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Abstract

Gammaherpesviruses can persist in the host in the face of an aggressive immune response. T cells 

recognize Ags expressed in both the productive and latent phases of the virus life cycle, however 

little is known about their relative roles in the long-term control of the infection. In this study we 

used the murine gammaherpesvirus 68 model system to investigate the relative properties of CD8 

T cells recognizing lytic and latent viral Ags. We report that the CD8 T cell response to lytic phase 

epitopes is maximal in the lungs of infected mice at ~10 days postinfection, and is of progressively 

lesser magnitude in the mediastinal lymph nodes and spleen. In contrast, the CD8 T cell response 

to the latent M2 protein is maximal at ~19 days postinfection and is most prominent in the spleen, 

then progressively less in the mediastinal lymph node and the lung. Latent and lytic Ag-specific 

CD8 T cells had markedly different cell surface phenotypes during chronic infection, with latent 

Ag-specific cells being predominantly CD62Lhigh or CD43 (1B11)high. Lytic Ag-specific T cells 

had significantly lower expression of these markers. Importantly, latent but not lytic Ag-specific T 

cells could kill target cells rapidly in vivo during the chronic infection. These two different sets of 

CD8 T cells also responded differentially to IL-7, a cytokine involved in T cell homeostasis and 

the maintenance of T cell memory. These data have important implications for our understanding 

of immunological control during chronic gammaherpesvirus infections.

Chronic gammaherpesvirus infections persist in infected individuals despite a potent 

antiviral immune response. One of the main strategies used to evade the immune response is 

the establishment of latency within host cells. Nevertheless there is effective immune 

surveillance during viral latency, as viral reactivation and/or outgrowth of latently infected 

cells occurs only when the T lymphocyte response is compromised. The mechanisms by 

which virus-specific T cells are able to contain the virus infection without eliminating it are 

poorly understood.

In the latent stage of the virus life cycle a limited number of viral gene products are 

expressed. In contrast, a large number of proteins are expressed during lytic cycle 

replication. Epitopes derived from proteins expressed in both latent and lytic phases of the 
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virus life cycle are targets for the T cell response. Interestingly, the phenotype of lytic and 

latent Ag-specific T cells is markedly different in chronic EBV infection in humans. CD8 T 

cells specific for the lytic phase BZLF1 protein were heterogeneous with respect to 

CD45RO/RA and CD28 expression whereas latent epitope specific populations were 

uniformly CD45RO+CD28+ (1, 2). In addition, latent Ag-specific CD8 T cells were 

predominantly CD62Lhigh whereas lytic Ag-specific cells were mostly CD62Llow. These 

differences likely indicate that CD8 T cells specific for latent Ags are in a different stage of 

activation when compared with T cells specific for lytic phase Ags. What this represents in 

terms of the function of these two T cell subsets is currently unclear.

One possible reason for this difference is that lytic and latent Ag-specific CD8 T cells 

expand to different degrees during the primary immune response to EBV. There is a huge 

expansion in lytic Ag-specific CD8 T cell cells during acute infectious mononucleosis 

(AIM)3 but a much smaller expansion in CD8 T cells specific for the latent viral proteins 

(3). This may affect the subsequent phenotype of memory CD8 T cells recognizing these 

different epitopes. A second reason may relate to the balance between the virus and the 

immune response during chronic infection. Sporadic reactivation of virus from latency may 

continually stimulate lytic Ag-specific T cells during the chronic infection. In contrast, 

immunogenic latent Ags are thought to be present at a much lower abundance in AIM and 

their expression long term is either highly restricted or absent.

In humans it is difficult to follow the kinetics with which the latent and lytic Ag-specific T 

cells are induced, as patients with acute EBV infection present with AIM several weeks after 

initial infection. It is also impossible to perform in vivo experiments to address the 

differential roles these cells may be playing in chronic EBV infection. Therefore we chose to 

study a mouse model, murine gammaherpesvirus 68 (MHV-68). In this model the virus 

replicates initially in the lungs, then establishes a latent infection in B cells and other APCs 

(4, 5) in addition to lung epithelial cells (6). This virus is widely accepted as a model system 

for the study of how the immune system controls chronic gammaherpesvirus infections (7, 

8).

To date no studies have directly compared the phenotype and function of lytic and latent Ag-

specific CD8 T cells during MHV-68 infection. In this paper we report that these two 

specificities of CD8 T cells are induced with different kinetics during the acute infection and 

have different cell surface phenotypes during chronic MHV-68 infection. In addition, these 

cells have very different abilities to kill target cells in vivo and respond differentially to 

IL-7, a cytokine implicated in the generation and maintenance of T cell memory.

Materials and Methods

Mice and virus

MHV-68 virus (clone G2.4) was originally obtained from Dr. A. A. Nash (University of 

Edinburgh, U.K.). Virus was propagated and titered as previously described (9). Female 

3Abbreviations used in this paper: AIM, acute infectious mononucleosis; BAL, bronchoalveolar lavage; ORF, open reading frame; 
MLN, mediastinal lymph node; CTM, complete tumor medium; 7-AAD, 7-aminoactinomycin D.

Obar et al. Page 2

J Immunol. Author manuscript; available in PMC 2015 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



BALB/c mice were purchased from The National Cancer Institute (Bethesda, MD). Mice 

were infected intranasally with 400 PFU of MHV-68 under anesthesia with 2,2,2-

tribromoethanol. All animal experiments were approved by the Animal Care and Use 

Program of Dartmouth College. The bronchoalveolar lavage (BAL) was taken from animals 

terminally anesthetized with 2,2,2-tribromoethanol by cutting a small hole in the trachea, 

feeding in a catheter tube, and washing the lungs with 1 ml of HBSS three times. This 

washing procedure was repeated a total of three times resulting in 3 ml BAL fluid per 

mouse.

IFN-γ ELISPOT assay

The number of IFN-γ secreting cells was determined after stimulation with peptides in a 

standard ELISPOT assay. In brief, 96-well Multiscreen HA nitrocellulose plates (Millipore, 

Bedford, MA) were coated overnight at 4°C with 100 µl per well of rat anti-mouse IFN-γ 

(clone R4-6A2; BD PharMingen, San Diego, CA), at a concentration of 2 µg/ml. The plates 

were then washed and blocked before the addition of irradiated (3000 rad) normal BALB/c 

spleen cells (5 × 105 cells/well), a graded number of responder spleen cells, 10 µg/ml of the 

appropriate peptide and 10 U/ml recombinant human IL-2 (Tecin, National Cancer 

Institute). Responder cells consisted of cells from the spleen, mediastinal lymph node 

(MLN) and BAL taken from BALB/c mice infected for the stated period of time with 

MHV-68. For MLN and BAL samples the cells were pooled from three to four mice, 

whereas spleens were assayed from individual mice. Plates were then incubated for 24 h at 

37°C and developed for 2 h with a biotinylated rat anti-mouse IFN-γ (clone XMG1.2; BD 

PharMingen) at a concentration of 2 µg/ml, followed by streptavidin-alkaline phosphatase 

(DAKO, Carpinteria, CA) at a 1/500 dilution for 1 h at room temperature. Following 

addition of the chromogenic substrate 5-bromo-4-chloro-3-indolyl phosphate/nitroblue 

tetrazolium (BCIP/NBT; Sigma-Aldrich, St. Louis, MO), visible spots were enumerated 

using a dissecting microscope.

MHC tetrameric reagents and analysis

The construction of folded MHC class I-peptide complexes and their tetramerization have 

been previously described (10). Two tetramers were used: Kd folded with peptide M291–99 

(GFNKLRSTL) and Dd folded with open reading frame (ORF)65131–140 (LGPDKSGLGF). 

Tetramers were stored as aliquots at −80°C. B cells were removed from spleen cell samples 

by panning for 1 h on plates coated overnight with 100 µg/ml goat anti-mouse IgG/IgM 

(Jackson ImmunoResearch Laboratories, West Grove, PA). Cells were incubated with anti-

CD16/CD32 Fc block (BD PharMingen) for 10 min on ice; staining with tetrameric reagents 

took place for 1 h at room temperature, followed by staining with anti-CD8a PerCP (clone 

53-6.7) and anti-CD62L FITC (clone MEL-14) or anti-CD43 PE (clone 1B11) on ice for 20 

min. Stained samples were analyzed using a FACSCalibur flow cytometer and CellQuest 

software (BD Immunocytometry Systems, Mountain View, CA). Control tetramers 

consisting of the same H chain folded with irrelevant peptides did not stain CD8 T cells 

from MHV-68 infected mice.
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CFSE and CellTracker Orange labeling

Spleen cells were labeled with either 0.5 µM CFSE (Molecular Probes, Eugene, OR) or 10 

µM CellTracker Orange (Molecular Probes). For CFSE labeling, spleen cells were incubated 

at a concentration of 2 × 107 cells/ml in 0.5 µM CFSE diluted in HBSS for 10 min at room 

temperature in the dark. Cells were washed with complete tumor medium (CTM; see Ref. 

11) before use. For CellTracker Orange labeling, spleen cells were incubated at a 

concentration of 2 × 107 cells/ml in 10 µM CellTracker Orange diluted in CTM for 30 min 

at 37°C in the dark. Cells were then washed and incubated at 37°C for an additional 30 min 

to allow complete modification of the probe. Cells were subsequently washed with CTM 

before use.

In vivo cytotoxicity assay

Normal BALB/c spleen cells were used as target cells for the evaluation of in vivo cytotoxic 

activity. Splenocytes were lysed of erythrocytes, pulsed with 2 µg/ml peptide for 60 min at 

37°C, and washed. Flu HA518–528 pulsed spleen cells were labeled with CFSE as previously 

described and M291–99 or ORF65131–140 pulsed spleen cells were labeled with Cell-Tracker 

Orange. Following fluorescent labeling, cells were resuspended at 108 cells/ml in HBSS, 

mixed in a 1:1 ratio (Flu HA to M2 or Flu HA to ORF65) and 2 × 107 cells were injected i.v. 

to BALB/c mice that had been infected with MHV-68 >40 days previously (or naive mice, 

used to calculate specific lysis). Mice were then sacrificed at the indicated times 

postinjection and their spleens were taken. Spleen cell suspensions were treated with 20 

µg/ml 7-amino actinomycin D (7-AAD) (Sigma-Aldrich) for 15 min at room temperature in 

the dark to label dead cells and then analyzed by flow cytometry with 2 × 104 live CFSE- or 

CellTracker Orange-positive events being collected. Specific lysis was calculated using 

methods described in other reports (12). In brief, specific lysis was calculated using the 

formulas: ratio = (number CFSE/number CellTracker Orange); percentage of specific lysis = 

(1 − (ratio of naive/ratio of infected) × 100).

In vitro proliferation assay

Spleen cells from mice infected with MHV-68 for >40 days were labeled with CFSE as 

previously described. The effects of cytokines was assessed by culturing CFSE-labeled 

spleen cells at 106 cells/ml for 4 days at 37°C in CTM with recombinant murine IL-7 at 25 

ng/ml (Peprotech, Rocky Hill, NJ) or recombinant murine IL-15 at 25 ng/ml (Peprotech) in 

the absence of cognate Ag. Cells were then harvested, counted, and stained with tetramer, 

anti-CD8 Ab, and 7-AAD then analyzed using a FACSCalibur flow cytometer (BD 

Biosciences, San Jose, CA).

Statistical analysis

All data were analyzed using the Student t test and significance was determined as a p < 

0.05.
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Results

Different priming kinetics of lytic and latent Ag-specific T cell responses

We previously described the identification of a CD8 T cell epitope in a latency-associated 

protein, M2 (13, 14). This epitope was recognized only by BALB/c mice, whereas the only 

known epitopes in lytic cycle proteins were identified in C57BL/6 mice. Therefore it was 

not possible to compare directly the priming kinetics of lytic and latent Ag-specific T cells 

in any given strain. Recently we reported the identification of two novel epitopes within the 

ORF65 protein of MHV-68, which are recognized by BALB/c mice (15). One of these 

epitopes, ORF65131–140, was recognized by CD8 T cells and the other epitope, ORF6516–30, 

by CD4 T cells. ORF65 is homologous to proteins that form part of the virus capsid in other 

herpesviruses, therefore it can be considered a lytic cycle protein.

We intended to measure the kinetics with which the lytic cycle Ag-specific (ORF65) T cells 

were primed and compare this with the latent Ag-specific (M2) T cells. BALB/c mice were 

infected intranasally with MHV-68 then at the times shown spleens, MLN, and BAL were 

taken. The frequency of T cells specific for particular viral epitopes was then measured 

using an IFN-γ ELISPOT assay. In the lungs there was a substantial response to the 

ORF65131–140 CD8 T cell epitope at day 10 postinfection (Fig. 1A), whereas the M291–99 

CD8 T cell response did not peak until 19 days postinfection. The apparent second peak in 

the ORF65131–140 CD8 T cell response at 19 days postinfection was not a consistent finding. 

Interestingly, the CD4 T cell response to the ORF6516–30 epitope was present at a much 

lower frequency, and appeared to develop more slowly than the CD8 T cell response to this 

protein. These kinetics were similar in the MLN (Fig. 1B), although at this site the 

ORF65131–140 CD8 T cell response was still present at 14 days postinfection and declined 

thereafter. Importantly, the magnitude of the M291–99-specific CD8 T cell response was 

greater than the response to the ORF65131–140 epitope in the MLN, however it arose with 

similar kinetics to those observed in the BAL. In contrast to the BAL, the magnitude of the 

CD4 T cell response to the ORF16–30 epitope was comparable to the two CD8 T cell 

epitopes in the MLN. In the spleen the magnitude of the M291–99 epitope was much larger 

than the responses to the other epitopes (Fig. 1C), however the kinetics were the same as 

those observed in the BAL and MLN. The response to the ORF65131–140 epitope was weak 

but still detectable between days 10 and 14 postinfection, and the response to the CD4 T cell 

epitope in this protein was also weak.

Overall the priming kinetics were remarkably similar in all three sites examined. The CD8 T 

cell response to the ORF65131–140 epitope peaked first, followed by the CD4 T cell response 

to the ORF16–30 epitope. The CD8 T cell response to the latent M2 protein peaked later, at 

~19 days postinfection. The response to the latency-associated M2 protein was mainly seen 

in lymphoid tissue, whereas the response to the ORF65 protein was preferentially in the lung 

or MLN.
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Differences in phenotype between lytic and latent Ag-specific cells during chronic MHV-68 
infection

During latent infection EBV-specific T cells differ in their phenotype according to whether 

they recognized lytic or latent phase Ags (1, 2). To test whether this was the case during 

latent MHV-68 infection we infected BALB/c mice with MHV-68 then determined the 

phenotype of the lytic and latent Ag-specific CD8 T cells at >40 days postinfection. During 

the time period we studied the frequencies of M291–99/Kd- and ORF65131–140/Dd-specific T 

cells remained stable at ~0.9% and 0.3% of CD8 T cells, respectively. To identify lytic and 

latent Ag-specific T cells in the spleen we used allophycocyanin-labeled tetrameric MHC/

peptide reagents loaded with the appropriate epitope, and samples were costained for CD8 

and activation markers. An example of the staining is shown in Fig. 2. There was a marked 

difference in the phenotype in the two cell populations with respect to the markers CD43 

(1B11) and CD62L (Fig. 3). The latent Ag-specific CD8 T cells had significantly higher 

expression of both CD43 (1B11) (Fig. 3A) and CD62L (Fig. 3B) than did the lytic Ag-

specific T cells. These differences were observed consistently at all the time points studied 

between 40 and 60 days postinfection. In contrast no significant differences were observed 

with respect to other activation markers such as CD45RB, CD45RA, and CD11a (data not 

shown).

Differences in the CTL activity of lytic and latent Ag-specific CD8 T cells in vivo

We wished to test whether the phenotypic differences between the lytic and latent Ag-

specific CD8 T cells corresponded to any functional differences. The frequency of each cell 

population was considered too low to observe any direct ex vivo CTL activity (0.3–0.9% of 

CD8 T cells), and we wished to avoid any potential artifacts introduced by an in vitro 

restimulation before assaying CTL activity. Therefore we chose to examine CTL activity 

directly in vivo. To achieve this we tested the ability of latently infected mice to eliminate 

cells loaded with peptides representing either the lytic (ORF65131–140) or latent (M291–99) 

epitope. We loaded one group of normal spleen cells with the MHV-68 epitope of interest, 

and another with an irrelevant peptide. Each group of cells was then labeled with a different 

fluorescent dye (CFSE or CellTracker Orange), and the cells were mixed in a 1:1 ratio and 

i.v. injected into mice latently infected with MHV-68. At set times postinjection the spleens 

were removed and the ratio of cells detected with each epitope was determined. To 

distinguish between live and dead fluorescently labeled cells we included the vital dye 7-

AAD. If the cells loaded with the viral epitope were killed preferentially then the ratio 

would change from the input 1:1 ratio. As a control the cell populations were injected into 

naive mice, in which the ratio should remain 1:1.

We observed substantial killing of M291–99-loaded cells at all time points studied (Fig. 4, A 

and B). In contrast, <20% killing of ORF65131–140-labeled cells was observed even at 65 h 

posttransfer. ORF65131–140/Dd-specific T cells are present at ~3-fold lower levels than 

M291–99/Kd-specific T cells so it was possible the failure to observe specific killing by these 

cells was due to low sensitivity of the assay system. To address this concern we performed 

control experiments in which naive mice were injected with graded numbers of a CD8 T cell 

line specific for the MHV-68 epitope then challenged with target cells as previously 

described. The level of tetramer-positive cells in the spleen was measured in recipient mice 
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so we could achieve a frequency similar to that seen with ORF65131–140/Dd-specific cells in 

latently infected mice. Specific lysis (53%) was observed in these mice at 40 h after 

injection of target cells. This demonstrated that our in vivo CTL assay did give us the 

necessary degree of sensitivity to measure lysis by ORF65131–140/Dd-specific cells if they 

were cytolytic during the latent infection. Importantly, ORF65131–140/Dd-specific cells did 

have the ability to kill during the acute infection, as we observed 37.5% specific lysis using 

the in vivo CTL assay at 10 days postinfection.

Response of latent and lytic Ag-specific CD8 T cells to IL-7 and IL-15

It has been shown recently by several groups that the maintenance of memory CD8 T cells 

depends upon IL-15 (16–18). This cytokine can induce the proliferation of memory CD8 T 

cells in an Ag-independent fashion, and in its absence memory CD8 T cells do not divide 

and self-renew in vivo. IL-7 affects the homeostatic turnover of naive T cells, but recent 

evidence has also shown that CD8 T cells that are unresponsive to IL-7 are very inefficient 

at developing memory (19). IL-15 and IL-7 have also been shown to selectively stimulate 

“effector memory” but not “central memory” T cells (20, 21). Given the different functional 

abilities of latent and lytic Ag-specific CD8 T cells in vivo, we tested whether they 

responded to IL-7 and IL-15 in the same way.

We removed spleens from BALB/c mice infected for >40 days with MHV-68, labeled them 

with CFSE, then cultured spleen cells with either IL-7 or IL-15 in the absence of cognate 

Ag. After 4 days in culture cells were stained as described and gated on live, CD8 T cells. 

M291–99/Kd-specific and ORF65131–140/Dd-specific cells were identified by tetramer 

staining, and the intensity of CFSE staining served as a measure of cell division (Fig. 5A). 

Only a small proportion of cells proliferated in response to any of these cytokines (data not 

shown), however there were marked differences in the survival of the two groups of CD8 T 

cells. The survival of both groups was enhanced by the presence of IL-15 (Fig. 5C), to 

approximately the same degree (3–4-fold) over medium alone. In the presence of IL-7 

M291–99/Kd-specific cells survived ~2-fold over medium alone. Survival of 

ORF65131–140/Dd-specific cells was variable in response to IL-7, but enhanced relative to 

M291–99/Kd-specific cells (p = 0.016, six independent experiments shown in Fig. 5C). These 

data therefore demonstrate that latent and lytic Ag-specific CD8 T cells not only have 

different abilities to kill target cells in vivo, but they also respond differently to a memory-

associated cytokine.

Discussion

To date it has been impossible to compare the phenotype and function of lytic and latent Ag-

specific CD8 T cells in MHV-68 infection in any given mouse strain. Aided by our recent 

identification of a lytic Ag-specific CD8 T cell epitope in BALB/c mice (15) we have now 

performed these studies and showed that latent Ag-specific CD8 T cells have a different cell 

surface phenotype to lytic Ag-specific cells during chronic infection. Latent Ag-specific but 

not lytic Ag-specific T cells also have the ability to kill target cells rapidly in vivo. In 

addition lytic and latent Ag-specific T cells respond differentially to IL-7, a cytokine 

associated with lymphoid homeostasis and memory T cell maintenance. These data have 
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important implications for our understanding of immune surveillance during 

gammaherpesvirus infections.

One important aspect of these studies is the detailed kinetics of priming of the lytic and 

latent Ag-specific T cells. This is difficult to measure in EBV-infected patients as they 

present with AIM several weeks after initial infection, by which time the T cell response has 

already been primed. In this study we show that the CD8 T cell response to the lytic cycle 

ORF65 protein is most evident in the BAL at 10 days postinfection, present to a lesser extent 

in the MLN and only at a low level in the spleen. In contrast, the CD8 T cell response to the 

latent M2 Ag shows the reverse distribution, it peaks at 19 days postinfection in the spleen, 

is present at a comparable level to ORF65-specific cells in the MLN, and at a lower level in 

the BAL. ORF65 protein is likely to be present mostly during productive replication in the 

lungs, and only in smaller amounts in the MLN and spleen, as virus replication is less 

evident in these tissues. Alternatively Ag may reach these sites by migrating dendritic cells 

(22, 23). M2 is expressed during latency in lymphoid tissue so this would explain the 

majority of the response being focused in the spleen and MLN. M2-specific cells may reach 

the lung either as a consequence of low-level Ag production at this site or due to the fact that 

activated CD8 T cells of any specificity have predisposition to migrate to the lung (24). The 

CD4 T cell response to the ORF65 protein was present at a low level in the BAL and spleen, 

but at a level only slightly lower than the CD8 T cells in the MLN. There was also a delay in 

the kinetics of the response, consistent with other reports that CD4 T cells respond more 

slowly and undertake fewer divisions than CD8 T cells (25). Interestingly the CD4 response 

to the ORF65 protein appeared to peak earlier in the MLN and spleen than has been reported 

for MHV-68 specific CD4 responses in C57BL/6 mice (26, 27). This is unlikely to be due to 

differences in the kinetics of expression of viral proteins from which the epitopes are 

derived, as ORF65 and glycoprotein 150 (which contains a CD4 epitope for C57BL/6 mice) 

are both late proteins (28–30). However it may be due to subtle differences between the 

CD4 responsiveness of BALB/c and C57BL/6 mouse strains following MHV-68 infection.

In latent EBV infection, T cells responding to epitopes present in lytic cycle proteins have a 

markedly different phenotype to T cells responding to latent cycle proteins (1, 2). Latent Ag-

specific CD8 T cells were uniformly CD45R0+ whereas lytic Ag-specific cells were 

heterogeneous with respect to CD45R0 expression. Similar differences were seen with 

CD28 expression, the latent Ag-specific cells were predominantly CD28+ and the lytic Ag-

specific cells were of a mixed phenotype. The markers CD45 and CD28 do not appear to be 

as useful in the mouse, however we did obtain remarkably similar data to the EBV system 

with respect to CD62L expression. In both EBV (1) and MHV-68 infection lytic Ag-specific 

CD8 T cells were ~30% CD62Lhigh compared with ~60% in the latent Ag-specific 

population.

CD62L is down-regulated upon activation of naive T cells and is not re-expressed for many 

months after Ag exposure. Thus most memory T cells are CD62Llow, however an increasing 

proportion re-express CD62L with time postinfection (31). CD62L expression allows T cells 

to migrate through high-endothelial venules into lymph nodes, and cells lacking this 

molecule migrate preferentially into peripheral tissues. T cells also need to express CCR7 to 

gain access to lymph nodes, therefore the expression of CCR7 and CD62L have become 
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associated with central memory T cells, which mostly recirculate through lymphoid tissues, 

and effector-memory T cells are believed to be CD62LlowCCR7− (32). Consistent with this 

idea, Catalina et al. (1) reported that latent Ag-specific CD8 T cells are predominantly 

CCR7+ in addition to being CD62Lhigh. We were unable to study CCR7 expression in our 

studies due to the lack of widely available reagents to detect murine CCR7. However other 

investigators report that in the mouse central memory T cells coexpress CD62L and CCR7 

and effector memory cells express neither marker, therefore CD62L alone can be used to 

discriminate between these populations (33).

It was suggested that the difference in phenotype of lytic and latent Ag-specific CD8 T cells 

in EBV infection was related to the extent to which they were exposed to Ag during chronic 

infection. Chronic low-level replication of EBV was believed to stimulate lytic Ag-specific 

CD8 T cells so that a proportion were driven from CD45R0+ to the CD45RAhigh and/or 

CD28− phenotype (2). There was believed to be less chronic exposure to latency-associated 

proteins therefore the latent Ag-specific T cells did not differentiate into the CD45RAhigh 

phenotype. In the MHV-68 system, our previously published data indicates that the latent 

M2 gene is not consistently expressed past 21 days postinfection, but there may be sporadic 

expression thereafter (14). However it is likely that virus reactivation continues 

intermittently throughout the latent phase of the infection (34). We present data showing T 

cells recognizing the latent M2 Ag can rapidly kill target cells in vivo, and this is consistent 

with their expression of CD43, a marker of effector T cells (35). The ability to rapidly 

display effector function is a hallmark of effector memory T cells, however M2-specific T 

cells are mostly CD62Lhigh, considered to be a marker of central memory T cells. In 

contrast, the lytic ORF65-specific T cells did not kill in vivo, despite the fact they are 

presumably stimulated by low-level Ag release. Therefore we find that, as for EBV 

infection, lytic and latent Ag-specific T cells cannot be classified easily as either effector or 

central memory cells. This classification was devised based on immune responses to Ags or 

infections that are cleared from the host, and it may be that T cell responses to chronic 

infections do not fit exactly into this model. It appears paradoxical that M2-specific CD8 T 

cells are more cytolytic than ORF65-specific T cells as the latter would be expected to 

encounter Ag more often during latent infection. However ORF65 is a late protein, 

expressed only after viral DNA replication has occurred (29, 30). Therefore it is likely that 

cells reactivating from latency may be killed by T cells specific for early or immediate early 

gene products before ORF65 is expressed. Although no epitopes in these early genes have 

yet been mapped in the BALB/c strain, several epitopes in early proteins are targeted by 

CD8 T cells in C57BL/6 mice (36). Therefore it is possible that ORF65-specific T cells do 

not encounter their Ag frequently during latency, however M2 may be sporadically 

expressed and restimulate M2-specific CD8 T cells, which may explain their more cytotoxic 

phenotype.

IL-15 and IL-7 are both important cytokines in the development and maintenance of 

memory CD8 T cells (16–19, 37). It has been suggested that IL-15 is more important in 

stimulating cell division whereas IL-7 is of more importance in promoting cell survival. 

However our data, and recent data from other groups, indicates that IL-15 can also act as a 

survival factor. Berard and colleagues (38) reported that low concentrations of IL-15 

supported the survival of both naive and memory CD8 T cells, without inducing 

Obar et al. Page 9

J Immunol. Author manuscript; available in PMC 2015 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



proliferation. This is probably due to the ability of IL-15 to induce Bcl-2, a molecule with 

anti-apoptotic function (39). Although our experiments were performed using concentrations 

of IL-15 in the range that normally induces cell proliferation, we observed little proliferation 

but an enhancement of the survival of both specificities of CD8 T cells studied. In contrast, 

lytic Ag-specific CD8 T cells responded more readily than latent Ag-specific cells to IL-7. 

Less is known about the effect of IL-7 on memory T cells, however Schluns and colleagues 

(19) have reported that cells deficient in IL-7Rα had a poor ability to establish memory. 

IL-7 was also reported to induce a low level of proliferation in both effector memory and 

central memory CD8 T cells (21). There is also a report that IL-7 can promote the survival 

of CD8 T cell clones (40). Responsiveness to IL-7 appears to correlate with expression of 

the IL-7Rα chain, which is high on naive T cells, low on effector cells and high on memory 

cells (21). We observed that lytic Ag-specific CD8 T cells responded better to IL-7 than did 

latent Ag-specific CD8 T cells. This may be because the M2-specific CD8 T cells were 

closer to effector cells, as evidenced by their ability to kill targets rapidly in vivo. In 

contrast, ORF65-specific CD8 T cells may be closer to classical memory cells and have 

higher levels of IL-7Rα and therefore higher responsiveness to IL-7. Overall, these data 

combined with the differential cytotoxic ability of these cells in vivo highlights the fact that 

lytic and latent Ag-specific T cells are persisting in different states of activation during 

chronic MHV-68 infection.

In conclusion, we show that in MHV-68 infection lytic and latent Ag-specific T cells are in a 

different state of activation with respect to cell surface markers, cytotoxicity and 

responsiveness to IL-7. These results confirm data obtained in EBV infection, and 

significantly extend them by showing a functional difference between lytic and latent Ag-

specific CD8 T cells in vivo. Future studies will address whether these functional 

differences relate to the ability of latent or lytic Ag-specific CD8 T cells to control latent 

MHV-68 infection.
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FIGURE 1. 
Different priming kinetics for lytic and latent Ag-specific T cells. BALB/c mice were 

infected with 400 PFU of MHV-68, and T cell responses were measured in the BAL (A), 

MLN (B), and spleen (C) at the indicated times using a standard ELISPOT assay in response 

to the following peptides: M291–99 (●), ORF6516–30 (■) or ORF65131–140 (▲). For BAL 

and MLN each point represents pooled cells from three to four mice, whereas for spleen 

each point represents the average of three to four individual mice with error bars indicating 

one SD. Data is representative of two experiments.
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FIGURE 2. 
Analysis of MHV-68 epitope-specific CD8+ T cells for CD43 (1B11), CD62L, and 

CD45RB. Splenocytes from latently infected mice (62 dpi) were stained with either the 

M291–99/Kd or ORF65131–140/Dd tetramer followed by Abs to CD8a and the appropriate 

activation marker. Results shown were gated on the CD8 population and the percentage 

values refer to the percentage of tetramer-positive cells that stained for the activation 

marker.
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FIGURE 3. 
CD8 T cells responding to lytic (ORF65131–140/Dd) or latent (M291–99/Kd) Ags express 

different levels of activation marker on their cell surface during latent MHV-68 infection. 

Expression of CD43 (1B11) (A) and CD62L (B) was assessed on tetramer-binding CD8+ T 

cells during the latent phase of the MHV-68 infection (>40 dpi). Cells stained with the 

M291–99/Kd tetramer (○) or the ORF65131–140/Dd tetramer (△) are shown. Each symbol 

represents one mouse with the thick bar indicating the mean for that group. Values for p at a 

given time point are shown and were determined using Student’s t test.
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FIGURE 4. 
CD8 T cells responding to lytic (ORF65131–140/Dd) or latent (M291–99/Kd) Ags have 

different abilities to kill peptide-loaded targets in vivo. Latently infected BALB/c mice (>40 

days postinfection with MHV-68) were given 2 × 107 fluorescently labeled splenocytes i.v. 

as described in Materials and Methods. In the first experiment (A) killing was analyzed 16 

or 40 h later, whereas in the second experiment (B) killing was analyzed 40 or 64 h 

postinjection. To measure Ag-specific killing, splenocytes were harvested, incubated with 

20 µg/ml 7-AAD for 15 min and then analyzed using a FACSCalibur cytometer. Specific 
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lysis was then determined as described in Materials and Methods and the killing of M291–99 

(○) and ORF65131–140 (△) labeled cells is shown in the graph. Each symbol represents one 

mouse with the bar indicating the average for that group. p values for a given time-point are 

and were determined using Student’s t test.
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FIGURE 5. 
Survival of lytic or latent Ag-specific CD8 T cells in response to IL-7 or IL-15 in vitro. 

Spleen cells from BALB/c mice infected for >40 days with MHV-68 were labeled with 

CFSE then placed in culture with 25 ng/ml recombinant mouse IL-15 or 25 ng/ml 

recombinant mouse IL-7. Four days later, the cells were harvested, counted, and stained with 

tetramers consisting of the M291–99/Kd epitope (○), or the ORF65131–140/Dd epitope (●) 

and anti-CD8a Ab. To identify dead cells, samples were incubated with 20 µg/ml 7-AAD for 

15 min before analyzing on a FACSCalibur cytometer. A, Gating used for analysis of the 

data. B, The number of live tetramer-positive cells in the different treatment groups relative 

to the numbers obtained after culture with medium alone. Each point represents data from a 

different experiment, a total of six experiments were performed. Values for p were 

calculated using Student’s t test.
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