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Abstract

Studies of costimulatory receptors belonging to the TNFR family have revealed their diverse roles 

in affecting different stages of the T cell response. The 4-1BB ligand (4-1BBL)/4-1BB pathway 

has emerged as a receptor-ligand pair that impacts not the initial priming, but later phases of the T 

cell response, such as sustaining clonal expansion and survival, maintaining memory CD8+ T 

cells, and supporting secondary expansion upon Ag challenge. Although the role of this 

costimulatory pathway in CD8+ T cell responses to acute viral infections has been well-studied, its 

role in controlling chronic viral infections in vivo is not known to date. Using the murine 

gammaherpesvirus-68 (MHV-68) model, we show that 4-1BBL-deficient mice lack control of 

MHV-68 during latency and show significantly increased latent viral loads. In contrast to acute 

influenza infection, the numbers of MHV-68-specific memory CD8+ T cells were maintained 

during latency. However, the virus-specific CD8+ T cells showed defects in function, including 

decreased cytolytic function and impaired secondary expansion. Thus, 4-1BBL deficiency 

significantly affects the function, but not the number, of virus-specific CD8+ T cells during 

gammaherpesvirus latency, and its absence results in an increased viral burden. Our study suggests 

that the 4-1BB costimulatory pathway plays an important role in controlling chronic viral 

infections.

Costimulatory signals provide secondary signals to T cells along with the TCR signal and 

are required for generating and maintaining responses of full capacity to viral infections (1–

4). The 4-1BB ligand (4-1BBL)3/4-1BB receptor-ligand pair belongs to the TNF-TNFR 

family. 4-1BBL is mainly expressed on activated APCs such as dendritic cells (DCs), 

macrophages, and B cells. Its expression can also be induced on nonimmune cells during 
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inflammatory conditions (4) and bone marrow-derived mast cells (BM-MCs) upon 

activation (5). Its receptor, 4-1BB, is expressed on activated CD4+ and CD8+ T cells, as well 

as a subset of splenic DCs, and activated BM-MCs (4, 5). Costimulation through the 

4-1BBL-4-1BB pathway provides cell proliferation and survival signals to T cells (6–8) and 

can augment protection in tumor challenge models (9–12). In contrast, 4-1BB stimulation 

can result in the triggering of suppressive T cell responses in certain models by diverse 

mechanisms (13–21).

In in vivo viral infection models, 4-1BB costimulation has been shown to affect mainly the 

antiviral CD8+ T cell response (22–31). Interestingly, studies by Bertram et al. (22, 23) have 

revealed a specific role for 4-1BB costimulation in the maintenance of memory CD8+ T 

cells and recall responses during influenza infection. Furthermore, protection from 

lymphocytic choriomeningitis virus (LCMV) after peptide vaccination was shown to require 

4-1BB costimulation (31). The role for 4-1BB costimulation in the long-term CD8+ T cell 

response brings up an interesting question: during a chronic infection where the virus (Ag) 

persists, is the 4-1BBL/4-1BB pathway required for the maintenance of the CD8+ T cell 

response? If so, does the host lose control of virus replication in the absence of this 

pathway?

Infection by herpesviruses results in viral persistence which lasts throughout the lifetime of 

the animal. During this lifelong infection, the virus is kept under control by the immune 

system and dysfunctions in the immune system can result in reactivation of the virus leading 

to disease. Reactivation of human herpesviruses, such as HSV, CMV, and EBV or Kaposi’s 

sarcoma-associated herpesvirus (HHV-8), has been reported in HIV-infected patients with 

progressive AIDS, or immunosuppressed individuals undergoing transplantation (32–35). 

The understanding of mechanisms regarding how the immune system prevents viral 

reactivation during the latent infection is not completely understood and will provide 

important information for the development of therapies to prevent or treat viral 

recrudescence.

The murine gammaherpesvirus-68 (MHV-68) is the only small animal model available for 

studying gammaherpesvirus pathogenesis and immunity in vivo. Infection by MHV-68 

results in acute replication in the lungs for the first 2 wk which is controlled by CD4+ and 

CD8+ T cells (36, 37), and causes a lifelong latent infection in B cells, macrophages, DCs, 

and lung epithelial cells (38 – 41). Immune surveillance during the latent phase is 

maintained by CD4+, CD8+ T cells, and Abs (37, 39, 42, 43). Despite this knowledge, we 

currently lack understanding of detailed molecular mechanisms of how optimal T and B cell 

responses are generated and maintained during the MHV-68-specific response.

Several costimulatory pathways have been shown to mediate key signals in antiviral 

immunity against MHV-68. The CD40L-CD40 pathway is essential for long-term 

immunological control of latent infection (44, 45). The CD80/CD86-CD28 pathway has a 

significant impact in the antiviral humoral (42, 46), and cellular (46, 47) responses, and low 

levels of viral reactivation during latency is observed in the lungs of CD80/CD86−/− mice 

(47, 48). In this study, we investigated the role of the 4-1BBL-4-1BB pathway in immune 

surveillance of MHV-68 infection. 4-1BB expression was observed on virus-specific 
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effector CD8+ T cells, but not on memory cells. 4-1BBL−/− mice were capable of controlling 

acute viral replication and no sign of viral replication was observed during latency. 

However, the latent viral load was significantly increased in the lungs and spleens of 

4-1BBL−/− mice. Although the number of virus-specific CD8+ T cells was not affected, the 

cytotoxicity of virus-specific memory CD8+ T cells and recall responses to viral challenge 

were significantly impaired by the absence of 4-1BBL. These results reveal a specific role 

for 4-1BB costimulation in the maintenance of antiviral CD8+ T cell function during latent 

MHV-68 infection and thus its requirement for immune surveillance of the infection.

Materials and Methods

Mice, virus, and reagents

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

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

(49). A recombinant vaccinia virus expressing the ORF61524–531/Kb or the ORF6487–495/Db 

epitope of MHV-68 (rVV-ORF61 and rVV-ORF6, respectively) was obtained from Dr. P. 

Doherty (St. Jude Children’s Research Hospital, Memphis, TN) (50). For MHV-68 

infections, mice were infected intranasally (i.n.) with 400 PFU under anesthesia with 2,2,2-

tribromoethanol. For vaccinia virus challenge, mice were given 106 PFU recombinant 

vaccinia virus i.p., unless stated otherwise.

C57BL/6 and congenic B6-Ly5.2-Cr (which are Ly5.1/CD45.1+) mice were purchased from 

the National Cancer Institute (Bethesda, MD). 4-1BBL−/− mice on the C57BL/6 background 

were obtained from Dr. W. Green (Dartmouth Medical School, Lebanon, NH), and bred in 

the Dartmouth-Hitchcock Medical Center mouse facility. Permission was obtained from 

Amgen to use the mice for the study. The Animal Care and Use Program of Dartmouth 

College approved all animal experiments.

Tissue preparation

Single-cell suspensions of spleens and mediastinal lymph nodes were prepared by passing 

through cell strainers. Lungs were injected with 2 ml of MEM containing 417.5 μg/ml 

Liberase CI and 200 μg/ml DNase I (both obtained from Roche), minced with scissors, then 

incubated for 30 min at 37°C, and passed through cell strainers. Suspensions were 

resuspended in 80% isotonic Percoll and subsequently overlaid with 40% isotonic Percoll. 

Samples were then centrifuged at 400 × g for 25 min at 4°C and the cells at the 80%/40% 

interface were collected, washed, and counted.

Quantitative PCR for viral transcripts

Latent viral DNA was quantified by quantitative fluorescent (QF)-PCR for the ORF50 gene 

as previously described (51).

The standard plaque assay and in vitro amplification

Infectious virus titers in the lungs were determined by standard plaque assays as previously 

described (49). The in vitro-amplified plaque assay has been described previously (47). 

Briefly, to allow amplification of viral titers, a 1/10 dilution of lung homogenates was added 
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to NIH3T3 cell monolayers in duplicate, and were cultured for 6 days without the addition 

of carboxymethyl-cellulose (CMC). An additional 1 ml of medium was added at day 2. At 

day 6, cells and supernatants were collected, freeze-thawed to release the virus replicating 

inside the cells, spun down, and virus titers in the supernatants were measured using a 

standard plaque assay.

MHC/peptide tetramer, Ab staining, and flow cytometric analysis

MHC/peptide tetramers for the MHV-68 epitopes, ORF61524–531(TSINFVKI)/Kb, 

ORF6487–495(AGPHNDMEI)/Db, or the vaccinia virus epitope B8R20–27(TSYKFESV)/Kb, 

which were conjugated to allophycocyanin, were obtained from the National Institutes of 

Health Tetramer Core Facility (Emory University, Atlanta, GA). Cells were stained for 1 h 

at room temperature in the dark as previously described (51). Cells were further stained with 

PerCP-conjugated anti-CD8α (clone 53-6.7), and Abs against the following surface markers; 

FITC-conjugated anti-CD44 (IM7), FITC-conjugated anti-CD62L (MEL-14), FITC-

conjugated anti-CD27 (LG.7F9), FITC-conjugated anti-CD69 (H1.2F3), PE-conjugated anti-

CD127 (A7R34), PE-conjugated anti-CD122 (SH4), PE-conjugated anti-CD25 (PC61), or 

the corresponding isotype control Abs. To assess 4-1BB expression, cells were stained with 

anti-4-1BB (17B5) or control Ab. Staining and analysis was done as previously described 

(51).

In vivo cytotoxicity assay

Naive C57BL/6 splenocytes were pulsed with 1 μg/ml of the ORF61524–531, ORF6487–495 

peptide, or no peptide and were labeled with 2.5 μM, 0.25 μM CFSE (Molecular Probes), or 

10 μM CellTracker Orange (CTO; Molecular Probes), respectively. Cells were mixed at a 

1:1:1 ratio, and ~2 × 107 cells were injected i.v. One day later, mice were sacrificed and 

collected spleen cell suspensions were incubated with 20 μg/ml 7-aminoactinomycin D (7-

AAD; Sigma-Aldrich) for 15 min at room temperature in the dark to label dead cells. Cells 

were analyzed by flow cytometry and specific lysis was calculated using the formulas: ratio 

= (number CFSE/number CTO); percentage of specific lysis = (1 − (ratio of naive/ratio of 

infected) × 100).

Intracellular cytokine staining and degranulation assay

Splenocytes were incubated with 1 or 0.01 μg/ml of the appropriate peptide plus 10 U/ml 

IL-2 and 10 μg/ml brefeldin A in complete medium at 37°C for 5 h. Cells were stained with 

anti-CD8 and anti-CD44 Ab, then fixed and rendered permeable before staining with 

allophycocyanin-conjugated anti-IFN-γ (XMG1.2), and PE-conjugated anti-TNF-α (MP6-

XT22), anti-IL-2 (JES6-5H4), or anti-granzyme B (clone 100) as described (52). The 

percentage of IFN-γ-positive cells was calculated by subtracting the background observed 

with the no peptide control.

For the degranulation assay, cells were incubated with 1 or 0.01 μg/ml of the appropriate 

peptide plus 10 U/ml IL-2, 10 μg/ml brefeldin A, 1×monensin (BioLegend), and 2.5 μg/ml 

FITC-conjugated anti-CD107a (1D4B) or control Ab in complete medium at 37°C for 5 h. 

Cells were stained with anti-CD8 Ab, then were fixed and rendered permeable before 
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staining with allophycocyanin-conjugated anti-IFN-γ. Analysis was performed on a 

FACSCalibur flow cytometer using CellQuest software (BD Immunocytometry Systems).

Adoptive transfer and challenge experiments

For challenge experiments, MHV-68 infected B6 or 4-1BBL−/− mice were challenged at 4 

mo postinfection with 106 PFU of rVV-ORF61 or ORF6 i.p., and expansion of virus-

specific CD8+ T cells in the spleen was enumerated by MHC/peptide tetramer staining at 5 

days postchallenge.

For adoptive transfer experiments, spleens from MHV-68-infected B6 or 4-1BBL−/− mice 

were harvested at 2–4 mo postinfection, pooled, and 2 × 107 cells were injected into 

congenic B6 (B6-Ly5.2-Cr) mice i.v. (or vice versa, from congenic B6 mice to B6 or 

4-1BBL−/− mice). Some cells from each group were kept for tetramer staining. One day after 

transfer, mice were challenged with 2.5 × 106 PFU of rVV-ORF6 i.p. Spleens were 

harvested 5 days postchallenge, and stained with the ORF6487–495/Db tetramer, anti-CD8, 

and anti-CD45.2 or anti-CD45.1 (which marks the donor population) Abs.

Virus neutralization assay

Serum was collected from mice infected with MHV-68. Six 3-fold dilutions of serum were 

made in duplicate, starting at a 1/50 dilution. The diluted serum samples were mixed with 

40–50 PFU of MHV-68, and incubated on ice for 1 h. A total of 400 μl of the mixture was 

then added to NIH3T3 monolayers and were incubated at 37°C for 1 h. Two milliliters of 

medium containing CMC was added and the plates were cultured for 6 days at 37°C. Then, 

monolayers were fixed with methanol for 15 min, stained with Giemsa stain for at least 4 h, 

and plaques were counted microscopically. The fold dilution of serum which resulted in a 

50% reduction in the number of plaques, compared with the no serum control, was 

calculated.

CD4+ IFN-γ ELISPOT assay

The IFN-γ ELISPOT assays to quantify CD4+ T cell responses were done as previously 

described (53). Briefly, CD4+ cells were purified from MHV-68-infected spleens using a 

CD4+ enrichment kit (StemCell Technologies). Purity was ~88–95%. A total of 105 purified 

cells were added to the first well in triplicate and were diluted at 3-fold dilutions for 4 wells. 

APCs were prepared by infecting naive splenocytes with 1 PFU/cell at 37°C for 1 h and 

subsequently irradiating the cells. A total of 5 × 105 APCs was added in each well. Cells 

were incubated at 37°C for 40–48 h and were developed and analyzed as previously 

described (52). The frequency of responding cells was corrected to normalize for the purity 

of CD4+ T cells.

Statistical analysis

Values of p were calculated using the Student t test unless stated otherwise; p < 0.05 was 

considered significant.
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Results

Expression of 4-1BB by MHV-68-specific effector CD8+ T cells

Mice deficient in the 4-1BBL/4-1BB pathway exhibit defects mainly in the CD8+ T cell 

response during viral infections (22–26, 30, 31, 54). Therefore, our initial studies on this 

pathway focused on the CD8+ T cell response. To investigate the role of the 4-1BBL/4-1BB 

pathway in latent gammaherpesvirus infections, we first analyzed the expression of 4-1BB 

on virus-specific CD8+ T cells during MHV-68 infection. 4-1BB expression on CD8+ T 

cells in vivo has been observed during the early stages of activation, coinciding with 

expression of CD69 (55). The kinetics of 4-1BB expression during infection with HSV is 

also transient, although the peak of expression differs with the route of infection (27, 29). 

We sought to analyze the expression of 4-1BB on virus-specific CD8+ T cells during 

MHV-68 infection, using MHC/peptide tetramer staining. As shown in Fig. 1, 4-1BB 

expression was detected on virus-specific CD8+ T cells at day 10 postinfection for both the 

ORF61524–531/Kb and ORF6487–495/Db epitopes. Similar to other models, expression in the 

spleen was very transient. At day 14, the peak of the CD8+ T cell response, 4-1BB 

expression levels had gone down to minimal levels, and was not detectable during latency 

(day 85). In the mediastinal lymph node (MLN), 4-1BB expression was still detectable at 

day 14 though lower than that of day 10, but was not detectable at later time points (data not 

shown). Therefore, even during a latent infection where viral Ag is present in the 

microenvironment, 4-1BB expression on virus-specific CD8+ T cells was restricted to the 

effector stage. The kinetics of 4-1BB expression on virus-specific CD8+ T cells in the lung 

was similar to the spleen (data not shown).

Increased latent viral burden of MHV-68 in the absence of 4-1BBL

During influenza infection in mice, the 4-1BBL-4-1BB costimulatory pathway is required 

for long-term maintenance of memory CD8+ T cells and secondary responses to viral 

challenge (22). However, the decay in memory CD8+ T cell numbers occurred after the 

virus is cleared, hence does not affect the kinetics of viral control. Therefore, we first 

investigated whether the absence of the costimulatory pathway results in the loss of immune 

surveillance of the virus during the acute and latent stages of MHV-68 infection.

Control B6 mice and 4-1BBL−/− mice were infected i.n. with 400 PFU of MHV-68 and the 

kinetics of viral replication and latency was observed. Viral replication in the lungs during 

the acute stage of infection in 4-1BBL−/− mice was comparable to the control mice and no 

sign of viral recrudescence was observed in the lungs or the spleens (Fig. 2A). Even when 

the lungs and spleens were analyzed by a more sensitive in vitro-amplified plaque assay (see 

Materials and Methods), no signs of viral replication were detected (data not shown). 

MHV-68 infection causes splenomegaly at 2–3 wk postinfection and this was not affected 

by the absence of 4-1BBL (Fig. 2B).

Infection with MHV-68 results in a low level of persistence of the virus which can be 

detected by a sensitive quantitative PCR assay. At day 14 when the viral latent load in the 

spleen reaches its peak, the viral load did not differ between the two groups (Fig. 2C). 

However, during long-term latency, 4-1BBL−/− mice exhibited significantly higher latent 
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viral loads (~9 to 40-fold) compared with the B6 controls (Fig. 2D). The increase in viral 

load was also observed in the lungs (~5- to 18-fold) (Fig. 2E). These results indicate that 

there is a systemic defect in immune surveillance of latent MHV-68 infection in the absence 

of 4-1BBL.

Impaired virus-specific CD8+ T cell function in the absence of 4-1BBL

The increase in latent viral load in the 4-1BBL−/− mice indicated a defect in immune 

surveillance of the virus. We hypothesized that similar to influenza infection, the memory 

CD8+ T cell population was decreased in the absence of 4-1BBL, allowing the viral load to 

increase. Therefore, we measured the magnitude of the virus-specific CD8+ T cell response 

by MHC/peptide tetramer staining. The initial expansion of ORF61524–531/Kb and 

ORF6487–495/Db-specific CD8+ T cells in the spleen, peripheral blood, and MLN was 

comparable to B6 controls (Fig. 3, A–C). Furthermore, in contrast to the influenza model 

and contrary to our predictions, the virus-specific CD8+ T cell populations were maintained 

in the absence of 4-1BBL (Fig. 3D). Thus, the maintenance of memory CD8+ T cells 

generated during latent MHV-68 infection was independent of 4-1BBL and did not account 

for the loss of immune surveillance in the 4-1BBL−/− mice.

Although the numbers of virus-specific memory CD8+ T cells in 4-1BBL−/− mice were 

similar, the phenotype and function of these cells might be affected by the absence of 

4-1BBL. Therefore, we first analyzed expression of activation/differentiation markers on 

virus-specific CD8+ T cells during latency. We observed no significant differences in the 

expression of CD62L, CD27, CD127, CD122, CD25, and CD69 in 4-1BBL−/− mice (Fig. 

4A). We also analyzed virus-specific memory CD8+ T cells for IFN-γ and TNF-α 

production by intracellular cytokine staining upon restimulation with peptide in vitro. 

During both the effector (day 14) and memory (day 85) phase, no defects in cytokine 

production were observed in the 4-1BBL−/− mice when compared with control B6 mice 

(Fig. 4, B and C), even at a lower concentration of peptide (0.01 μg/ml, data not shown). 

Consistent with previous data, minimal IL-2 production was observed in both groups during 

latency (data not shown). These results show that the phenotype- and cytokine-producing 

ability of virus-specific CD8+ T cells was not affected by the absence of 4-1BBL.

We next investigated whether the cytolytic function of MHV-68-specific CD8+ T cells is 

maintained in the absence of 4-1BBL. In addition to cytokine production, killing of virus-

infected targets is a major function of CD8+ T cells. An in vivo CTL assay using 

ORF61524–531- and ORF6487–495-pulsed targets revealed that cytotoxicity against the 

ORF6487–495/Db epitope was impaired during latency (Fig. 5). To assess the mechanism of 

the defect in cytotoxicity, we analyzed the ability of ORF61524–531/Kb- and 

ORF6487– 495/Db-specific CD8+ T cells to degranulate and produce granzyme B upon 

restimulation with viral peptides in vitro. We found that MHV-68-specific memory CD8+ T 

cells in the 4-1BBL−/− mice were defective in their ability to degranulate upon restimulation 

(Fig. 6A). Intracellular levels of granzyme B upon stimulation with peptide were increased 

in the 4-1BBL−/− mice, which implies that the memory CD8+ T cells were impaired in their 

ability to secrete granzyme B by degranulation (Fig. 6B). Similar results for both 

degranulation and granzyme B secretion were observed when cells were restimulated with a 
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100-fold lower concentration of peptide (0.01 μg/ml, data not shown). These results indicate 

that in the 4-1BBL−/− mice, virus-specific CD8+ T cells are defective in their cytotoxicity, 

which is due to impairment in their ability to release their lytic granules.

Another important characteristic of memory CD8+ T cells is their ability to expand quickly 

in response to secondary Ag encounter. We challenged infected B6 or 4-1BBL−/− mice with 

rVV-ORF61 or rVV-ORF6 at 100+ days postinfection, and analyzed the expansion of virus-

specific CD8+ T cells at 5 days postchallenge by MHC/peptide tetramer staining (Fig. 7A). 

CD8+ T cells specific for both epitopes were able to mount a robust secondary response to 

the rVVs, in contrast to the primary response observed in naive B6 mice. However, in the 

absence of 4-1BBL, the virus-specific memory CD8+ T cells were impaired in mounting a 

secondary response (Fig. 7A).

The defective secondary expansion observed in the 4-1BBL−/− mice could be due to two 

reasons: either 4-1BBL/4-1BB costimulation is required to prime and maintain the virus-

specific CD8+ T cells properly for them to differentiate into functionally competent memory 

cells or 4-1BBL/4-1BB costimulation is simply required during secondary exposure to Ag. 

To investigate the two possibilities, we first analyzed whether 4-1BB is re-expressed on 

virus-specific CD8+ T cells upon secondary expansion. As shown in Fig. 7B, 4-1BB was 

rapidly up-regulated on ORF6-specific CD8+ T cells upon challenge with rVV-ORF6. The 

up-regulation was very transient and the kinetics were significantly more rapid than the 

CD8+ T cell response specific for the vaccinia virus immunodominant B8R20–27/Kb epitope 

(56), which represents a primary response. Because 4-1BB is expressed both during priming 

and the secondary response, 4-1BB costimulation could be required at either stage of the 

response or at both.

To investigate at which stage 4-1BB costimulation is required to mount an efficient 

secondary response, we performed a series of adoptive transfer experiments. First, to explore 

whether the impaired secondary expansion in the 4-1BBL−/− mice was due to defective 

priming of the virus-specific CD8+ T cells, we designed an adoptive transfer experiment 

shown in Fig. 7C. Splenocytes (2 × 107) from MHV-68 infected B6 or 4-1BBL−/− mice at 

2–4 mo postinfection were adoptively transferred into naive congenic (CD45.1+) B6 mice 

and the mice were challenged 1 day later with rVV-ORF6 and secondary expansion was 

monitored at day 5 postchallenge. Therefore, virus-specific CD8+ T cells differentiated in 

the absence of 4-1BBL, but the pathway was present during secondary expansion. Upon 

rVV-ORF6 challenge, secondary expansion was significantly reduced when the ORF6-

specific memory CD8+ T cells were derived from 4-1BBL−/− donors (Fig. 7C). The 

experiment suggests that 4-1BB costimulation is required during priming to mount a robust 

secondary response. In the second set of adoptive transfer experiments, we investigated 

whether 4-1BB costimulation is required during the secondary response. Splenocytes from 

MHV-68-infected B6 (CD45.1) mice were transferred into B6 (CD45.2) or 4-1BBL−/− mice, 

challenged 1 day later with rVV-ORF6, and secondary expansion was observed 5 days 

postchallenge. Secondary expansion was significantly reduced when this pathway was 

absent, suggesting that it is also required during the secondary response (Fig. 7D), which is 

consistent with its expression profile (Fig. 7B). These results together suggest that a robust 
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secondary response requires 4-1BBL/4-1BB costimulation both during priming and the 

recall response.

CD4+ T cell and humoral responses to MHV-68 infection in 4-1BBL−/− mice

Due to the defects observed in the antiviral CD8+ T cell response, we were interested in 

whether the absence of 4-1BBL results in defects in the CD4+ T cell and humoral response 

against MHV-68 infection. The primary virus-specific CD4+ T cell response at day 20 

postinfection was significantly reduced in 4-1BBL−/− mice (Fig. 8A), but the frequencies 

during latency were comparable to the B6 controls (Fig. 8B). As for the humoral response, 

virus-neutralizing Abs were detected in the serum of MHV-68 infected 4-1BBL−/− mice at 

20 and 138 days postinfection (Fig. 8, C and D). The frequency of memory-phenotype 

(CD19+IgDlow CD38high) B cells, the major reservoirs for the virus, was also comparable to 

B6 controls (data not shown). Therefore, although 4-1BBL is required for an efficient 

primary virus-specific CD4+ T cell response, it appears to play no major role in memory 

CD4+ T cell responses and induction of the humoral response against MHV-68 infection.

Discussion

The role of costimulation in chronic viral infections is an understudied topic, despite the 

wealth of knowledge on the effects of costimulatory signals in antitumor immune responses, 

transplantation, autoimmunity, and antiviral immunity in acute infections. Several lines of 

evidence support the importance of certain costimulatory molecules in the control of chronic 

infections. The CD40L/CD40 pathway, which is critical for humoral immune responses and 

in many cellular responses, has been shown to be crucial for the control of several LCMV 

strains (57, 58) and MHV-68 (44, 46). CD80/CD86 and its ligands are required for the 

efficient control of LCMV clone 13 (59) and MHV-68 (47). Furthermore, in addition to the 

CD40 and CD80/CD86 pathways, CD70/CD27 costimulation has been shown to affect 

virus-CD8+ T cell responses during persistent mouse polyoma virus infection (60) or the 

consequences of chronic LCMV infection (61). Studies have shown that different 

costimulatory signals affect various aspects and function of the immune system (2, 4); thus, 

how these costimulatory molecules are involved in the surveillance of chronic infections is a 

subject of interest.

The impact of the 4-1BBL/4-1BB costimulatory pathway in antiviral immunity has been 

studied in several viral infection models using gene knockout mice. Induction of Ab 

responses to LCMV, influenza virus, and vesicular stomatitis virus (VSV) is not affected in 

4-1BBL−/− or 4-1BB−/− mice, indicating that 4-1BBL costimulation is not required for 

humoral immunity to viral infections (22, 28, 30). Similarly, this pathway does not 

significantly affect antiviral CD4+ T cell responses to LCMV and influenza virus infection 

(22, 30), although costimulation of Ag-specific CD4+ T cell responses by 4-1BB has been 

reported (62) and our data suggest that primary CD4+ T cell responses to MHV-68 are 

affected. In contrast, increased proliferation of 4-1BB−/− OVA-specific CD4+ T cells has 

also been observed (63), but evidence that this pathway can transmit negative signals has not 

been observed in virus infection models. 4-1BBL costimulation seems to have a stronger 

influence on the antiviral CD8+ T cell response, as reduced responses are observed during 
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LCMV infection (30), i.n. infection with influenza (26), and VSV infection (28). 

Interestingly, loss of virus-specific memory CD8+ T cells is observed after influenza 

infection (22). Furthermore, protective immunity against LCMV challenge after peptide 

vaccination is defective in the absence of 4-1BBL (31), pointing to an important role of this 

pathway in long-term CD8+ T cell responses. Therefore, we suspected that the 4-1BBL/

4-1BB costimulatory pathway might be playing a significant role in the control of chronic 

viral infection.

Infection with MHV-68 results in a latent infection where viral Ag persists for the lifetime 

of the animal. Therefore, virus-specific CD8+ T cells periodically encounter Ag as the virus 

persists throughout the lifetime of the animal. Even so, 4-1BB expression on virus-specific 

CD8+ T cells was restricted to the effector stage (Fig. 1). Therefore, the effects of this 

pathway on the virus-specific CD8+ T cell response is most likely restricted to this stage, 

although a low level of 4-1BB expression below the level of detection by flow cytometry 

cannot be ruled out.

When the kinetics of viral latency and replication were examined, we observed a significant 

increase in the latent viral load in both the spleen and the lung during long-term latency (Fig. 

2, D and E). These results indicated a defect in immune surveillance of MHV-68 in 

4-1BBL−/− mice. Interestingly, acute infection was not affected (Fig. 2, A and C), and 

despite the increase in latent viral load, no evidence of viral reactivation was observed in 

both the lung and the spleen (Fig. 2A). This phenotype is particularly interesting, because it 

differs considerably from other genetically deficient mice that are unable to control 

MHV-68 infection. In MHC class II−/−, CD40L−/−, or CD40−/− mice, the virus reactivates to 

high titers in the lungs and the latent viral load in the spleen are also increased (44–46) (S. 

Fuse and E. J. Usherwood, unpublished observations). In CD80/CD86−/− mice, the degree of 

virus reactivation in the lungs is lower and the latent viral load in the spleen is comparable to 

wild-type mice (47). We believe that the key difference between these strains and the 

4-1BBL−/− mice is the antiviral Ab response, which can immediately neutralize any virus 

that reactivates. 4-1BBL−/− mice are fully capable of inducing neutralizing Abs against 

MHV-68 (Fig. 8, C and D), where as the strains mentioned above are severely impaired in 

their humoral response (44–47). The antiviral CD4+ T cell response is affected during the 

primary response in the 4-1BBL−/− mice (Fig. 8A), but not during latency (Fig. 8B), and 

therefore is unlikely to be responsible for the increased viral load during chronic infection. 

The only arm of the immune response that was found to be defective during latency in the 

absence of 4-1BBL was the CD8+ T cell response (Figs. 5–7), and we propose that the 

functional defects observed in the antiviral CD8+ T cell response causes the increase in 

latent viral load. An increase in the latent viral load in the absence of CD8+ T cells has been 

documented previously (37, 42). There is a possibility that very low levels of viral 

reactivation may be occurring but is neutralized by the presence of Abs and virus-specific 

CD4+ T cells; however, we were not able to detect any evidence of viral reactivation in these 

mice during long-term latency.

Aside from the cellular response, the 4-1BBL/4-1BB pathway has been shown to affect BM-

MCs (5), NK/NKT cells (64), as well as neutrophils during Listeria monocytogenes 

infection (65). However, treatment with anti-NK1.1 does not have any impact on MHV-68 
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infection (66), which suggests that the phenotype observed in the 4-1BBL−/− mice is not due 

to defects in NK/NKT cells. The roles of MCs or neutrophils in the control of MHV-68 

infection are currently unknown and we cannot rule out the possibility that the loss of 

immune surveillance in the 4-1BBL−/− mice could partially be due to a defects in these 

subsets.

Because 4-1BBL costimulation has been reported to affect mainly the antiviral CD8+ T cell 

response, we analyzed the CD8+ T cell response to MHV-68 in detail. Unlike the 

observations made in LCMV, influenza, or VSV models (26, 28, 30), the primary response 

to MHV-68 in 4-1BBL−/− mice was comparable to wild-type B6 mice (Fig. 3, A–C,). 

Furthermore, the number of virus-specific memory CD8+ T cells was maintained in the 

absence of 4-1BBL (Fig. 3D). However, despite the similarities in the magnitude of the 

response, certain functions of the memory CD8+ T cells were impaired. First, cytotoxicity to 

target cells pulsed with ORF6 peptide in vivo was significantly reduced (Fig. 5). 

Accordingly, virus-specific CD8+ T cells were impaired in their ability to degranulate upon 

restimulation with peptide in vitro (Fig. 6A). Secretion of granzyme B by degranulation 

upon restimulation was also impaired in 4-1BBL−/− mice (Fig. 6B).

In addition to cytotoxicity, the ability of memory CD8+ T cells to mount a recall response to 

secondary Ag encounter was impaired (Fig. 7A). Secondary responses to influenza infection 

and to LCMV challenge after peptide vaccination have been previously reported (22, 31). In 

the influenza model, 4-1BBL was required both during maintenance of memory CD8+ T 

cells and during secondary expansion (23). We observed a rapid re-expression of 4-1BB on 

virus-specific CD8+ T cells during the recall response to rVV-ORF6 (Fig. 7B). Results from 

adoptive transfer experiments suggested that this pathway is required both during priming 

and the secondary response for a robust recall response (Fig. 7, C and D), matching their 

expression pattern. Our adoptive transfer experiments did not discriminate whether the 

initial 4-1BB signal is required during priming or maintenance of virus-specific CD8+ T 

cells. However, because 4-1BB expression is restricted to the effector phase (Fig. 1), it is 

likely that 4-1BBL/4-1BB costimulation during the priming phase programs the MHV-68-

specific CD8+ T cells into functionally competent memory cells capable of mounting a 

robust recall response.

Despite the defects in cytotoxicity and recall response observed in the 4-1BBL−/− mice, the 

phenotype of the virus-specific memory CD8+ T cells and cytokine (IFN-γ and TNF-α) 

production by the memory cells was unaltered in 4-1BBL−/− mice. In the absence of the 

CD80/CD86-CD28 costimulatory pathway, defects in IFN-γ production and recall response 

as well as alterations in phenotype were observed, but cytotoxicity was not affected (47). 

The two studies together elucidate an interesting point where different functions of 

MHV-68-specific memory CD8+ T cells are controlled by different costimulatory pathways.

In summary, we report the role of 4-1BBL/4-1BB costimulation in the immune surveillance 

of MHV-68 infection. 4-1BBL−/− mice were capable of controlling the acute infection and 

no signs of viral reactivation were observed. However, significantly increased levels of 

latent viral load were detected in the lungs and spleens during long-term latency. The 

absence of 4-1BBL did not affect the induction of virus neutralizing Abs, or the virus-
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specific memory CD4+ T cell response. The magnitude of the CD8+ T cell response was 

comparable to wild-type mice during the effector and memory phase, but certain functions, 

such as cytotoxicity and their ability to mount a secondary response, were severely impaired 

in the absence of this pathway. Our study on the role of 4-1BBL/4-1BB costimulation in 

murine gammaherpesvirus immune surveillance adds important information to our short list 

of knowledge on the role of costimulatory molecules in chronic infections. Furthermore, 

increasing information on this list should benefit immunotherapeutic interventions of 

chronic infections such as therapeutic vaccination.
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FIGURE 1. 
4-1BB is expressed on virus-specific effector CD8+ T cells. 4-1BB expression on CD8+ T 

cells specific for the ORF61524–531/Kb and ORF6487–495/Db epitopes was analyzed. Shaded 

histograms, isotype control; bold lines, anti-4-1BB. Representative plots from the spleen and 

MLN at indicated time points are shown. Cells are gated on CD8+tetramer+ cells.
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FIGURE 2. 
Increased latent viral burden in the absence of 4-1BBL. A, Lungs and spleens were 

harvested at indicated time points postinfection and were assayed for viral titers by a 

standard plaque assay using NIH3T3 cells. Each point represents data from an individual 

animal. B, Total number of splenocytes at day 14 postinfection is graphed. Error bars 

indicate SD. C–E, The latent viral load was measured in the spleens at day 14 postinfection 

(C), at 3 mo postinfection (D), or in the lungs 3 mo postinfection (E) by QF-PCR for the 

ORF50 gene. Each point represents data from an individual animal and horizontal bars 

indicate mean values. Representative data from two to three independent experiments (A–C) 

or individual experiments (D and E) are shown.
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FIGURE 3. 
The magnitude of the virus-specific CD8+ T cell response is 4-1BBL independent. CD8+ T 

cells specific for the ORF61524–531/Kb and ORF6487–495/Db epitopes in the peripheral blood 

(A), MLN (B), and spleen (C and D) were quantified at indicated time points by MHC/

tetramer staining. The percentage (A), or the total number (B–D), of CD8+ T cells specific 

for each epitope are graphed (error bars indicate SD). MLN were pooled for each group. 

Representative data from two independent experiments with three to four mice per group are 

shown.
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FIGURE 4. 
MHV-68-specific CD8+ T cells maintain their cytokine-secreting ability and phenotype in 

4-1BBL-deficient mice. A, Phenotype of ORF61524–531/Kb-specific CD8+ T cells at 86 days 

postinfection. Representative data plots gated on CD8+tetramer+ cells are shown. Shaded 

histograms, Isotype control; bold lines, Ab indicated above plots. IFN-γ (B) or TNF-α (C) 

production by virus-specific CD8+ T cells at days 14 and 85 postinfection was measured by 

intracellular cytokine staining. B, Representative data plots gated on CD8+ cells are shown. 

Numbers indicate average percent of CD8+ T cells secreting IFN-γ (±SD). C, Representative 

data plots gated on CD8+ cells are shown. Numbers indicate percent of IFN-γ-secreting cells 

that also secreted TNF-α (±SD). For each figure, representative data from two experiments 

using three to four mice per group are shown.
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FIGURE 5. 
Cytotoxicity by virus-specific CD8+ T cells is decreased during latency in 4-1BBL-deficient 

mice. Cytotoxicity by virus-specific CD8+ T cells was measured 138 days postinfection by 

an in vivo CTL assay as described in Materials and Methods. Top, Representative data plots 

from naive B6 (Naive +/+), MHV-68-infected B6 (Infected +/+), or MHV-68-infected 

4-1BBL−/− mice (Infected −/−), gated on 7-AAD-negative splenocytes. CTOhigh, No 

peptide; CFSEhigh, ORF61524–531 pulsed; CFSElow, ORF6487–495 pulsed. Numbers indicate 

average of total cell numbers in each population (three to four mice per group). Bottom, 

Specific killing was calculated and graphed. Error bars indicated SD. Representative data 

from two independent experiments are shown.*, p < 0.05.
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FIGURE 6. 
Impaired degranulation by virus-specific CD8+ T cells in the absence of 4-1BBL. A, 

Degranulation by the virus-specific CD8+ T cells at day 85 postinfection were analyzed as 

described in Materials and Methods. Representative data plots gated on CD8+IFN-γ+ cells 

are shown. Numbers indicate average percent positive for CD107a (±SD). Shaded 

histograms, Isotype control; bold lines, anti-CD107a. B, Granzyme B expression was 

examined upon restimulation with indicated peptides in vitro for 5 h. Representative data 

plots gated on CD8+IFN-γ+ cells are shown. Numbers indicate mean fluorescence intensity 

(±SD). Representative data from two experiments using three to four mice per group are 

shown.*, p < 0.01.
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FIGURE 7. 
MHV-68-specific memory CD8+ T cells are defective in secondary expansion in the absence 

of 4-1BBL. A, Naive B6 (Naive +/+), MHV-68-infected B6 (Infected +/+), or MHV-68-

infected 4-1BBL−/− mice (Infected −/−) were challenged i.p. with 106 PFU of rVV-ORF61 

or ORF6 at day 100+ post-MHV-68 infection. Virus-specific CD8+ T cell expansion in the 

spleen was enumerated at day 5 postchallenge by MHC/peptide tetramer staining. The 

experimental scheme is indicated above. Plots are gated on CD8+ cells and shown is the 

average percentage of tetramer+ cells ± SD. **, p < 0.02 (Mann-Whitney U test, two-tailed). 
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B, Expression of 4-1BB on virus-specific CD8+ T cells specific for the indicated epitopes 

was analyzed at the indicated days after secondary challenge of infected B6 mice with rVV-

ORF6. Representative data gated on CD8+tetramer+ cells are shown. C, A total of 2 × 107 

splenocytes from MHV-68-infected B6 or 4-1BBL−/− mice 4 mo postinfection were 

adoptively transferred into naive B6-CD45.1+ recipients. One day posttransfer, mice were 

challenged with 2.5 × 106 PFU of rVV-ORF6 i.p., and expansion of virus-specific CD8+ T 

cells was measured by MHC/peptide tetramer staining at 5 days postchallenge. Experimental 

scheme is shown above, and the percentages of tetramer+CD8+ T cells among the donor 

population before and after transfer are graphed below. Each dot represents an individual 

animal and horizontal bars indicate mean value. D, Similar experiments described in C were 

performed, except that 2 + 107 splenocytes from MHV-68-infected B6-CD45.1 plus 2 mo 

postinfection were adoptively transferred into naive B6 or 4-1BBL−/− mice recipients. 

Representative data from two to three independent experiments with three to four mice per 

group are shown. *, p < 0.05, Student’s t test.
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FIGURE 8. 
CD4+ T cell and humoral responses to MHV-68 in 4-1BBL−/− mice. A and B, Virus-specific 

CD4+ T cell responses were quantified at day 20 (A) or day 154 (B) postinfection by an 

ELISPOT assays as described in Materials and Methods. Error bars indicate SD. C and D, 

Virus-neutralizing activity in the serum at 20 (C) or 138 (D) days postinfection was assayed 

by a virus-neutralizing assay. Error bars indicate SD. For each figure, representative data 

from two experiments using three to six mice per group are shown.*, p < 0.005, Student’s t 

test.
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