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Abstract
The influence of latent virus on CD8+ T cell memory is poorly understood. HSV type 1 specifically
establishes latency in trigeminal ganglia (TG) after corneal infection of mice. In latently infected
TG, IL-15 deprivation reduced the following: 1) accumulation of HSV-specific CD8+ effector T cells
(HSV-CD8eff), 2) accumulation of CD127+ putative HSV-CD8 memory precursors, and 3) the size
and functionality of the memory (HSV-CD8mem) population. Although compromised in IL-15−/−

mice, the HSV-CD8mem pool persisted in latently infected tissue, but not in noninfected tissue of the
same mice. Anti-IL-2 treatment also dramatically reduced the size of the HSV-CD8eff population in
the TG, but did not influence the concomitant generation of the CD127+ putative HSV-CD8mem
precursor population or the size or functionality of the HSV-CD8mem pool. Thus, the size of the
memory pool appears to be determined by the size of the CD127+ CD8mem precursor population and
not by the size of the overall CD8eff pool. HSV-CD8mem showed a higher basal rate of proliferation
in latently infected than noninfected tissue, which was associated with a reduced population of
CD4+FoxP3+ regulatory T cells. Thus, the generation, maintenance, and function of memory
CD8+ T cells is markedly influenced by latent virus.

One major advantage afforded by the adaptive immune system is its ability to develop an
anamnestic memory response. The CD8mem response is stronger and more rapid than the
primary response due to functional augmentation and increased frequency of Ag-specific cells
within the T cell pool. CD8mem in both mice and humans is comprised of at least two
subpopulations: 1) central CD8mem cells that express the lymph node homing receptors CD62L
and CCR7 and, thus, reside primarily in secondary lymphoid tissues; and 2) effector
CD8mem cells that lack lymph node homing receptors, favoring their presence in nonlymphoid
tissues (1,2). Both of these memory populations express IL-7Rα(CD127) and IL-15Rα and
depend on IL-7 and IL-15 signals for survival and homeostatic growth (3–7). It appears that
both central and effector CD8mem cells derive from precursors that are generated during the
initial expansion of CD8eff cells. Although these CD8mem precursors express the functional
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and phenotypic characteristics of CD8eff, they are differentiated from true CD8eff by their
expression of CD127, and typically represent <10% of the CD8eff population (8).

In most cases, pathogens are eliminated from the body following a brief acute infection,
resulting in a prolonged period in which the CD8mem pool represents an armed and waiting
population that is maintained by homeostatic proliferation in the absence of Ag. Homeostasis
of this population appears to be dependent on the direct or indirect influence of at least three
cytokines. IL-15 acts as a growth and survival factor, whereas IL-7 maintains viability by
inhibiting the apoptosis of CD8mem (9). The third cytokine, IL-2, may indirectly inhibit
homeostatic proliferation of CD8mem cells by maintaining the activity of CD4+CD25+

regulatory T cells (10,11). The receptors for all three cytokines share a common γ-chain
(CD132), but have unique α-chains. IL-15R and IL-2R are heterotrimers with two shared chains
(CD122 and CD132). IL-15 can promote homeostatic proliferation of CD8mem that lack
IL-15Rα through transpresentation to the low-affinity IL-2R comprised of CD122 and CD132
(7,12–14).

In some cases, pathogens persist for prolonged periods within the host in the presence of
nonsterilizing immunity. Such infections can be of two types: persistent or latent. In a persistent
infection typified by the lymphocytic choriomeningitis virus (LCMV)3 clone 13 infection in
mice, replicating pathogens remain in the host. Such infections produce a persistent, high-level
antigenic load that profoundly influences the phenotypic and functional characteristics of the
CD8mem population. The CD8mem pool generated during persistent infections by LCMV
proliferate poorly in response to IL-7 and IL-15 due to down-regulation of their receptors,
produce little IL-2, and express the inhibitory receptor PD-1 (15–17). Prolonged exposure to
a high antigenic load during this chronic infection also leads to exhaustion of Ag-specific
CD8mem (18).

The generation, maintenance, and function of the CD8mem population during latent viral
infections remain largely unexplored. Following HSV-1 infection of the mouse cornea, the
virus is harbored in a latent state in the sensory neurons of the trigeminal ganglion (TG).
Virtually all of the HSV-1 specific CD8+ T cells in the infected TG recognize the
immunodominant gB498–505 epitope (19,20). For convenience, these gB498–505-specific
CD8+ T cells will be referred to in this article as HSV-CD8. This population survives
contraction and is maintained in the TG of latently infected mice for the life of the animal.
Evidence from our laboratory and others suggests that low-level and perhaps intermittent
expression of a limited array of viral genes persists in some latently infected neurons (19,21–
23).

The concept that these latently infected neurons are ignored by the host immune system is now
giving way to recent findings that HSV-CD8mem cells surrounding these neurons express an
activation phenotype (CD69+ and granzyme B+), and form an apparent immunologic synapse
with neurons (19,22). These cells also release lytic granules and produce IFN-γ when
stimulated directly ex vivo (19,24). These characteristics of CD8eff cells within a population
that has undergone the expansion, contraction, and homeostasis phases are consistent with the
conversion of CD8eff cells to an activated CD8mem population. Together these findings suggest
that the low-level TCR stimulation that occurs within latently infected tissue results in the
maintenance of an activated CD8mem population that lacks the functional impairment observed
following long-term exposure to high antigenic loads during persistent infections. The fact that
HSV-1 latency in this model is restricted to the sensory ganglia permits a comparison of the
phenotypic and functional characteristics of the CD8mem pool in the latently infected TG to

3Abbreviations used in this paper: LCMV, lymphocytic choriomeningitis virus; TG, trigeminal ganglion; WT, wild type; dpi, days
postinfection; HSV-CD8, HSV-1-specific CD8+ T cell; Treg, regulatory T cell; DLN, draining lymph node.
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those in the noninfected lungs of the same mouse. We use this model to characterize within
the same animal the involvement of IL-2 and IL-15 in regulating the generation and
maintenance of the CD8eff and CD8mem pools in noninfected and latently infected tissue. Our
data demonstrate that regulation of the CD8+ T cell response is markedly influenced by the
presence of latent virus.

Materials and Methods
Mice and virus

HSV-1 strain RE was grown in Vero cells, and intact virions were isolated on Optiprep
gradients according to the manufacturer’s instructions (Accurate Chemical & Scientific). Six-
to 8-wk-old female wild-type (WT) C57BL/6 mice (The Jackson Laboratory) and IL-15−/−

C57BL/6 mice (Taconic Farms) were anesthetized by i.p. injection of 2.0 mg of ketamine
hydrochloride and 0.04 mg of xylazine (Phoenix Scientific) in 0.2 ml of HBSS (BioWhittaker).
The abraded central corneas of anesthetized mice were infected by topical application of 3 µl
of RPMI 1640 (BioWhittaker) containing 1 × 105 PFU of HSV-1. All animal experiments were
conducted in accordance with guidelines established by the University of Pittsburgh
Institutional Animal Care and Use Committee.

Tissue preparation
At the indicated days postinfection (dpi), anesthetized mice were injected with 0.3 ml of 1000
U/ml heparin and euthanized by exsanguination. Tissues were digested in 100 µl (TG) or 1 ml
(lungs) of DMEM (BioWhittaker) containing 10% FCS and 400 U/ml collagenase type I
(Sigma-Aldrich) for 1 h at 37°C. TGs and lungs were dispersed into single-cell suspensions
and treated with RBC lysis buffer before staining with the designated Abs. Data were collected
on a FACSAria cytometer and analyzed by FACSDiva software (BD Biosciences).

Reagents
The gB498–505 (SSIEFARL) peptide was purchased from Research Genetics (Invitrogen Life
Technologies). PE-conjugated H-2Kb tetramers complexed with the gB498–505 peptide were
provided by the National Institute of Allergy and Infectious Diseases Tetramer Core Facility
(Emory University Vaccine Center, Atlanta, GA). PE-conjugated H-2Kb dimers were
purchased from BD Pharmingen and were complexed with gB498–505 peptide at 37°C overnight
before use. Rat antimouse allophycocyanin-Cy7-conjugated anti-CD8α (clone 53-6.7); FITC-
conjugated anti-CD107a (1d45) and CD4 (RM4-5), allophycocyanin- conjugated anti-IFN-γ
(XMG1.2), PE-conjugated anti-TNF-α (MP6-XT22), PerCP-conjugated anti-CD45 (30-F11),
and the BrdU Flow Kit were purchased from BD Pharmingen. Allophycocyanin-conjugated
anti-CD127 (A7R34) and the allophycocyanin anti-mouse/rat FoxP3 staining set were
purchased from eBioscience. The appropriate isotype control Abs were purchased from BD
Pharmingen or eBioscience.

Phenotypic analysis of T cells
For all phenotypic analyses, TG and lung cells were stained for CD45 to permit gating
exclusively on infiltrating bone marrow-derived cells. For analysis of HSV-1-specific CD8+

T cells (HSV-CD8), cells were additionally stained with anti-CD8α and gB498–505 H-2Kb

tetramers or gB498–505 H-2Kb dimers. The latter two reagents were used interchangeably in
different experiments because, in our hands, they provided results that were indistinguishable.
For analysis of regulatory T cells (Tregs), cells were stained with anti-CD45 and anti-CD4
followed by intracellular staining for FoxP3 using a FoxP3 staining kit according to the
manufacturer’s directions (eBioscience).
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Intracellular cytokine staining and lytic granule exocytosis
TG cells were stimulated with 5 × 105 gB-transfected B6/T-350gB fibroblast cell line (25)
pulsed with either 10−12 M (optimal) or 10−17 M (suboptimal) gB498–505 peptide in the presence
of FITC-conjugated anti- CD107a mAb and GolgiPlug (BD Biosciences) for 6 h at 37°C/5%
CO2. Following stimulation, cells were stained for surface expression of CD8α, followed by
intracellular staining for IFN-γ and TNF-α after permeabilization and fixation via Cytofix/
Cytoperm (BD Biosciences). CD107a capture on the cell surface during stimulation provides
sensitive detection of lytic granule exocytosis as previously described (26,27).

Administration of anti-IL-2 mAb and BrdU
In vivo, anti-IL-2 treatment was accomplished during the expansion of HSV-CD8eff by a single
injection of 1 mg of anti-IL-2 mAb (clone S4B6-1) i.p. at 6 dpi followed by tissue excision at
8 dpi, or after establishment of HSV-CD8mem by injection of 1 mg of anti-IL-2 mAb i.p. every
other day for 1 wk before excision of tissue. Initial experiments comparing mice treated with
an isotype control mAb lacking specificity for mouse proteins to untreated mice revealed no
difference in the HSV-specific CD8+ T cell response. Therefore, in repetitions of the
experiments, anti-IL-2 mAbtreated mice were compared with untreated mice, and data from
both groups were pooled. Mice were administered 1 mg of BrdU i.p. daily for 1 wk before
tissue excision. Single-cell suspensions of indicated tissues were stained for expression of
CD45, CD8, and gB498–505 H-2Kb tetramers or dimers. Intracellular BrdU staining was
performed following the manufacturer’s protocol (BD Pharmingen).

Statistics
All statistical analyses were performed with GraphPad Prism 4 software using a two-tailed
unpaired t test with 95% confidence intervals.

Results
The role of IL-15 and IL-2 in the generation of the HSV-CD8eff population in the infected TG

HSV-CD8eff cells accumulate to peak levels (representing about half of the CD8+ T cells
present) in the TG 8 dpi, with most of the expansion occurring between 6 and 7 dpi (data not
shown). A single treatment of WT mice with 1.0 mg of anti-IL-2 mAb on 6 dpi reduced the
accumulation of HSV-CD8eff cells in the TG by 60% (Fig. 1A). Mice that received anti-IL-2
at 6 dpi showed comparable proliferation to control mice in both the draining lymph node
(DLN) and TG at 8 dpi (Fig. 1B and Fig. 2C). The accumulation of HSV-CD8eff cells in the
TG of IL-15−/− mice was reduced by 76% compared with that of untreated WT mice, but no
further reduction was observed when IL-15−/− mice were treated with anti-IL-2 (Fig. 1A). The
effect of anti-IL-2 treatment and of IL-15 deficiency was limited to accumulation of CD8+T
cells in nonlymphoid organs because HSV-CD8eff expanded normally in the DLN of both
IL-15−/− and anti-IL-2-treated mice (Fig. 2). Thus, IL-2 and IL-15 function in an overlapping
or sequential manner to regulate the accumulation of HSV-CD8eff cells in the infected TG.

IL-15 is required for optimal generation of a CD127+ subpopulation of HSV-CD8eff in the TG
Within the HSV-CD8eff population present in the TG of WT mice at 8 dpi is a small
subpopulation (~5%) that expresses CD127. In a LCMV infection model, this
CD127+subpopulation was shown to represent the CD8mem precursor pool (8). Although a
single treatment of WT mice with 1 mg of anti-IL-2 mAb at 6 dpi dramatically reduced the
size of the HSV-CD8eff population in the TG (Fig. 1A), it did not influence the size of the
CD127+CD8+ subpopulation (Fig. 3A). In contrast, this putative CD8mem precursor pool was
significantly reduced in IL-15−/− mice (Fig. 3A).
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The size of the HSV-CD8mem pool that is established in latently infected TG correlates with
the size of the CD127+ putative HSV-CD8mem precursor pool

As noted above, the size of the CD127+ subpopulation of HSV-CD8eff (putative memory
precursors) was reduced in IL-15−/− mice, but not in anti-IL-2-treated mice, even though the
overall HSV-CD8eff population was dramatically reduced in both groups. Therefore, it was of
interest to determine whether either the size of the overall HSV-CD8eff population or the size
of the CD127+ subpopulation correlated with the size of the HSV-CD8mem pool that was
retained in latently infected TG at 65 dpi. As noted in Fig. 3, in all four treatment groups (WT
and IL-15−/−, untreated or treated with anti-IL-2) the size of the CD127+ HSV-CD8
subpopulation present in the TG at 8 dpi varied significantly, but in all cases correlated closely
with the size of the HSV-CD8mem pool present at 65 dpi (Fig. 3). In contrast, the size of the
overall CD8eff pool in the TG at 8 dpi, which also varied widely among the groups, did not
correlate with the size of the HSV-CD8mem pool present at 65 dpi (Fig. 3). These findings are
consistent with the notion that the HSV-CD8mem population retained in latently infected TG
derives from a subpopulation of HSV-CD8eff cells that express CD127 and are dependent on
IL-15.

Neither IL-15 nor IL-2 is required to maintain the HSV-CD8mem pool in latently infected TG
The restriction of latent HSV-1 to nervous tissue permits a comparison within the same animal
of factors that regulate the size of the HSV-CD8mem pool in the presence or absence of latent
virus and presumably low-level antigenic exposure. Following contraction of the CD8eff pool,
a CD8+ T cell infiltrate consisting of 40–50% HSV-specific cells is established within latently
infected TG of both WT and IL-15−/– mice (Fig. 4A). The reduced size of the CD8mem
population in TG of IL-15−/− mice relative to WT mice resulted in a significantly reduced
absolute number of HSV-CD8mem cells (Fig. 4B). However, once established the HSV-
CD8mem pool was maintained at a constant level in latently infected TG of both WT and
IL-15−/− mice, demonstrating that IL-15 is not required to maintain the HSV-CD8mem pool
within latently infected tissue. The HSV-CD8mem pool was also reduced in the lungs of
IL-15−/− mice relative to WT mice (Fig. 4, C and D). Furthermore, the HSV-CD8mem pool
diminished to nearly undetectable levels in the lungs by 42 dpi, demonstrating that IL-15 is
necessary for the homeostatic maintenance of HSV-CD8mem cells in the absence of latent virus.

The presence of latent virus also appears to influence the regulatory effect of IL-2 on the
proliferation of HSV-CD8mem cells. Treatment with anti-IL-2 after memory establishment had
no effect on the size of the HSV-CD8mem pool in latently infected TG of WT or IL-15−/− mice
(Fig. 5A). The basal rate of proliferation of the HSV-CD8mem population in latently infected
TG was ~2-fold higher than that of their counterparts in the lungs, and 1.5-fold higher than
those in the spleen (Fig. 5, B–E). Anti-IL-2 treatment after memory establishment had no effect
on the proliferation of the HSV-CD8mem pool in latently infected TG, but significantly
increased their proliferation in the lungs and spleen (Fig. 5, B–E). The increased proliferation
of HSV-CD8mem cells in the lungs and spleen was particularly notable in the IL-15−/− mice,
suggesting antagonistic roles for IL-2 and IL-15 in regulating homeostatic proliferation of the
HSV-CD8mem pool. Although anti-IL-2 treatment after memory establishment had no effect
on the proliferation of HSV-CD8mem cells in latently infected TG, it did significantly increase
the proliferation in the TG of CD8mem cells that were not HSV-specific (Fig. 5, B and C). This
latter observation demonstrates that anti-IL-2 treatment was effective in the TG, and further
supports the notion that persistent Ag stimulation abrogates the regulatory effect of IL-2 on
proliferation of the HSV-CD8mem cells within latently infected tissue.
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The elevated basal proliferation rate of HSV-CD8mem cells in latently infected TG is
associated with a reduced pool of CD4+FoxP3+ Tregs

The expression of the transcription factor FoxP3 defines a population of CD4+ Treg cells, and
these cells have been shown to regulate the homeostatic proliferation of the CD8mem pool
(10,11). Thirty days after HSV-1 corneal infection, FoxP3+ cells represented 17 and 15% of
CD4+ T cells in the spleen and lungs, respectively, but only 4% of the CD4+ T cells in the TG
(Fig. 6). Thus, the higher basal rate of proliferation of HSV-CD8mem cells in the TG is
associated with a lower frequency of CD4+FoxP3+ Tregs. Injections of anti-IL-2 mAb every
other day for 7 days before sacrifice significantly reduced the overall frequency of FoxP3+

cells in the spleen and lungs, while not influencing their frequency in the TG (Fig. 6). These
findings are consistent with the hypothesis that IL-2 negatively regulates the homeostatic
proliferation of HSV-CD8mem in noninfected tissue (spleen and lungs) by maintaining a
resident population of FoxP3+ Tregs, although other possible explanations will be discussed.

Does anti-IL-2 treatment or the absence of IL-15 influence the functional program of HSV-
CD8mem during latency?

We tested whether anti-IL-2 treatment during latency or the persistent absence of IL-15 would
impact the functional program of the CD8mem pool that is retained in latently infected TG. WT
or IL-15−/− mice received injections of anti-IL-2 mAb every 48 h for 1 wk before harvest.
CD8+ T cells were obtained from their TG at 31 dpi and tested for their capacity to produce
the cytokines IFN-γ and TNF-α, or to release lytic granules (CD107a surface expression) in
response to gB498–505 peptide-pulsed targets. As shown in Fig. 6, anti-IL-2 treatment did not
alter the functional program of the HSV-CD8mem pool. In contrast, the HSV-CD8mem pool in
the TG of IL-15−/− mice showed a significant functional compromise. In response to optimal
stimulation (targets pulsed with 10−12 M gB498–505 peptide) the HSV-CD8mem pool in the TG
of IL-15−/− mice exhibited a significantly diminished production of the cytokine IFN-γ and
reduced lytic granule release, but normal production of TNF-α (Fig. 7).

The pattern of cytokine production was of interest. Following optimal stimulation, ~37% of
CD8+ T cells in the TG of WT mice produced IFN-γ (Fig. 8). Of these, approximately two-
thirds produced IFN-γ only, whereas one-third produced both IFN-γ and TNF-α. Virtually all
CD8+ T cells that produced TNF-α also produced IFN-γ. In contrast, following suboptimal
stimulation (targets pulsed with 10−17 M peptide), overall production of IFN-γ was reduced to
30%, and the reduction was entirely within the population that produced IFN-γ but not TNF-
α. Following optimal stimulation of CD8+ T cells from the TG of IL-15−/− mice, only 26% of
CD8+ T cells produced IFN-γ (Fig. 8). The reduced IFN-γ production relative to comparably
stimulated WT CD8+ T cells was largely accounted for by cells that produced IFN-γ but not
TNF-α. The proportion of CD8+ T cells in the TG of IL-15−/− mice that produced only IFN-
γ following optimal stimulation was comparable to that of WT mice following suboptimal
stimulation. These findings are consistent with the notion that cells that produce both IFN-γ
and TNF-α are more capable of responding to a reduced stimulus than those that produce IFN-
γ alone. These data demonstrate that the reduced HSV-CD8mem population that develops in
the TG of IL-15−/− mice is comprised of a higher proportion of the CD8 T cells capable of
responding to low doses of Ag by producing both IFN-γ and TNF-α.

As illustrated in Table I, our findings contribute important additional details to the existing
model of CD8+ T cell differentiation into effector and memory cells. The table illustrates how
latent virus influences the requirements for maintaining CD8+ T cell memory.
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Discussion
A hallmark of the herpesviruses is their capacity to induce recurrent disease, particularly in
immunocompromised individuals. Recurrent disease results from the reactivation of these
viruses from a latent state and subsequent viral proliferation resulting in tissue destruction.
Accumulating evidence supports a dynamic view of herpesvirus latency in which CD8+ T cells
play an important role in monitoring viral gene expression in latently infected cells and
preventing virion formation (19,23,28). In mouse models of HSV-1 infection, latency is
maintained in sensory neurons. CD8+ T cells have been shown to interact closely with latently
infected neurons in vivo (19,29), to form an apparent immunologic synapse with multiple
neurons within each latently infected TG (19), and to prevent HSV-1 reactivation from latency
in neurons in ex vivo TG cultures, at least in part through the production of IFN-γ (28,30). In
addition, recent findings in humans validate the murine HSV-1 model by demonstrating the
persistence of a chronic immune infiltrate in the TG of infected individuals that is nearly
identical to that seen in the TG of HSV-1-infected mice (31). Thus, the establishment and
maintenance of an effective and persistently reactive HSV-specific CD8 T cell population
within latently infected sensory ganglia might constitute an important protective mechanism
to prevent viral reactivation and recurrent disease.

Distinct factors appear to contribute to the development and maintenance of the CD8 memory
pool in different models of infectious disease. Within lymphoid organs, CD8+ T cells undergo
an expansion, contraction, and homeostatic memory phase. These three phases are
recapitulated within infected tissue. However, different cytokines appear to regulate the three
phases of the CD8+ T cell response in lymphoid and nonlymphoid tissue (6,32–34). In this
study, we establish that IL-2 and IL-15 are of no or marginal importance in the initial expansion
of HSV-CD8 T cells in the DLN following a localized HSV-1 corneal infection. However,
treatment with anti-IL-2 mAb and/or deprivation of IL-15 had a dramatic inhibitory effect on
the establishment of a HSV-CD8 population in the infected TG.

A recent study demonstrated that injection of certain anti-IL-2 mAb, including the one used in
these studies, either alone or precomplexed with IL-2 directly augmented proliferation of
memory phenotype CD8+ T cells in the spleens of treated mice (35). The IL-2/anti-IL-2
immune complexes apparently bound to Fc receptors and efficiently presented IL-2 to CD8+

memory phenotype T cells that express high levels of the IL-2R β-chain (CD122), but
inefficiently to naive CD8+ T cells that are CD122low. Our observation that anti-IL-2 treatment
did not influence the initial expansion of HSV-CD8 T cells in the lymph nodes of infected mice
(Fig. 2) is consistent with that finding. However, the failure of anti-IL-2 treatment to augment
the proliferation of HSV-CD8eff in the TG 8 dpi is not consistent with direct stimulation by
IL-2 immune complexes, as CD8eff would be expected to express high levels of CD122 and
thus be susceptible to direct stimulation by IL-2 immune complexes. Indeed, treatment with
anti-IL-2 led to a dramatic reduction in the accumulation of HSV-CD8eff in the TG. Whether
the accumulation of HSV-CD8eff in the TG is influenced by increased stimulation by IL-2
immune complexes or reduced IL-2 stimulation through neutralization remains to be
determined.

Little is known of the factors that influence the generation of the CD8 memory precursor
population during and shortly after the effector phase of the response to acute infection.
However, identification of these factors might be aided by the recent observation that CD127
expression on activated CD8+ T cells marks a CD8 memory precursor subpopulation. Within
lymphoid organs, the size of the memory precursor pool is proportional to the size of the effector
pool (8). Based on this observation, one might predict that the factors that influence the initial
expansion of CD8+ T cell effectors would also influence the generation of the memory
precursors. Our findings establish that this is not necessarily true in nonlymphoid organs. In

Sheridan et al. Page 7

J Immunol. Author manuscript; available in PMC 2008 May 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the TG at 8 dpi, IL-15 deprivation did proportionally reduce the size of the overall HSV-
CD8eff pool and of the CD127+, putative HSV-CD8mem precursor pool. However, anti-IL-2
treatment also dramatically reduced the size of the HSV-CD8eff pool, but did not influence the
size of the CD127+, putative HSV-CD8mem precursor pool. Thus, CD127− CD8+ effector T
cells and CD127− putative CD8+ memory precursor T cells appear to be separate populations
with distinct regulatory requirements.

Previous studies have suggested that the size of the CD8+ effector T cell population determines
the size of the CD8 memory pool that survives contraction (36). In this study, we show that
within the infected TG, mice developed a normal CD8 memory pool in the presence of a
CD8+ effector T cell pool that was dramatically reduced by anti-IL-2 treatment. In contrast,
mice whose HSV-CD8eff and putative HSV-CD8mem precursor pools were both reduced by
IL-15 deprivation had significantly reduced numbers of HSV-CD8mem cells in their latently
infected TG. Moreover, in four different treatment groups (WT and IL-15−/−, untreated or
treated with anti-IL-2) the number of HSV-CD8mem cells retained in TG following contraction
of the HSV-CD8eff cells varied widely, but in all cases closely approximated the number of
putative HSV-CD8mem precursor cells present at the peak of HSV-CD8eff expansion. These
data are consistent with the notion that in infected peripheral tissue, as in lymphoid organs, the
size of the CD127+ putative memory precursor population and not the size of the overall
effector population determines the size of the pool of Ag-specific memory CD8 T cells that
survive contraction.

This conclusion is predicated on the assumption that the HSV-CD8mem pool that is retained in
the TG is not greatly influenced by infiltration from the lymphoid organs. Two observations
support this hypothesis. First, as noted above, the number of CD127+ putative HSV-
CD8mem precursors in the TG at 8 dpi closely correlates with the number of HSV-CD8mem in
the TG following contraction of the HSV-CD8eff pool. The second observation favoring the
notion that the CD8mem pool in latently infected TG is maintained independent of infiltration
is that in IL-15−/− mice HSV-CD8mem diminished to nearly undetectable levels in the lungs
and spleen between 14 and 42 dpi, while remaining at constant levels in the TG.

The homeostatic proliferation of memory CD8+ T cells following removal of Ag is dependent
on IL-15 (4,6,7,33). However, CD8 T cells generated during a chronic infection are refractory
to IL-15-induced homeostatic proliferation due to reduced expression of IL-15R (16). This
difference in responsiveness to IL-15 following acute and chronic infection is presumed to be
due to differences in TCR signaling. Other factors including differences intrinsic to the
pathogens might also contribute. During HSV-1 latency, persistent TCR stimulation in the TG
is strongly suggested by the activation phenotype of the HSV-CD8 cells surviving contraction,
the apparent formation of an immunologic synapse between HSV-CD8 cells and neurons, and
the persistent presence of inflammatory cytokines (19,21,29,37–40). Our observation that
IL-15 is required to maintain the HSV-CD8mem pool in the noninfected lungs, but not in latently
infected TG within the same mouse, is consistent with the notion that periodic TCR stimulation
can supplant the need for IL-15 in maintaining the HSV-CD8mem pool.

Although a small population of HSV-CD8mem cells was maintained in latently infected TG of
IL-15−/− mice, these cells were functionally impaired. The HSV-1-specific CD8+ T cells in
latently infected TG of WT mice fall into two functionally distinct populations: one that
responds to a low concentration of antigenic peptide with production of both IFN-γ and TNF-
α and a second that responds only to a high concentration of antigenic peptide with production
of IFN-γ but not TNF-α. Thus, although the number of IFN-γ+ HSV-CD8mem is significantly
reduced in the TG of IL-15−/− mice, those that do remain are sensitive to low concentrations
of HSV-1 Ag and produce both IFN-γ and TNF-α. This functional population of HSV-
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CD8mem might be particularly critical in a latently infected tissue in which low levels of viral
Ags are likely to be encountered.

Stimulation of dispersed TG cells with targets pulsed with an optimum concentration of
gB498–505 peptide resulted in three functionally distinct populations of CD8+ T cells: 1) IFN-
γ− and TNF-α−, 2) IFN-γ+ and TNF-α−, and 3) IFN-γ+ and TNF-α+. When optimally stimulated,
fewer CD8+ T cells from the TG of IL-15−/− mice produced IFN-γ compared with those of WT
mice. The reduction was almost exclusively in the IFN-γ+ TNF-α− population. This population
appears to represent HSV-CD8 T cells capable of responding to a reduced stimulus as these
cells isolated from WT mice failed to respond when stimulated with targets pulsed with a
suboptimal concentration of gB peptide. Therefore, these data suggest that within latently
infected tissue anti-viral CD8 memory cells capable of producing IFN-γ alone depend on IL-15
for optimal function. IL-15 appears to promote functional maturation of CD8+ T cells following
acute infection by enhancing coreceptor expression and favoring the homeostatic proliferation
of high-avidity cells by virtue of their elevated expression of IL-15Rα (41). These selective
forces would not operate in an IL-15 deficient mouse. However, within latently infected tissue
of IL-15−/− mice, persistent low-level expression of viral proteins might provide a selective
force favoring maintenance of a functionally distinct IFN-γ+ TNF-α+ CD8+ T cell population.

We observed that anti-IL-2 treatment during the latent phase of the HSV-1 infection resulted
in increased homeostatic proliferation of HSV-CD8 cells in the noninfected lungs and spleen,
while not affecting the proliferation of those maintained within latently infected TG.
Interestingly, anti-IL-2 treatment during latency did augment proliferation of the non-gB-
specific CD8+ T cells within the TG. Our previous studies revealed that these non-gB-specific
CD8+ T cells in latently infected TG lack detectable reactivity to HSV-1 proteins (19). These
observations suggest that the rate of homeostatic proliferation of HSV-CD8mem cells is
differentially regulated in latently infected and noninfected tissue. Because IL-2 differentially
regulates proliferation of HSV-specific and non- HSV-specific CD8+ T cells within the same
TG, a likely explanation would be that low-level TCR stimulation in the TG renders HSV-
CD8mem cells refractory to regulation by IL-2.

A subpopulation of CD4+ T cells expressing the forkhead transcription factor FoxP3 has been
identified as regulatory T cells capable of inhibiting proliferation and function of effector T
cells (11). These CD4+ Treg cells have also been implicated in controlling the homeostatic
proliferation of classical memory CD8 T cells (10). The survival and function of the CD4+

Treg cells is dependent on IL-2 (42–45). Thus, the negative regulation by IL-2 of the
homeostatic proliferation of memory CD8+ T cells is thought to be mediated indirectly through
CD4+ Treg cells. However, the above interpretation was based on the assumption that anti-
IL-2 mAb neutralizes IL-2 function in vivo, an assumption that is now called into question by
the recent observation that IL-2/anti-IL-2 immune complexes actually enhance IL-2 use by
CD8 memory-phenotype cells, directly enhancing their proliferation. Arguing against direct
stimulation of CD8mem in our model is the observation that treatment of IL-15−/− mice with
anti-IL-2 also resulted in enhanced proliferation of HSV-CD8mem in the spleen and lung. A
direct stimulatory effect of IL-2 immune complexes on IL-15−/− CD8 memory cells is unlikely
because these cells have been shown to be CD122low(46).

During HSV-1 latency, we observed significantly higher levels of Treg cells in the noninfected
lungs and spleen when compared with latently infected TG. After 1 wk of anti-IL-2 treatment
in HSV-1 latently infected mice, the size of the Treg population was dramatically reduced in
the lungs and spleen, and this correlated with a significant increase in the homeostatic
proliferation of the HSV-CD8mem pool. In contrast, the Treg population in latently infected
TG of the same mice was not diminished by anti-IL-2 treatment, and the homeostatic
proliferation of HSV-CD8mem cells in the TG was also unaffected. These findings seem to
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suggest that the homeostatic proliferation of HSV-CD8mem in the lungs and spleen are a direct
consequence of the reduction in numbers of Tregs following anti-IL-2 treatment. However, the
alternative possibility that IL-2 immune complexes directly stimulated the proliferation of
CD8mem in the lungs and spleen cannot be ruled out. In either case, it would appear that the
homeostatic proliferation of HSV-specific, but not nonspecific CD8mem in latently infected
TG is refractory to IL-2 regulation.

The available evidence in mouse models of HSV-1 infection suggest that quantitative and
qualitative differences in the HSV-CD8mem pool maintained within latently infected sensory
ganglia might influence susceptibility to HSV-1 reactivation from latency and recurrent
disease. Our findings demonstrate unique regulatory requirements for generation and
maintenance of this HSV-CD8 T cell pool in tissue that harbor latent virus. These findings
have important implications for the design of immunology-based intervention in recurrent
herpetic disease.
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FIGURE 1.
Both IL-2 and IL-15 regulate the generation of the HSV-CD8eff response in the TG. WT and
IL-15−/− mice received an i.p. injection of 1 mg of anti-IL-2 mAb at 6 dpi and in some cases
1 mg of BrdU i.p daily between 6 dpi and TG excision at 8 dpi. TG cells were simultaneously
stained with anti-CD45, anti-CD8α, and gB498–505 H-2Kb tetramers or dimers to identify HSV-
CD8, and in some cases with anti-BrdU. The entire TG sample was analyzed by flow cytometry,
and pooled data are expressed as (A) the mean (±SEM) absolute number of HSV-CD8/TG or
(B) the mean (±SEM) percentage of gB-specific CD8+ T cells that incorporate BrdU during a
48-h pulse. ***, p < 0.001 comparing WT anti-IL-2 treated to WT control, or IL-15−/− mice
to comparably treated WT mice (n = 12–16 mice/group).
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FIGURE 2.
Neither IL-2 nor IL-15 regulate the expansion of HSV-specific CD8+ T cells in the DLN. WT
and IL-15−/− mice received an i.p. injection of 1 mg of anti-IL-2 mAb at 6 dpi and in some
cases 1 mg of BrdU i.p daily between 6 dpi and DLN excision at 8 dpi. DLN cells were
simultaneously stained with anti-CD8α, gB498–505 dimers, and in some cases with anti-BrdU.
Pooled data are expressed as (A) the mean (±SEM) percent of CD8+ T cells that bind
gB498–505 dimers (HSV-CD8); (B) the mean (±SEM) absolute number of HSV-CD8/DLN; or
(C) the mean (±SEM) percentage of gB-specific CD8+ T cells that incorporate BrdU during a
48-h pulse. *, p < 0.05 comparing the IL-15−/− mice to comparably treated WT mice (n = 6
mice/group).
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FIGURE 3.
The burst size of the putative HSV-CD8mem precursor pool correlates with the size of the HSV-
CD8mem pool. A, WT and IL-15−/− mice received a single i.p. injection of 1 mg of anti-IL-2
mAb at 6 dpi and TG were excised at 8 dpi, simultaneously stained for CD45, CD8α, CD127,
and gB498–505 H-2Kb tetramers or dimers (to identify HSV-CD8), and the entire TG sample
was analyzed by flow cytometry. Pooled data are expressed as the mean (±SEM) absolute
number of HSV-CD8+ T cells that expressed CD127 per TG. B, WT and IL-15−/− mice received
a single i.p. injection of 1 mg of anti-IL-2 mAb at 6 dpi and TG were excised at 65 dpi and
simultaneously stained with anti-CD45, anti-CD8α, and gB498–505 H-2Kb tetramers or dimers
(to identify HSV-CD8). The entire TG sample was analyzed by flow cytometry. Pooled data

Sheridan et al. Page 15

J Immunol. Author manuscript; available in PMC 2008 May 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



are expressed as the mean (±SEM) absolute number of HSV-CD8+ T cells per TG. *, p < 0.05
comparing IL-15−/− mice to comparably treated WT mice (n = 3–8 mice per group).
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FIGURE 4.
IL-15 is not necessary to maintain the HSV-CD8mem pool at the site of the latent infection, but
is required in noninfected tissues. The TG of WT and IL-15−/− mice were excised at 40–65 dpi
(A) or at the designated time (B) and simultaneously stained with anti-CD8α and gB498–505
H-2Kb tetramers or dimers (to identify HSV-CD8), and the entire TG sample was analyzed by
flow cytometry. Pooled data are expressed as (A) the mean (±SEM) percentage of cells in the
CD8 gate that were HSV-CD8 or as (B) the mean (±SEM) absolute number of HSV-CD8+ T
cells per TG. *, p < 0.05; **, p < 0.01 comparing the IL-15−/− mice to WT mice (n = 4–8 mice/
group). Alternatively, lungs were excised at 42 dpi (C), or the designated time (D),
simultaneously stained with anti-CD8α and gB498–505 H-2Kb tetramers or dimers (to identify
HSV-CD8), and analyzed by flow cytometry. C, A representative dot plot with the percentage
of HSV-CD8 indicated. D, Pooled data are expressed as the mean (±SEM) percentage of cells
in the CD8 gate that were HSV-CD8+ T cells. *, p < 0.05 comparing the IL-15−/− mice to WT
mice at each time (n = 4–6 mice/group).
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FIGURE 5.
IL-2 regulates the HSV-CD8mem population in noninfected tissues and the non-gB498–505-
specific CD8+ T cells within latently infected tissue. A, WT and IL-15−/− mice received
injections of 1 mg of anti-IL-2 mAb every other day for 1 wk before TG excision at 40 or 49
dpi. TG cells were simultaneously stained with anti-CD8α and gB498–505 H-2Kb tetramers or
dimers (to identify HSV-CD8) and analyzed by flow cytometry. Pooled data are expressed as
the mean (±SEM) absolute number of HSV-CD8/TG. **, p < 0.01 comparing the IL-15−/−

mice to comparably treated WT mice (n = 7–11 mice/group). WT mice (B and C) or WT and
IL-15−/− mice (D–F) received injections of 1 mg of BrdU daily and 1 mg of anti-IL-2 mAb
every other day for 1 wk before TG, spleen, and lung excision (40–49 dpi). TG cells were
simultaneously stained with anti-CD45, anti-CD8α, gB498–505 H-2Kb tetramers or dimers, and
anti-BrdU and analyzed by flow cytometry. B, Representative dot plots of TG cells from WT
mice with the percentage of gB-specific and non-gB-specific CD8+ T cells that incorporated
BrdU into cellular DNA indicated. C, Pooled data showing the mean (±SEM) percentage of
gB-specific and non-gB-specific CD8+ T cells that incorporated BrdU into cellular DNA. **,
p < 0.01 comparing anti-IL-2 treated non-gB-specific to control non-gB-specific (n = 5–6 mice/
group). D, Representative dot plots of spleen and lung cells from WT and IL-15−/− mice with
the percentage of gB-specific CD8+ T cells that incorporated BrdU into cellular DNA indicated.
E and F, Pooled data showing the mean (±SEM) percentage of gB-specific CD8+ T cells that
incorporated BrdU into cellular DNA in the spleen (E) and lungs (F). *, p < 0.05; **, p < 0.01;
***, p < 0.001 comparing anti-IL-2 treated to controls for each group (4–10 mice/group).
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FIGURE 6.
IL-2 differentially regulates the Treg population in latently infected and noninfected tissue.
WT mice were left untreated or received injections of 1 mg of anti-IL-2 mAb every other day
for 1 wk before TG, spleen, and lung excision. Single-cell suspensions of each tissue were
stained for surface expression of CD45 and CD4, followed by intracellular staining for FoxP3.
A, Representative dot plots of tissue excised at 37 dpi show that FoxP3 expression is limited
almost entirely to CD4+ T cells, and the percentage of CD4+ T cells that express FoxP3 is
indicated in the upper right quadrant. B, Pooled data from two experiments are expressed as
the mean (±SEM) percentage of CD4+ T cells that express FoxP3. *, p < 0.05; **, p < 0.01
comparing the anti-IL-2-treated mice to untreated mice for each tissue (n = 3–8 mice/group).
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FIGURE 7.
IL-15 deprivation impairs the function of HSV-CD8mem in the TG. WT and IL-15−/− mice
received injections of 1 mg of anti-IL-2 mAb every other day for 1 wk before TG excision at
31 dpi. TG cells were optimally stimulated with gB-transfected B6/T-350gB fibroblasts pulsed
with 10−12 M gB498–505 peptide in the presence of FITC-conjugated anti-CD107a mAb and
GolgiPlug for 6 h. Following stimulation, the cells were stained for intracellular expression of
IFN-γ and TNF-α. A, Representative dot plots gated on CD8 with the percentage of cells
showing surface CD107a or intracellular expression of IFN-γ or TNF-α indicated. B–D, Pooled
data from four similar analyses are expressed as the mean (±SEM) percentage of CD8+ T cells
that express intracellular IFN-γ (B), surface CD107a (C), or intracellular TNF-α (D). *, p <
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0.05; **, p < 0.01; ***, p < 0.001 comparing IL-15−/− mice to comparably treated WT mice
(n = 4 mice/group).
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FIGURE 8.
Functional subpopulations of HSV-CD8mem in latently infected TG are differentially regulated
by IL-15. TG were excised from WT and IL-15−/− mice at 31 dpi and TG cells were stimulated
with 5 × 105 gB-transfected B6/T-350gB fibroblasts pulsed with either 10−12 M (optimal
stimulation) or 10−17 M (suboptimal stimulation) gB498–505 peptide for 6 h in the presence of
GolgiPlug. Following stimulation, the cells were stained for surface expression of CD45 and
CD8 and for intracellular expression of IFN-γ and TNF-α. A, Representative dot plots are gated
on CD45+CD8+ T cells. Pooled data from four such analyses are shown to the right of each
dot plot and expressed as the mean (±SEM) percentage of gated cells that express IFN-γ only
(upper left quadrant), IFN-γ and TNF-α (upper right quadrant), or TNF-α only (lower right
quadrant), n = 4 mice/group. B, Pooled TG from five mice at 34 dpi were stimulated with
gB498–505-pulsed B6/T-350 fibroblasts at indicated doses for 6 h before anti-IFN-γ intracellular
stain. Data shown are a representative experiment of two such assays.
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