origin on day 14 after γHV68 infection (day 44 after adoptive transfer). The
tetramer analysis shows that ORF6487–495/Db- and ORF61524–531/Kb-specific CD8 T cell
populations of donor origin were conspicuous and could be detected in every organ analyzed
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(bronchoalveolar lavage, lung tissue, PBL, MLN, spleen, and bone marrow) (Fig. 3A). The
data show that donor ORF6487–495/Db-specific CD8 T cells constitute 40 –50% of the total
epitope-specific pool, and that 60–70% of the ORF61524–531/Kb-specific CD8 T cells are
also of donor origin (Fig. 3B). The analysis of the total numbers of epitope-specific CD8 T
cells of donor and host origin in the spleen and MLN of the adoptively transferred γHV68-
infected mice shows that memory CD8 T cells of donor origin make a substantial
contribution to the total antiviral T cell response (Fig. 3C). Whether this process is due to
the faster proliferation of memory cells of donor origin than naive host cells or to donor T
cell quenching of the host response via Ag or cytokine competition remains unclear.

Next, we assessed the ability of these rested memory CD8 T cells isolated from mice
latently infected with γHV68 to protect against secondary infection. After FACS purification
and adoptive transfer, the γHV68 memory CD8 T cells or irrelevant memory cells were
rested for 30 days in their respective naive congenic recipients. On day 30 after adoptive
transfer, the mice were intranasally infected with γHV68. At the peak of viral infection in
the spleen (14 days postinfection), we analyzed the frequency of γHV68 latently infected
cells by quantifying the ability of the virus to reactivate and cause plaques. The frequency of
infected cells in the spleen was compared between mice that received γHV68 memory or
irrelevant memory CD8 T cells. The data in Fig. 4 illustrate that the mice receiving CD8 T
cells from γHV68 persistently infected donors had significant lower levels of splenic viral
latency than the mice that received control Ag-experienced CD8 T cells (p ≤ 0.0001). These
data indicate that γHV68-specific memory CD8 T cells preserve their capacity to mediate
protective responses after Ag withdrawal. Altogether, these data demonstrate that after
adoptive transfer into a lymphopenic environment free of cognate Ag, herpesvirus-specific
memory CD8 T cells have the capacity to survive and to mount proliferative and protective
recall responses.

Survival and proliferation of memory CD8 T cells in γHV68-free mice
The survival of γHV68-specific CD8 T cells in adoptive hosts was unexpected in light of the
previous literature (34), and thus, we considered the possibility that it was an artifact due to
the lymphopenic environment. Sublethal irradiation creates an environment that enhances
adoptive immunity (36). A potential concern with homeostatic proliferation during
lymphopenia is that it can produce memory T cells with protective capacity (38,39). We
next addressed whether CD8 T cells from γHV68 latently infected mice could survive and
proliferate without cognate Ags in a normal environment in which they have to compete
with normal memory T cells from the host. We FACS purified Ag-experienced CD8 T cells
(CD44+CD8+) from the spleens of mice that had been infected with γHV68 for at least 3 mo,
labeled them with CFSE, and i.v. transferred 1 × 106 cells per mouse into recipient naive
congenic B6.PL mice (CD90.1). CD8 T cells of donor origin could be detected at days 1, 7,
and 21 after transfer in the spleen, bone marrow, and lung of mice that received γHV68
memory or irrelevant memory transfers (Fig. 5A). The analysis of CFSE dilution in the
transferred cells suggests that they could proliferate at a slow rate (Fig. 5A). The frequency
of CD8 T cells of donor origin decreased over time, but their values were similar between
the γHV68 memory and irrelevant memory transfers in both the bone marrow and spleen
(Fig. 5B). Next, to determine the ability of the donor CD8 T cells to proliferate in the naive
recipients, we performed BrdU assays. At the time of adoptive transfer, the recipient mice
were administered BrdU in their drinking water for 14 days. The percentage of cells that
incorporated BrdU was analyzed by intracellular staining (Fig. 5C). The data show that in
the mice that received the γHV68 memory transfer, the percentage of donor cells that have
incorporated BrdU in the spleen was 30% and was nearly identical with the percentage of
host CD8 T cells that incorporate BrdU. In the irrelevant memory transfer group, the
frequency of cells that incorporated BrdU in the spleen was 15–20% and also similar
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between donor and host CD8 T cells. Similar data were obtained in the bone marrow. On
day 14 post-transfer, the total number of donor CD8 T cells in the spleen and bone marrow
was assessed in both the irrelevant memory transfer and the γHV68 memory transfer mice.
The data show that the total number of donor cells is identical between the irrelevant
memory and the γHV68 memory transfer mice (Fig. 5D). Because our data show that
adoptively transferred memory CD8 T cells from latently infected mice incorporated BrdU,
these indicate that they can survive and proliferate in the absence of cognate viral Ags by
homeostatic proliferation. Their ability to survive and proliferate is similar to that of
memory CD8 T cells isolated from noninfected control mice.

γHV68-specific memory CD8 T cells mediate recall responses
To address whether memory CD8 T cells can mount an effective recall response after
cognate Ag withdrawal, the adoptively transferred CD8 T cells were rested in naive
recipients for 30 days, and the donor cell frequency among the total CD8 T cell population
was determined in the bone marrow, MLN, and spleen on day 30 after transfer. The donor
cell frequencies in the lymphoid organs of mice that received γHV68 memory cells were
between 0.5 and 2% of the total CD8 T cell population, and ~0.5% in the mice that received
irrelevant memory (Fig. 6A). The total donor cell numbers in the recipient mice on day 30
after transfer show no differences between mice that receive γHV68 memory or irrelevant
memory (Fig. 6B). To examine the donor cell response to γHV68 infection, we analyzed the
frequency of donor cells before and after infection with γHV68. The data show that 14 days
after infection, the CD8 T cells of donor origin from recipient mice that received γHV68
memory expanded ~10-fold (Fig. 6C). The donor CD8 T cells from the mice that received
irrelevant memory cells did not increase their frequency after γHV68 infection, suggesting
that bystander activation or inflammation from the infection does not play a role in the cell
expansion observed in mice recipient of γHV68 memory cells. Altogether, these data
suggest that γHV68-specific memory CD8 T cells can mount a proliferative response during
virus re-encounter after being rested in the absence of cognate Ags for up to 1 mo.

Next, to address whether the recall response of the adoptively transfer cells was virus
specific, we analyzed the presence of virus-specific cells in the donor CD8 T cell
populations using γHV68-specific tetrameric reagents. On day 14 after infection, we
determined the frequency of ORF6487–495/Db and ORF61524–531/Kb CD8 T cells of donor
origin in mice that had received γHV68 or irrelevant memory transfers 44 days before (Fig.
7). The results show that in every tissue analyzed, the frequency of γHV68-specific cells was
5- to 25-fold higher in the mice that received the γHV68 memory donor cells than in the
mice that received irrelevant memory donor cells. The analysis of the total cell numbers
corroborates these differences and shows that the magnitude of the Ag-specific response is
dramatically enhanced in mice that received γHV68 memory cells compared with that of
control mice that received irrelevant memory (Table I). Altogether, these data demonstrate
that γHV68-specific memory CD8 T cells can survive in the absence of cognate Ag, and
upon virus recall mount an efficient Ag-specific proliferative response. We considered the
possibility that 30 days was not enough time for the γHV68-specific transferred cell to rest
in the absence of cognate viral Ags. Thus, we performed the transfer experiments, waiting
60 days after adoptive transfer of γHV68 memory or irrelevant memory cells before
infecting the recipient mice with γHV68. The data show that CD8 T cells of donor origin
could be detected 60 days after transfer in both experimental groups (Fig. 8). Furthermore,
the donor CD8 T cells from the mice that received γHV68 memory expanded 10-fold after
exposure to γHV68 infection, whereas the donor cells from the mice that received an
irrelevant memory transfer did not expand. These data corroborate that memory CD8 T cells
purified from persistently γHV68-infected mice can survive long-term without cognate Ag
and mount a proliferative recall response against γHV68.
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Rested memory CD8 T cells mediate antiviral protective responses
Having established that γHV68-specific memory cells can survive in the absence of cognate
Ag and that they can mount a proliferative recall response against γHV68, we wanted to
examine the ability of these rested γHV68-specific memory CD8 T cells to protect against a
secondary infection with γHV68. Therefore, we adoptively transferred memory CD8 T cells
from γHV68 persistently infected mice or from naive controls into naive congenic recipients.
Thirty days after transfer, the mice were intranasally infected with γHV68, and the number
of γHV68-infected cells was determined on day 14 after infection. The data in Fig. 9 show
that the mice that received Ag-experienced CD8 T cells purified from persistently infected
mice had significant lower numbers of infected cells than the mice that received control
memory CD8 T cells (p ≤ 0.0079). These data demonstrate that γHV68-specific memory
CD8 T cells preserve their protective capacity after prolonged cognate Ag withdrawal in a
normal host.

Discussion
The generation and maintenance of memory CD8 T cell responses during persistent viral
infections are poorly understood. The current line of thought is that persistent infection leads
to progressive CD8 T cell dysfunction and lack of memory formation. Our data show that
after adoptive transfer into an Ag-free environment, γ-herpesvirus-specific memory CD8 T
cells have the capacity to survive and homeostatically proliferate in the absence of cognate
antigenic peptide, and to mount a proliferative and protective recall response. Importantly,
these responses occur both in lymphopenic mice, in which the adoptively transferred
memory CD8 T cells encounter an environment that enhances survival and memory
generation, and in normal mice, in which the adoptively transferred memory CD8 T cells
must compete with the host cells for limited resources and space. These results demonstrate
that self-renewing memory CD8 T cells with antiviral protective capacity can develop
during persistent viral infection.

T cells are critical in controlling γ-herpesvirus infections (25,40–42). γ-Herpesviruses
establish a lifelong infection that constantly influences the maintenance and function of the
T cell response during virus persistence both in humans (24,43) and mice (19,20). The
capacity of γHV68-specific memory CD8 T cells to survive and proliferate in vivo in the
absence of persistent viral Ags represents the maintenance of a crucial attribute of a
functional CD8 T cell response. These findings contrast with the maintenance of CD8 T cell
memory against γHV68 in absence of IL-15 in IL-15-deficient mice (34), when IL-15 is
critical for the generation and survival of memory T cells (44). It is possible that in the
absence of IL-15, the survival of γHV68-specific memory CD8 T cells is mediated by viral-
persistent Ags or other cytokines. However, this finding in a transgenic model does not
exclude the possibility that a population of memory CD8 T cells with their capacity to
homeostatically proliferate intact is maintained during long-term γ-herpesvirus persistence in
immunocompetent hosts. It is possible that the γHV68-specific CD8 T cells that survive and
proliferate in cognate Ag-free recipients represent a robust expansion of an otherwise small
subpopulation of CD8 T cells, or it is also possible that a large pool of γHV68 memory CD8
T cells maintained their homeostatic proliferative capacity intact. Our data showing a global
decay in CFSE intensity and the incorporation of BrdU in 20 –30% of the transferred CD8 T
cells appear to support this second alternative. It should be noted that previous studies have
indicated that a population of central-memory CD8 T cells is maintained during γHV68
infection (21) and the expression of IL-7R and IL-15R on γHV68-specific CD8 T cells does
not show major deficiencies (20,21). Furthermore, addition of IL-15 increased the survival
of γHV68-specific CD8 T cells (19) and induced proliferation of a subpopulation of memory
cells (20). Although the CD8 T cell responses against γ-herpesvirus infections can be very
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heterogeneous and epitope specific (19,45), antiviral CD8 T cell functions are not apparently
compromised during γ-herpesvirus persistence (21,23).

Persistent Ag is required for the maintenance of CD8 T cell responses during persistent
infection with LCMV-clone 13 (9,12). Our data show that γHV68-specific CD8 T cells
maintain the central-memory property of long-term Ag-independent survival. Can these two
independent findings obtained with two different persistent infections be reconciled? First, it
is possible that the form of virus persistence in the host can influence the maintenance of T
cell memory. γHV68 persists in a latent state in multiple anatomical locations (46,47), and,
although the number of infected cells is low, lytic viral Ags are continuously being
presented by professional APCs during long-term infection (21). Importantly, this Ag
presentation during the persistent phase of infection is capable of inducing the proliferation
of naive and memory T cells (22). Thus, γ-herpesvirus lytic Ags are continuously priming
CD8 T cells during viral persistence, but they do not appear to be sufficient to induce global
CD8 T cell dysfunction or lack of memory formation. Second, it is possible that there is a
threshold of persistent Ag for maintaining memory CD8 T cells that proliferate in response
to homeostatic cytokines. The antigenic load, not merely persistence, will be a crucial factor
in determining the outcome of a memory CD8 T cell response (48). During γHV68
persistence, the number of infected cells is close to 1000 per spleen (21,46,49), whereas
during LCMV-clone 13 persistence, viral titers are 104–106 PFU/g tissue (11,50). γHV68
represents a persistent systemic infection in which the viral and antigenic load is relatively
low and, thus, CD8 T cell function and memory are maintained.

We have modeled the elimination of the persistent pathogen using an adoptive transfer
strategy because herpesviruses cannot be readily eliminated from the host. Our findings
show that γHV68-specific memory CD8 T cells do not require cognate viral Ag for survival.
Our experimental approach employs memory CD8 T cells from mice at 3 mo after infection,
and different results may be obtained at earlier or later times after infection. Continuous
exposure to low levels of persistent Ag for longer periods of time may alter the properties of
γHV68-specific memory cells, although previous analyses at 8–9 mo after infection have
shown maintenance of IL-7R expression and of cytotoxic capacity (21). The adoptively
transferred memory CD8 T cells are efficiently maintained in lymphoid organs and in the
periphery of naive recipient mice, despite the lack of cognate viral Ags. Two mutually
nonexclusive mechanisms can facilitate this process: cell survival and cell proliferation.
Through the use of CFSE and BrdU, we observed that cell proliferation is an important
component for the maintenance of the transferred memory. These observations were made in
the absence of cognate Ag stimulation, suggesting that homeostatic cytokines play a crucial
role in this process. Importantly, we observed the existence of long-term memory CD8 T
cells with antiviral protective capacity both in lymphopenic and normal hosts. This finding
indicates that lymphopenia is not inducing a nonphysiological property on γHV68-specific
memory CD8 T cells, but merely amplifying a pre-existent property of a subset of γHV68-
specific memory CD8 T cells. Our findings appear to be reminiscent of those of
Trypanosoma cruzi persistence in mice, in which stable CD8 T cell function and memory
have been reported (51,52). Drug-induced elimination of T. cruzi parasites results in the
induction of a protective central-memory CD8 T cell response (53). Along the same lines,
antiviral therapy during chronic hepatitis C virus or HIV infection can induce enhanced
antiviral T cell responses (30,31). Thus, data from several persistent infections support the
idea that pathogen persistence is not sufficient to induce lack of memory CD8 T cell
maintenance. Other parameters such as Ag load, pathogen tropism, immune evasion
mechanisms, and quality of the CD4 T cell help are likely to play a fundamental role in
shaping the memory CD8 T cell response to a persistent pathogen.
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A critical aspect of our findings is that the memory CD8 T cell response generated during a
persistent γ-herpesvirus infection has the capacity to mediate antiviral protection during a
recall response. These data support the previous observation that γHV68-specific CD8 T
cells maintain antiviral functions and mediate protection during the persistent phase of
infection (21). Our data demonstrate that memory CD8 T cells that have been rested in the
absence of cognate γHV68 Ags have the capacity to mount a proliferative response
following secondary encounter with γHV68. In addition, these rested persistent memory
CD8 T cells enhance the protection to a γHV68 challenge by reducing the number of
infected cells in both lymphopenic and normal hosts. On day 14 after challenge, mice that
received CD8 T cells isolated from γHV68-asymptomatic donors more than 1 mo before had
significantly lower viral titers than control mice that received irrelevant CD8 T cells (p ≤
0.0001 in lymphopenic hosts; p ≤ 0.0079 in normal hosts). Useful cellular memory must be
long-lived and able to mount an effective recall response, and γHV68-specific CD8 T cell
memory shows these two characteristics. These findings suggest a modified model of T cell
memory generation during virus persistence in which, at least under conditions of controlled
virus spread, a population of memory CD8 T cells with capacity for long-term Ag-
independent survival and for mediating protection during secondary virus encounter can be
maintained in the host. Protective memory T cell responses might be achieved by bringing
or maintaining the persistent viral or antigenic load below a certain threshold that prevents
triggering of progressive T cell dysfunction.
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FIGURE 1.
Ag-experienced CD8 T cells isolated from γHV68 persistently infected mice survive and
proliferate in the absence of cognate viral Ags in lymphopenic hosts. Sublethally irradiated
B6.PL mice received 1 × 106 CFSE-labeled CD44+CD8+ T cells isolated from the spleens of
B6 mice that have been infected with γHV68 for at least 3 mo. A, Representative FACS
plots of the spleen, bone marrow, and lung 16 days after adoptive cell transfer. Left column,
Shows CD8 and CD90.2 staining. Numbers show the frequency of CD8+ CD90.2+ cells.
Right column, Shows representative plots of the CFSE and CD90.2 staining of CD8 T cells.
B, Analysis of the CFSE fluorescent intensity of donor CD90.2+CD8+ T cells in the spleen
on days 0, 3, 8, 16, and 21 after adoptive transfer. Similar results were obtained in two
independent experiments.
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FIGURE 2.
Rested memory CD8 T cells from γHV68 persistently infected mice proliferate in response
to γHV68 virus recall in lymphopenic hosts. Sublethally irradiated B6.PL mice received 1 ×
106 CFSE-labeled CD44+CD8+ T cells isolated from the spleens of B6 mice that have been
infected with γHV68 for at least 3 mo or from noninfected age-matched controls. After
adoptive cell transfer, the recipient B6.PL mice were rested for 30 days and subsequently
infected with γHV68. A, Bar diagrams show the frequency of CD90.2+CD8+ T cells of
donor origin in the peripheral blood on days 0, 7, and 14 after γHV68 challenge. The
analysis of B6.PL mice that received γHV68 memory is on the left, and the analysis of
B6.PL mice that received control irrelevant memory CD8 T cells is on the right. Bars
represent the mean value of three experimental animals, and error bars indicate SEM. B, The
graphs show the frequency of CD90.2+CD8+ T cells in PBLs of the same individual B6.PL
recipient mouse before γHV68 infection and at day 7 after infection. Left panel, B6.PL mice
that received γHV68 memory; right panel, B6.PL mice that received control irrelevant
memory CD8 T cells. C, The graphs show the frequency of CD90.2+CD8+ T cells in the
PBLs of the same individual recipient B6.PL mice before γHV68 infection and at day 14
after infection. Left panel, B6.PL mice that received γHV68 memory; right panel, B6.PL
mice that received control irrelevant memory CD8 T cells. Similar results were obtained in
two independent experiments.
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FIGURE 3.
γHV68-specific memory CD8 T cells mount a recall response to γHV68 infection.
Sublethally irradiated B6.PL mice received 1 × 106 CFSE-labeled CD44+CD8+ T cells
isolated from the spleens of B6 mice that have been infected with γHV68 for at least 3 mo.
The recipient B6.PL mice were rested for 30 days after adoptive cell transfer and
subsequently infected with γHV68. On day 14 after infection, we analyzed bronchoalveolar
lavage (BAL), peripheral blood lymphocytes (PBL), lung, MLN, and spleen of individual
mice. A, Representative FACS plots showing tetramer-positive (ORF61524–531/Kb) cells of
donor origin (CD90.2+) after gating on CD8+ T cells. Numbers indicate the frequency of
tetramer-positive cells of donor (upper right quadrant) and host (upper left quadrant) origin.
B, Bar diagrams show the frequency of cells of donor origin (CD90.2+) among virus-specific
ORF6487–495/Db+ CD8+ T cells (left panel) or ORF61524–531/Kb+ CD8+ T cells (right
panel). C, Bar diagrams represent the number of virus-specific CD8 T cells (ORF6487–495/
Db+ and ORF61524–531/Kb+) that are of donor origin (CD90.2+) or host cells (CD90.2−). Left
panel, Spleen; right panel, MLN. Bars represent the mean value of three experimental
animals, and error bars indicate SEM. Similar results were obtained in two independent
experiments.
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FIGURE 4.
γHV68-specific memory CD8 T cells protect a γHV68 challenge. Sublethally irradiated
B6.PL mice received 1 × 106 CFSE-labeled CD44+CD8+ T cells isolated from the spleens of
B6 mice that have been infected with γHV68 for at least 3 mo (γHV68 memory; ) or from
noninfected age-matched controls (irrelevant memory; ■). The recipient B6.PL mice were
rested for 30 days after adoptive cell transfer and subsequently infected with γHV68. The
bar diagram shows the number of γHV68-infected cells in the spleen 14 days after infection.
Bars represent the mean value of three experimental animals, and error bars indicate SEM.
Similar results were obtained in two independent experiments.
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FIGURE 5.
Memory CD8 T cell isolated from γHV68-infected mice survive and proliferate in the
absence of cognate viral Ags. B6.PL mice received 1 × 106 CFSE-labeled CD44+CD8+ T
cells isolated from the spleens of B6 mice that have been infected with γHV68 for at least 3
mo (γHV68 memory transfer) or from noninfected age-matched controls (irrelevant memory
transfer). A, FACS histograms show a temporal kinetic analysis of the CFSE intensity of
CD90.2+CD8+ T splenocytes on days 1, 7, and 21 after adoptive transfer. Left panel, B6.PL
mice that received γHV68 memory; right panel, B6.PL mice that received control irrelevant
memory CD8 T cells. B, Frequency of CD8 T cells of donor origin (CD90.2+) on days 1, 7,
and 21 after adoptive cell transfer in the spleen (left panel) and bone marrow (right panel).
The dotted lines represent B6.PL mice that received control irrelevant memory CD8 T cells,
and the solid line represents B6.PL mice that received γHV68 memory. C, On the day of
adoptive cell transfer, B6.PL recipient mice were administered BrdU in their drinking water
for 14 days. Bar diagrams display the frequency of donor CD90.2+CD8+ T cells and host
CD90.2−CD8+ T cells that incorporated BrdU in the spleen (left panel) and bone marrow
(right panel). D, Bar diagram shows the total number of donor CD90.2+CD8+ T cells in the
spleen and bone marrow that have incorporated BrdU 14 days after adoptive cell transfer. ■,
Represent B6.PL mice that received γHV68 memory CD8 T cells; □, represent B6.PL mice
that received control irrelevant memory CD8 T cells. Bars represent the mean value of three
experimental animals, and error bars indicate SEM.
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FIGURE 6.
Memory CD8 T cells from γHV68 persistently infected mice survive in an environment free
of cognate γHV68 Ags, and mount a proliferative response during recall to γHV68. B6.PL
mice (CD90.1) received 1 × 106 CFSE-labeled CD44+ CD8+ T cells isolated from the
spleens of B6 mice (CD90.2) that have been infected with γHV68 for at least 3 mo (γHV68
memory; ■) or from noninfected age-matched controls (irrelevant memory; □). A, Bar
diagrams represent the frequency of CD90.2+CD8+ T cells in the bone marrow, MLN, and
spleen 30 days after adoptive cell transfer. B, Bar diagrams show the total cell number of
CD90.2+CD8+ T cells in the bone marrow, MLN, and spleen 30 days after adoptive transfer.
Recipient mice were rested for 30 days without Ag after adoptive cell transfer and
subsequently infected with γHV68. C, Bar diagrams represent the frequency of donor
CD90.2+CD8+T cells in PBLs on day 0 (before γHV68 infection) and on day 14 after
γHV68 infection. Bars represent the mean value of three experimental animals, and error
bars indicate SEM. Similar results were obtained in two independent experiments.
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FIGURE 7.
Rested γHV68-specific memory CD8 T cells mount a proliferative response upon Ag recall.
B6.PL mice received 1 × 106 CFSE-labeled CD44+CD8+ T cells isolated from the spleens of
B6 mice that have been infected with γHV68 for at least 3 mo (γHV68 memory) or from
noninfected age-matched controls (irrelevant memory). The recipient B6.PL mice were
rested for 30 days after adoptive cell transfer and subsequently infected with γHV68. All
data presented in this figure are from day 14 after γHV68 infection. A, Representative FACS
plots from mice that received γHV68 memory CD8 T cells (left panel) or control irrelevant
memory T cells (right panel) by adoptive cell transfer. Left plot, CD8 vs CD90.2; shows the
frequency of donor CD90.2+CD8+ T cells. Middle plot, CD8 vs ORF6487–495/Db; shows the
frequency of tetramer-positive cells among donor CD90.2+CD8+ T cells. Right plot, CD8 vs
ORF61524–531/Kb; shows the frequency of tetramer-positive cells among donor
CD90.2+CD8+ T cells. B, Bar diagrams indicate the frequency of donor CD90.2+

ORF6487–495/Db+ cells among CD8 T cells. C, Bar diagrams represent the frequency of
donor CD90.2+ ORF61524–531/Kb+ cells among CD8 T cells. ■, Indicate B6.PL mice that
received control irrelevant memory CD8 T cells; , indicate B6.PL mice that received
γHV68 memory CD8 T cell transfer. Bars represent the mean value of six experimental
animals, and error bars indicate SEM. Similar results were obtained in two independent
experiments.
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FIGURE 8.
γHV68-specific memory CD8 T cells survive long-term without cognate Ag and mount a
recall response. B6.PL mice received 1 × 106 CFSE-labeled CD44+CD8+ T cells isolated
from the spleens of B6 mice that have been infected with γHV68 for at least 3 mo or from
non-infected age-matched controls. The recipient B6.PL mice were rested for 60 days after
adoptive cell transfer and subsequently infected with γHV68. FACS plots show the
frequency of CD90.2+CD8+ T cells in PBLs and spleen at day 60 after adoptive transfer (left
panel) and at day 14 after γHV68 infection (day 74 after adoptive cell transfer; right panel).
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FIGURE 9.
Rested γHV68-specific memory CD8 T cells mediate a protective recall response. B6.PL
mice received 1 × 106 CFSE-labeled CD44+CD8+ T cells isolated from the spleens of B6
mice that have been infected with γHV68 for at least 3 mo (γHV68 memory; ■) or from non-
infected age-matched controls (irrelevant memory; ). The recipient B6.PL mice were
rested for 30 days after adoptive cell transfer and subsequently infected with γHV68. Bar
diagrams show the number of infected cells and splenocytes 14 days after infection. Bars
represent the mean value of six experimental animals, and error bars indicate SEM. Similar
results were obtained in two independent experiments.
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