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Ferry Ossendorp1, Luka Čičin-Šain2,3, Cornelis JM Melief1,4, Peter Aichele5,
Ramon Arens1*

1Department of Immunohematology and Blood Transfusion, Leiden University
Medical Center, Leiden, Netherlands; 2Department for Vaccinology/Immune
Aging and Chronic Infection, Helmholtz-Zentrum für Infektionsforschung GmbH,
Braunschweig, Germany; 3Department for Virology, Medical School Hannover,
Hannover, Germany; 4ISA Pharmaceuticals, Leiden, Netherlands; 5Department of
Medical Microbiology and Hygiene, Institute of Immunology, University of Freiburg,
Freiburg, Germany

Abstract Signals delivered by costimulatory molecules are implicated in driving T cell expansion.

The requirements for these signals, however, vary from dispensable to essential in different

infections. We examined the underlying mechanisms of this differential T cell costimulation

dependence and found that the viral context determined the dependence on CD28/B7-mediated

costimulation for expansion of naive and memory CD8+ T cells, indicating that the requirement for

costimulatory signals is not imprinted. Notably, related to the high-level costimulatory molecule

expression induced by lymphocytic choriomeningitis virus (LCMV), CD28/B7-mediated costimulation

was dispensable for accumulation of LCMV-specific CD8+ T cells because of redundancy with the

costimulatory pathways induced by TNF receptor family members (i.e., CD27, OX40, and 4-1BB).

Type I IFN signaling in viral-specific CD8+ T cells is slightly redundant with costimulatory signals.

These results highlight that pathogen-specific conditions differentially and uniquely dictate the

utilization of costimulatory pathways allowing shaping of effector and memory antigen-specific CD8+

T cell responses.

DOI: 10.7554/eLife.07486.001

Introduction
CD8+ T cells are critical for elimination of various intracellular pathogens. By incorporating differences

in TCR signal strength and duration (signal 1), the spatiotemporal availability of costimulatory

molecules (signal 2) and defined cytokines in the inflammatory environment (signal 3), CD8+ T cells are

differentially programmed for expansion and effector cell formation resulting in considerable plasticity

of the response (Williams and Bevan, 2007; Arens and Schoenberger, 2010).

Costimulatory molecules augment TCR triggering but also qualitatively contribute to achieve

optimal T cell expansion and differentiation (Croft, 2003). CD28 is considered as the most prominent

costimulatory receptor for T cells, but signals provided by members of the TNF receptor (TNFR) super

family such as CD27, OX40 (CD134) and 4-1BB (CD137) are known to provide crucial signals as well.

T cell responses seem to be differentially and contextually dependent on costimulatory interactions

but the underlying mechanisms are unknown (DeBenedette et al., 1999; Welten et al., 2013a;

Wortzman et al., 2013). For example, the pathogen-specific CD8+ T cell response during vesicular
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stomatitis virus and vaccinia virus (VV) infection is highly driven by interactions between CD28 and the

B7 molecules B7.1 (CD80) and B7.2 (CD86) (Sigal et al., 1998; Bertram et al., 2002; Fuse et al., 2008),

while in lymphocytic choriomeningitis virus (LCMV) infection the viral-specific CD8+ T cells seem to

bypass the requirements of the CD28/B7 costimulatory pathway for primary effector T cell expansion

(Shahinian et al., 1993; Kundig et al., 1996; Andreasen et al., 2000; Grujic et al., 2010; Eberlein

et al., 2012). Even within a single infection distinct requirements for costimulatory signals can be

observed. In mouse cytomegalovirus (MCMV), the classical (non-inflationary) CD8+ T cell responses are

more dependent on the CD28/B7 costimulatory pathway than the so-called inflationary CD8+ T cells,

which gradually accumulate at high frequencies in time (Arens et al., 2011b; O’Hara et al., 2012).

Here we examined the mechanisms of CD8+ T cell costimulation dependency. We found that the

pathogen-induced environment and not the characteristics of the viral epitopes determined the

requirements of naive and of memory CD8+ T cells for CD28/B7-mediated costimulation. Remarkably,

related to the induction of high costimulatory ligand expression, LCMV-specific CD8+ T cell expansion

can operate in a CD28/B7 independent fashion because of redundancy with the costimulatory

members of the TNFR superfamily. Furthermore, direct type I IFN signaling in viral-specific CD8+

T cells is slightly redundant with CD28/B7 and CD27/CD70-mediated costimulation. These findings

demonstrate that the inflammatory environment dictates the characteristics of CD8+ T cell responses

by allowing a differential utilization of stimulatory pathways.

Results

Differential requirements for CD28/B7-mediated costimulation in driving
CD8+ T cell expansion
Effector CD8+ T cell formation during LCMV infection seems not to be driven by the main

costimulatory CD28/B7 pathway because wild-type (WT) mice and mice deficient in both B7.1 and

eLife digest When the immune system detects a virus in the body it mounts a response to

eliminate it. Immune cells called CD8+ T cells detect fragments of virus proteins that are presented

on the surface of other immune cells. The CD8+ T cells then rapidly divide to form populations that

roam the body to kill cells that are infected with the virus. Afterwards, some of the CD8+ T cells

become ‘memory T cells’, which allow the immune system to respond more rapidly if the virus

returns. This means that a subsequent infection of the same virus is usually stopped before it can

become severe enough for an individual to feel unwell.

Vaccines take advantage of the activities of CD8+ T cells to enable a person to become ‘immune’

to a virus without having to experience the disease. Vaccines contain dead or weakened viruses that

can’t spread in the body, but are able to activate the CD8+ T cells. However, a vaccine may not be as

effective in activating the T cells as the live virus, perhaps because it fails to trigger the production of

other molecules in the host that promote T cell activation. There are many of these ‘co-stimulatory

molecules’ in the body, but it is not clear exactly how they work.

Now, Welten et al. show that the role of co-stimulatory molecules in the activation of CD8+ T cells

depends on the type of virus and how it affects cells. Mice that were genetically engineered to lack

two co-stimulatory molecules called CD80 and CD86 failed to accumulate active CD8+ T cells in

response to infection with a herpes-like virus. However, if these mice were infected with a different

virus called LCMV—which causes swelling of the brain and spinal cord—they produced many active

CD8+ T cells to fight the infection.

Welten et al. found that other co-stimulatory molecules are able to compensate for the loss of

CD80 and CD86 to boost the activation of T cells in response to LCMV, but not the herpes-like virus.

Further experiments showed that LCMV triggers a lot more inflammation in infected cells than the

other virus. This leads to the production of many different types of co-stimulatory molecules, which

ensures that if one fails to boost the activation of CD8+ T cells, another molecule can do so instead.

Better understanding of how these co-stimulatory molecules work could help scientists to develop

more effective vaccines in future.

DOI: 10.7554/eLife.07486.002
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B7.2 (Cd80/86−/−) mount similar antigen-specific responses in magnitude, and this phenomenon is

apparent after both high and low viral inoculum dosages (Figure 1A). In contrast, during infection with

VV or Listeria monocytogenes (LM), antigen-specific CD8+ T cell responses are highly reduced in the

absence of B7-mediated costimulation (Figure 1B,C). CD8+ T cell responses against MCMV are

dependent on B7-mediated costimulation as well, ranging from ∼sevenfold diminished responses in

case of the non-inflationary M45 and M57-specific to ∼2.5-fold in case of the inflationary m139 and

M38-specific responses (Figure 1D). Effector cell differentiation of virus-specific CD8+ T cells,

indicated by the downregulation of CD62L and upregulation of CD44, also required B7-mediated

costimulation in MCMV but not in LCMV infection (Figure 1—figure supplement 1). Thus, in various

infections but not during LCMV infection the CD28/B7 costimulatory pathway is highly critical in

driving T cell expansion.

Next, we examined if additional triggering of the CD28/B7 costimulatory pathway is able to

differentially modulate effector T cell formation. Therefore, the co-inhibitory receptor CTLA-4 that

binds to B7.1 and B7.2 was blocked with antibodies during infection, which increases the availability of

Figure 1. Differential requirements for CD28/B7-mediated costimulation in driving pathogen-specific CD8+ T cell expansion. (A) Wild-type (WT) and

Cd80/86−/− mice were infected with 2 × 102 (low dose) or 2 × 105 (high dose) PFU LCMV-Armstrong. The lymphocytic choriomeningitis virus

(LCMV)-specific CD8+ T cell response in the spleen was determined 7 days post-infection. Representative flow cytometric plots show CD3+/CD8+ cells that

were stained with CD44 antibodies and MHC class I tetramers (high dose infection). Percentages indicate tetramer+ cells within the CD8+ T cell

population. Bar graph shows total number of splenic LCMV-specific CD8+ T cells. (B) Mice were infected with 2 × 105 PFU vaccinia virus (VV) WR and the

percentage of tetramer+ cells within the CD8+ T cell population was determined in the blood 7 days post-infection. (C) The percentage of tetramer+ cells

within the CD8+ T cell population was determined in the blood 7 days post-infection with 1 × 106 CFU LM-Quadvac. (D) Flow cytometric plots show

a representative M45-specific tetramer staining of cells from WT and Cd80/86−/− mice at day 8 post-infection with 1 × 104 PFU mouse cytomegalovirus

(MCMV). Cells are gated on CD3+/CD8+ and the percentages indicate tetramer+ cells within the CD3+/CD8+ T cell population. Bar graph indicates the

total number of splenic MCMV-specific CD8+ T cells. Data in bar graphs are expressed as mean + standard error of the mean (SEM) (n = 5–12 mice per

group) of at least two independent experiments. Fold difference and significance (*p < 0.05) is indicated.

DOI: 10.7554/eLife.07486.003

The following figure supplement is available for figure 1:

Figure supplement 1. Costimulatory signals program effector cell differentiation of MCMV-specific but not of LCMV-specific CD8+ T cells.

DOI: 10.7554/eLife.07486.004
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the B7 molecules to stimulate CD28. Remarkably, CTLA-4 blockade during LCMV infection had no

effect on T cell expansion, indicating that LCMV-specific CD8+ T cells are rather indifferent to

enhanced B7-mediated signals (Figure 2A,B). However, CTLA-4 blockade during MCMV infection

augmented MCMV-specific CD8+ T cell responses ∼threefold in a B7-dependent manner (Figure 2C,

D). Thus, additional triggering of the CD28/B7 pathway is beneficial in settings in which T cell

expansion is dependent on this pathway, while the enhancement of CD28/B7-mediated costimulation

had no effect in conditions in which the B7 costimulatory molecules are not essential for initial T cell

expansion.

The context of viral epitope expression determines the requirement for
CD28/B7-mediated costimulation in driving T cell expansion
To determine whether the characteristics of LCMV-specific epitopes define the B7-independent

activation of CD8+ T cell responses, we analyzed the response to the immunodominant epitope GP33-

41 of LCMV (GP33) in the context of different pathogen infections. Therefore, recombinant MCMVs

were generated in which the GP33 epitope was expressed within the immediate early 2 (IE2) protein

(MCMV-IE2-GP33) or the M45 protein (MCMV-M45-GP33). The in vitro replication kinetics of MCMV-

IE2-GP33 and MCMV-M45-GP33 were similar as WT virus (Figure 3—figure supplement 1A).

Correspondingly, in vivo infection with MCMV-IE2-GP33 induced a GP33-specific response with

inflationary characteristics, as specified by a gradual increasing GP33-specific CD8+ T cell response in

time with an effector memory phenotype (Figure 3—figure supplement 1B,C). As determined by

intracellular IFN-γ staining after restimulation (Figure 3A,B) or direct staining with MHC class I

tetramers (data not shown), the GP33-specific CD8+ T cell response elicited by both MCMV-IE2-GP33

and MCMV-M45-GP33 was dependent on B7-mediated costimulation, albeit to a higher degree when

the GP33 epitope was inserted within the M45 protein. Infection with an MCMV containing the model

epitope OVA257-264 (SIINFEKL) inserted in the M45 protein (MCMV-M45-SIINFEKL) resulted also in an

antigen-specific T cell response that depended on B7-mediated costimulation (Figure 3C), indicating

that non-viral epitopes elicit similar costimulation dependent responses. Furthermore, LM expressing

the LCMV GP33 epitope (LM-GP33) induced GP33-specific CD8+ T cell responses that were highly

dependent on B7-mediated costimulation (Figure 3D). Also, upon vaccination with a synthetic long

peptide (SLP) containing the GP33 epitope, Cd80/86−/− mice mounted a defective GP33-specific

Figure 2. CTLA-4 blockade impacts B7-driven CD8+ T cell responses. (A) CTLA-4 blocking antibodies were administrated during infection with 2 × 105 PFU

LCMV Armstrong in WT mice. At day 7 post-infection, the splenic LCMV-specific response was analyzed by intracellular cytokine staining. Representative

flow cytometric plots show intracellular IFN-γ vs cell-surface CD8 staining after restimulation with GP33-41 peptide. The percentage of IFN-γ+ cells within

the CD8+ T cell population is indicated. (B) Total numbers of splenic LCMV-specific CD8+ T cells are shown. (C) CTLA-4 interactions were abrogated by

administration of blocking antibodies in WT and Cd80/86−/− mice upon infection with 1 × 104 PFU MCMV, and at day 8 post-infection the virus-specific

response was analyzed by intracellular cytokine staining. Representative flow cytometric plots show intracellular IFN-γ vs CD8 staining after restimulation

of splenocytes with M45985-993 peptide. The percentage of IFN-γ+ cells within the CD8+ T cell population is indicated. (D) Total numbers of MCMV-specific

CD8+ T cells in the spleen are shown. Data in bar graphs are expressed as mean + SEM (n = 4–5 mice per group) of at least two independent experiments.

Fold difference and significance (*p < 0.05) is indicated.

DOI: 10.7554/eLife.07486.005
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CD8+ T cell response in comparison with WT mice (Figure 3—figure supplement 2). To exclude

possible effects related to differences in the TCR repertoire selection, TCR transgenic CD8+ T cells

recognizing the LCMV GP33 epitope (referred hereafter as P14 cells) were used in different

pathogenic contexts. Similar as observed for the endogenous LCMV-specific CD8+ T cell expansion,

B7-mediated costimulation was dispensable for P14 cell expansion in LCMV infection. Importantly, for

the expansion of P14 cells in MCMV-IE2-GP33 and LM-GP33 infection, B7-mediated signals were

highly required (Figure 3E), which corroborates that the inflammatory environment is predominantly

Figure 3. The context of viral epitope expression determines the requirements for B7-mediated costimulation in driving antigen-specific CD8+ T cell

expansion. (A, B) WT and Cd80/86−/− mice were infected with 1 × 105 PFU MCMV-IE2-GP33 or MCMV-M45-GP33, and 8 days post-infection the splenic

GP33-specific CD8+ T cell response was determined by intracellular IFN-γ staining. Representative flow cytometric plots are shown and the percentage of

IFN-γ+ cells within the CD8+ T cell population is indicated. Graphs indicate the total number of splenic GP33-specific CD8+ T cells. (C) The splenic

SIINFKEL-specific CD8+ T cell response was determined by intracellular IFN-γ staining at day 8 post-infection with 1 × 105 PFU MCMV-M45-SIINFEKL.

(D) WT and Cd80/86−/− mice were infected with 1.5 × 103 CFU LM-GP33. At day 7 post-infection the splenic GP33-specific response was analyzed by

intracellular IFN-γ staining upon restimulation with GP33 peptide. Representative flow cytometric plots are shown. The percentage of GP33-specific CD8+

T cells within the total CD8+ T cell population is indicated. Bar graph shows the total number of splenic GP33-specific CD8+ T cells. (E) 5 × 104 CD90.1+

Ifnar1+/+ P14 cells were adoptively transferred into WT and Cd80/86−/− mice that were subsequently infected with 2 × 105 PFU LCMV Armstrong, 1 × 105

PFU MCMV-IE2-GP33 or 1.5 × 103 CFU LM-GP33. At day 7 (LCMV, LM-GP33) or 8 (MCMV-IE2-GP33) post-infection, the magnitude of the P14 cell response

in the spleen was determined. Data in bar graphs are expressed as mean + SEM (n = 3–5 mice per group) of at least two independent experiments. Fold

difference and significance (*p < 0.05) is indicated.

DOI: 10.7554/eLife.07486.006

The following figure supplements are available for figure 3:

Figure supplement 1. Characteristics of recombinant MCMVs.

DOI: 10.7554/eLife.07486.007

Figure supplement 2. GP33-SLP vaccination is dependent on B7-mediated costimulation.

DOI: 10.7554/eLife.07486.008
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determining the costimulatory requirements. Together, these data indicate that the context of viral

epitope expression, rather than the intrinsic nature of the epitope or the antigen-specific CD8+ T cell

population, influences the dependence on B7-mediated signals for T cell expansion.

The context of viral epitope expression during secondary expansion
determines the requirement for CD28/B7-mediated costimulation
independent of the priming context
Next, we examined whether the viral context imprints the costimulatory requirements for the lifespan

of T cells or if memory T cells undergo secondary expansion independently of the priming context.

Therefore, crisscross adoptive transfer experiments were performed with memory GP33-specific CD8+

T cells generated in different viral environments. First, memory GP33-specific CD8+ T cells were

primed in the context of an LCMV infection and adoptively transferred into WT or Cd80/86−/− hosts

that were subsequently infected with either LCMV or MCMV-IE2-GP33. Comparing the GP33-specific

CD8+ T cell responses upon antigenic re-challenge revealed a dispensable role for B7-mediated

signals for secondary T cell expansion in an LCMV environment, but a strong requirement for these

signals in an MCMV context even though these cells were primed in an LCMV environment

(Figure 4A). Importantly, when memory GP33-specific CD8+ T cells that depended on B7-mediated

signals during priming in MCMV infection were transferred and re-challenged in an LCMV or an

MCMV environment, the viral context during secondary expansion again determined the requirement

on costimulatory signals (Figure 4B). Together, these data indicate that during secondary T cell

responses the viral context is dominant and determines the CD28/B7 costimulation dependency of

virus-specific CD8+ T cells independent of the priming context.

Influence of type I IFN signaling on the requirement of CD28/
B7-mediated costimulation
As the context of a viral infection determines the dependence on CD28/B7-mediated costimulation

for CD8+ T cell expansion, we compared the overall composition of inflammatory mediators in LCMV

Figure 4. The infectious pathogen during antigenic re-challenge determines the requirements for CD28/B7-mediated costimulation for secondary

expansion. (A) Experimental setup: CD45.1+ WTmice were infected with 2 × 105 PFU LCMV Armstrong. After 4 months GP33-specific memory CD8+ T cells

were sorted and 2 × 103 cells were adoptively transferred into CD45.2+ WT and Cd80/86−/− mice that were subsequently infected with 2 × 105 PFU LCMV

Armstrong or 1 × 105 PFU MCMV-IE2-GP33. The total number of transferred GP33-specific CD8+ T cells was determined 6 days post re-challenge.

(B) Similar experimental setup as described in (A), except CD45.1+ WT mice were infected with 1 × 105 PFU MCMV-IE2-GP33. Data in bar graphs are

expressed as mean + SEM (n = 5 mice per group). Fold difference and significance (*p < 0.05) is indicated.

DOI: 10.7554/eLife.07486.009

Welten et al. eLife 2015;4:e07486. DOI: 10.7554/eLife.07486 6 of 20

Research article Immunology | Microbiology and infectious disease

http://dx.doi.org/10.7554/eLife.07486.009
http://dx.doi.org/10.7554/eLife.07486


and MCMV infection. Expression of the inflammation-associated cytokines IL-2, IL-3, IL-13, IL-17,

GM-CSF, and TNF was not enhanced in both infections at early time points compared to naive mice

(data not shown). In contrast, serum levels of IFNα were particularly high in LCMV infected mice

compared to the serum levels in MCMV infected mice (Figure 5A). Consistent with this, at 24 hr LCMV

also induced higher expression of pro-inflammatory cytokines, which have been described to be

downstream of type I IFN signaling (i.e., Rantes, IL-6, KC, Mip-1β and MCP-1) (Teijaro et al., 2013).

However, after 48 hr the concentrations of these cytokines were comparable (Figure 5B). Thus,

a divergent pro-inflammatory environment is induced early upon LCMV and MCMV infections.

To determine whether the high type I IFN levels that are induced during LCMV infection substitute

the CD28/B7 costimulation promoting CD8+ T cell expansion, we investigated the relationship

between type I IFN signaling and B7-mediated costimulation in driving LCMV-specific CD8+ T cell

expansion. Blocking antibodies for the type I IFN receptor (IFNAR) were administered during LCMV

infection and resulted in severely diminished LCMV-specific CD8+ T cell responses in WT mice

(Figure 5C). IFNAR blocking antibodies administrated in Cd80/86−/− mice also severely hampered

LCMV-specific responses (Figure 5C). Notably, the LCMV-specific CD8+ T cell responses in WT mice

with abrogated IFNAR signaling were comparable to those in IFNAR blocked Cd80/86−/− mice.

Furthermore, no differences in IFNα levels were detected between WT and Cd80/86−/− mice

(Figure 5D). Thus, the necessity for IFNAR signaling in the induction of LCMV-specific CD8+ T cell

responses does not change in the absence or presence of CD28/B7-mediated costimulation.

To examine direct effects of type I IFN-mediated signaling on CD8+ T cell expansion, Ifnar1+/+ and

Ifnar1−/− P14 cells were adoptively transferred in WT and costimulation deficient mice that were

subsequently infected with LCMV. Ifnar1−/− P14 cells transferred to WT recipients were severely

hampered in expansion compared to Ifnar1+/+ P14 cells (Figure 5E), which is consistent with previous

reports (Kolumam et al., 2005; Aichele et al., 2006; Wiesel et al., 2012; Crouse et al., 2014; Xu

et al., 2014) and confirms that type I IFNs drive directly LCMV-specific CD8+ T cell expansion. Ifnar1+/+

P14 cells in Cd80/86−/− mice expanded vigorously and comparable to WT host mice. Importantly,

Ifnar1−/− P14 cells failed to expand in Cd80/86−/− mice as well and showed a slightly weaker expansion

potential as Ifnar1−/− P14 cells in WT mice (Figure 5E). These data show that type I IFNs act directly on

LCMV-specific CD8+ T cells, and that in the absence of this signal 3 cytokine the non-dependence of

B7-mediated costimulation in driving LCMV-specific T cell expansion is to some extent altered,

indicating that type I IFN signaling in expanding CD8+ T cells is slightly redundant with B7-mediated

costimulation signals.

Next, we examined the relationship between type I IFN signaling and the B7-mediated pathway

during MCMV infection. First we tested whether MCMV-specific CD8+ T cell responses, which are

driven by B7-mediated signals, are influenced by the type I IFN pathway. Adoptive transfer of Ifnar1+/+

and Ifnar1−/− P14 cells in WT mice that were subsequently infected with MCMV-IE2-GP33 resulted in

profound expansion of the Ifnar1+/+ P14 cells but also of Ifnar1−/− P14 cells, although slightly

diminished compared to Ifnar1+/+ P14 cells. Adoptive transfer of P14 cells in Cd80/86−/− mice resulted

in hampered expansion of Ifnar1+/+ and even more so of Ifnar1−/− P14 cells, indicating that CD8+

T cells that develop during MCMV infection are to a small degree affected by type I IFN signaling

(in a somewhat redundant manner with B7-mediated costimulation) but are most critically dependent

on B7-mediated signals (Figure 5F). Next, we examined if the B7-dependent MCMV-specific CD8+

T cell response can be boosted via supplementary triggering of the type I IFN pathway. We used

recombinant IFNα2 that was functional both in vitro, as determined by a cytopathic effect inhibition

assay (Figure 5—figure supplement 1A), and in vivo as evidenced by increased expression of CD69

on lymphocytes at 18 hr upon i.p. administration (Figure 5—figure supplement 1B). Addition of

recombinant type I IFN on day 1 and 2 during MCMV-IE2-GP33 infection in mice that received Ifnar1+/+

and Ifnar1−/− P14 cells, caused no significant increase in the expansion of the P14 cells either

transferred in WT or Cd80/86−/− mice, indicating that additional type I IFN signaling has negligible

impact on B7-mediated signals that drive T cell expansion in MCMV infection (Figure 5F).

Administration of recombinant type I IFN during peptide vaccination, however, improved GP33-

specific CD8+ T cell expansion, which indicated that IFNα is able to enhance T cell expansion in a low

inflammatory context (Figure 5G).

To examine if the dependence of T cell expansion on B7-mediated costimulatory signals could be

changed by other soluble factors than type I IFN, serum of mice that were infected for 2 days with

LCMV was transferred to MCMV-infected WT and Cd80/86−/− mice. However, no differences were
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found in the magnitude of the MCMV-specific CD8+ T cell response (Figure 5H), indicating that

soluble factors in the LCMV environment do not enhance MCMV-specific CD8+ T cell expansion. To

unequivocally demonstrate the uniqueness of the viral context to induce B7-mediated costimulation
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Figure 5. Influence of type I IFN signaling on the requirement of CD28/B7-mediated costimulation. WT mice were infected with 1 × 104 PFU MCMV-Smith

or 2 × 105 PFU LCMV Armstrong and at indicated times post-infection serum was collected. (A) Levels of IFNα in serum in time are shown (bd = below

detection limit). (B) Concentrations of different pro-inflammatory cytokines as determined 24 and 48 hr post-infection. (C) Type I interferon receptor

(IFNAR) blocking antibodies were administrated during LCMV infection in WT and Cd80/86−/− mice. The magnitude of the virus-specific CD8+ T cell

response determined by MHC class I tetramer binding at day 7 post-infection is shown. Fold difference and significance (*p < 0.05) is indicated. (D) IFNα
levels in serum are shown 3 days post LCMV infection. (E) Experimental setup: 5 × 104 CD90.1+ Ifnar1+/+ and Ifnar1−/− P14 cells were adoptively transferred

in WT and Cd80/86−/− mice that were subsequently infected with 2 × 105 PFU LCMV Armstrong. 7 days post-infection the total numbers of splenic P14 cells

was determined. Representative flow cytometric plots show gated CD3+/CD8+ T cells stained for cell surface expression of CD90.1 and Vα2. Fold
difference and statistical significance (*p < 0.05) between groups is indicated in the bar graphs. (F) Similar setup as in (E) except mice were infected with

1 × 105 PFU MCMV-IE2-GP33. In addition, on day 1 and 2, half of the mice received 1 × 105 units IFNα. 8 days post-infection the magnitude of the P14 cells

in the spleen was determined. Representative flow cytometric plots show gated CD3+/CD8+ cells stained for cell surface expression of CD90.1 and Vα2.
Bar graph shows total number of P14 cells in WT and Cd80/86−/− mice, and fold difference and statistical significance (*p < 0.05) between groups is

indicated. (G) Mice were vaccinated with 75 μg SLP containing the GP33 epitope in PBS. 1 × 105 units IFNα was administrated after 18 and 48 hr. At day

7 post-vaccination, GP33-specific CD8+ T cell responses were analyzed. Significance between groups is indicated (*p < 0.05). (H) Experimental setup: WT

mice were infected with 2 × 105 PFU LCMV Armstrong and 2 days post-infection serum was collected and transferred to mice that were infected 1 day

prior with 1 × 104 PFU MCMV. The MCMV-specific CD8+ T cell response was determined 8 days post-infection by MHC class I tetramer binding. (I) WT

and Cd80/86−/− mice were co-infected with 2 × 105 PFU LCMV Armstrong and 1 × 104 PFU MCMV, and virus-specific responses were analyzed 7 days

post-infection by MHC class I tetramer binding. Fold difference and significance (*p < 0.05) is indicated. Data in all bar graphs are expressed as

mean + SEM (n = 4–8 mice per group) of at least two independent experiments.

DOI: 10.7554/eLife.07486.010

The following figure supplement is available for figure 5:

Figure supplement 1. Recombinant type I IFN is functional in vitro and in vivo.

DOI: 10.7554/eLife.07486.011
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dependence, WT mice were co-infected with MCMV and LCMV. Remarkably, during this co-infection,

MCMV-specific responses were still dependent on B7-mediated signals whereas LCMV-specific CD8+

T cells were not (Figure 5I). Together, these data show that during an LCMV and MCMV infection

a unique local environment is induced that principally determines the costimulatory requirements of

the activated antigen-specific CD8+ T cells, and that direct type I IFN signaling in CD8+ T cells is

slightly redundant with B7-mediated costimulation.

Costimulatory ligands are highly expressed in LCMV infection
To further delineate factors that could locally contribute to the CD28/B7 costimulation independence

of CD8+ T cell expansion during LCMV infection, we characterized the expression of cell surface

bound molecules that could impact T cell expansion. First, we examined if B7 molecules were induced

upon LCMV infection. Expression of both B7.1 and B7.2 was upregulated on CD11c+ and CD11b+

cells early in infection (Figure 6A). Strikingly, expression levels of B7.1 and B7.2 on these myeloid

subsets were higher in LCMV infection as compared to MCMV infection. Thus, the non-dependence of

B7-mediated costimulation for LCMV-specific CD8+ T cell expansion is not due to hampered

expression of these costimulatory ligands during LCMV infection.

Besides costimulation via the CD28/B7 pathway, costimulatory signals can also be provided by

TNFR superfamily members and their ligands including CD27/CD70, OX40/OX40L and 4-1BB/4-1BBL.

Therefore we compared the expression of the costimulatory ligands CD70, OX40L and 4-1BBL in an

LCMV and MCMV environment. Expression of both CD70 and 4-1BBL were much higher induced on

CD11b+ and CD11c+ cells in LCMV infection as compared to MCMV infection (Figure 6A,B).

Furthermore, OX40L levels were increased in LCMV infection as well, although this expression was

relatively low (Figure 6A,B). Also compared to VV infection, elevated expression levels of all

costimulatory ligands were observed on CD11b+ cells in the spleen in LCMV infection

(Figure 6—figure supplement 1A). On CD11c+ cells, B7.2 and 4-1BBL expression was increased in

LCMV infection but the levels of B7.1, CD70 and OX40L were comparable between VV and LCMV

infection (Figure 6—figure supplement 1). The elevated costimulatory ligand expression levels found

upon LCMV infection were partially associated with the high type I IFN levels within the LCMV-

induced environment, as abrogation of type I IFN signaling, resulted to some extent in diminished

costimulatory ligand expression (Figure 6—figure supplement 1B). Together these data show that in

LCMV infection an overall elevated expression level of costimulatory ligands is induced, which is

partially induced in a type I IFN dependent manner.

Redundant roles for costimulatory receptor/ligand interactions in
driving LCMV-specific CD8+ T cell expansion
As multiple costimulatory molecules are highly induced during LCMV infection, we hypothesized that

this might lead to a redundancy of costimulatory signals to be received by the responding T cells. The

TNFR superfamily member, CD27, is analogous to CD28 expressed on naive T cells, and binds the

only known ligand CD70. In Cd70−/− mice, no significant differences were found in the magnitude of

the LCMV-specific CD8+ T cell response, indicating that the CD27/CD70 costimulatory pathway by

itself has a limited or redundant role during LCMV infection (Figure 7A). To investigate if CD70 and

B7-mediated costimulation have overlapping roles in driving T cell expansion, we further examined

LCMV-specific responses in mice genetically deficient for both CD70 and the B7 molecules. These

Cd70/80/86−/− mice were viable and had no defects in the development of diverse hematopoietic cell

populations (Figure 7—figure supplement 1A–C). Moreover, no alterations in the TCRβ repertoire

were found (Figure 7—figure supplement 1D). Both GP33- and NP396-specific responses were

significantly diminished in Cd70/80/86−/− mice, indicating that CD70 and B7 molecules are

redundantly required for LCMV-specific CD8+ T cell expansion, and that these molecules can

compensate each other (Figure 7A).

The redundancy of the CD27/CD70 and CD28/B7 costimulatory pathways, prompted us to further

define the costimulatory requirements during LCMV infection. To determine if OX40L and 4-1BBL-

mediated interactions impact LCMV-specific CD8+ T cell responses, blocking antibodies were

administrated. No significant differences were found when OX40L and 4-1BBL were blocked,

however, when both pathways were abrogated the magnitude of the LCMV-specific CD8+ T cell

response was significantly diminished (Figure 7A,B). Strikingly, LCMV-specific CD8+ T cell responses
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Figure 6. LCMV infection induces high expression of costimulatory ligands. (A) Mice were infected with 2 × 105 PFU LCMV Armstrong or 1 × 104 PFU

MCMV and costimulatory ligand expression was determined in the spleen. Histograms show cell surface expression of indicated costimulatory molecules

on CD11b+ or CD11c+ cells at day 2 post-infection with either MCMV or LCMV. Representative staining of CD11b+ and CD11c+ cells from naive WT and

Cd70/80/86−/− mice are depicted for comparison. Staining with an isotype control antibody is indicated as well. (B) Graphs depict mean fluorescence

intensity (MFI) of costimulatory ligand expression on CD11b+ or CD11c+ cells in time. For each sample the MFI of the corresponding isotype control was

subtracted from the MFI for each costimulatory ligand. Graphs are expressed as mean ± SEM (n = 4 mice per group) of at least two independent

experiments.

DOI: 10.7554/eLife.07486.012

The following figure supplement is available for figure 6:

Figure supplement 1. Costimulatory ligands are highly induced in LCMV infection.

DOI: 10.7554/eLife.07486.013
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were drastically decreased when OX40L/4-1BBL blockade was performed in mice lacking CD70 and

B7-mediated costimulation. This diminished response was not due to defective induction of type I IFN,

as IFNα levels in the serum of these mice were not substantially altered compared to WT mice

(Figure 7C). We further delineated the redundancy between different costimulatory molecules by

additionally blocking OX40L- and/or 4-1BBL-mediated interactions in Cd70 and Cd80/86 deficient

mice. Dual blockade of OX40L and 4-1BBL in Cd80/86−/− mice, and OX40L blockade in Cd70/80/86−/−

mice showed comparable responses to mice in which all costimulatory pathways were abrogated,

indicating that the most pronounced effects on LCMV-specific CD8+ T cell expansion are found when

both B7 and OX40L-mediated interactions are abrogated (Figure 7D). Together, these data indicate that

virus-specific CD8+ T cell responses during LCMV infection critically depend on a plethora of costimulatory

signals that are individually dispensable because they function in a highly redundant manner.

To determine if costimulatory molecules were similarly working in a redundant manner in

MCMV infection, WT and costimulation deficient mice were infected with MCMV. MCMV-specific

Figure 7. Redundant roles for costimulatory molecules in driving LCMV-specific CD8+ T cell expansion. (A) WT and costimulation deficient (i.e., Cd70−/−,

Cd80/86−/− and Cd70/80/86−/−) mice were infected with 2 × 105 PFU LCMV Armstrong. OX40L and/or 4-1BBL-mediated costimulation was abrogated

by administration of blocking antibodies. The LCMV-specific CD8+ T cell response was determined 7 days post-infection using MHC class I tetramers.

(B) The percentage of tetramer+ CD8+ T cells in the blood within the live gate at day 5.5 and day 7 post LCMV infection is shown as mean ± SEM. (C) IFNα
levels in serum are shown 3 days post LCMV infection (n = 4 mice per group). (D) OX40L and/or 4-1BBL-mediated costimulation was abrogated by

administration of blocking antibodies in WT and costimulation deficient mice that were subsequently infected with 2 × 105 PFU LCMV Armstrong. The

LCMV-specific CD8+ T cell response was determined 7 days post-infection using MHC class I tetramers. All responses in mice receiving blocking

antibodies to costimulatory molecules were significantly decreased (p < 0.05) compared to WT mice receiving isotype control antibodies. (E) The

magnitude of splenic MCMV-specific CD8+ T cell pools determined by MHC class I tetramer staining after infection with 1 × 104 PFU MCMV-Smith is

indicated. (F) The magnitude of the splenic GP33-specific CD8+ T cell response at day 8 post-infection with 1 × 105 PFU MCMV-IE2-GP33 is shown. All data

in bar graphs are expressed as mean + SEM (n = 5–12 mice per group of at least two independent experiments; *p < 0.05).

DOI: 10.7554/eLife.07486.014

The following figure supplements are available for figure 7:

Figure supplement 1. Cd70/80/86−/− mice have no defects in development of different hematopoietic populations.

DOI: 10.7554/eLife.07486.015

Figure supplement 2. OX40L- and 4-1BBL-mediated costimulation is dispensable for primary expansion of MCMV-specific CD8+ T cells.

DOI: 10.7554/eLife.07486.016
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CD8+ T cell responses in Cd70−/− and Cd80/86−/− mice were significantly diminished, however

responses in Cd70/80/86−/− mice were even lower (Figure 7E), indicating both a non-redundant and

cooperative role for CD70 and B7-mediated costimulation in driving MCMV-specific T cell expansion.

Similar results were obtained for GP33-specific CD8+ T cell responses using MCMV-IE2-GP33

(Figure 7F). Abrogation of OX40L or 4-1BBL-mediated signals upon MCMV infection has been shown

to minimally impact the initial expansion of MCMV-specific CD8+ T cells (Humphreys et al., 2007,

2010). Moreover, we found that upon dual blockade of OX40L and 4-1BBL-mediated interactions

MCMV-specific T cell responses were not affected as well (Figure 7—figure supplement 2). These

results indicate that redundancy between different costimulatory molecules is induced by the viral

context.

Type I IFN signaling in viral-specific CD8+ T cells is slightly redundant
with costimulatory signals
In both MCMV and LCMV infection, the virus-specific CD8+ T cell response is more affected in the

absence of both CD70 and B7-mediated costimulation as compared to mice lacking only one of these

costimulatory pathways. We next determined if type I IFN signaling is altered upon abrogation of dual

CD70 and B7-mediated costimulation. Similar to what is found for endogenous LCMV-specific CD8+

T cell responses, Ifnar1+/+ P14 cells expanded well in WT, Cd70−/− and Cd80/86−/− mice and were to

some extend hampered in expansion in Cd70/80/86−/− mice (Figure 8A). The Ifnar1−/− P14 cells were

rigorously hindered in their expansion, when transferred in WT mice and even more so in

costimulation deficient mice. This reduced expansion of the Ifnar1−/− P14 cells in the costimulation

deficient mice as compared to WT mice indicates slight redundancy of type I IFN signaling with

costimulatory-driven signals in expanding CD8+ T cells.

Furthermore, Ifnar1+/+ P14 cells were transferred to mice that were infected with MCMV-IE2-GP33.

In this setting, P14 cell expansion was critically dependent on both CD70- and B7-mediated

costimulation (Figure 8B). Compared to Ifnar1 proficient P14 cells, Ifnar1 deficient P14 cells had

a higher degree of type I IFN dependence in the absence of costimulation, which was most

pronounced when both CD70 and B7 costimulatory molecules were lacking (Figure 8B). Thus, type I

Figure 8. Type I IFN signaling in viral-specific CD8+ T cells is slightly redundant with costimulatory signals. (A) Schematic of experimental setup: Ifnar1+/+

and Ifnar1−/− P14 cells were adoptively transferred in WT, Cd70−/−, Cd80/86−/− and Cd70/80/86−/− mice that were subsequently infected with 2 × 105 PFU

LCMV. 7 days post-infection the total numbers of P14 cells was determined in the spleen. (B) Similar setup as in (A) except mice were infected with 1 × 105

PFU MCMV-IE2-GP33. 8 days post-infection the magnitude of the P14 cells was determined. Data in bar graphs are expressed as mean + SEM (n = 4–8

mice per group) and representative of two independent experiments. The fold difference and significance (*p < 0.05) is indicated.

DOI: 10.7554/eLife.07486.017
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IFNs have a slight stimulating activity for CD8+ T cells in MCMV infection, which is more pronounced in

the absence of CD70 and B7-mediated signaling, indicating that also during MCMV infection partial

redundancy of type I IFN signaling with costimulation during CD8+ T cell expansion occurs.

Discussion
Determining the critical components required for T cell expansion in a given situation is of utmost

importance for understanding resistance to virus infections and improving vaccination strategies.

Using different viral models we show that the pathogen-induced environment dictates the utilization

of costimulatory signals that drive CD8+ T cell expansion.

Primary LCMV-specific CD8+ T cell responses have long been considered to be costimulation

independent (Shahinian et al., 1993; Kundig et al., 1996; Andreasen et al., 2000; Grujic et al.,

2010; Eberlein et al., 2012). Nevertheless, the development of LCMV-specific memory CD8+ T cell

formation is hampered during Cd28 or Cd80/86 deficiency (Grujic et al., 2010; Eberlein et al., 2012),

indicating that CD28/B7-mediated costimulation occurs during LCMV infection, which is in agreement

with our study. We also found that the CD27/CD70 pathway has negligible costimulatory effects for

LCMV-specific CD8+ T cell expansion when solely this pathway is abrogated. This has been observed

by others as well (Matter et al., 2005; Schildknecht et al., 2007), but recent reports suggested that

blockade of the CD27/CD70 pathway can to some extend impair CD8+ T cell responses during acute

LCMV infection (Penaloza-Macmaster et al., 2011; Munitic et al., 2013). Importantly, here we show

that LCMV-specific CD8+ T cell responses are in fact critically dependent on costimulatory signals, but

these signals operate in a highly redundant manner in which both members of the costimulatory

CD28/B7 family and TNFR/TNF family take part.

The overall expression of costimulatory ligands in the LCMV milieu exceeded the expression levels

found upon an MCMV or VV infection. In this respect, it is of interest to note that abrogation of

exclusively the CD28/B7 or the CD27/CD70 pathway severely hampers MCMV- and VV-specific CD8+

T cell responses (Arens et al., 2011b; Salek-Ardakani et al., 2011; Welten et al., 2013b), indicating

that in these infections the costimulatory molecule levels are likely limited leading to non-redundant

roles of costimulatory molecules. Unhampered LCMV-specific responses are observed upon dual

4-1BBL and CD28 abrogation (DeBenedette et al., 1999) and this is consistent with our data showing

that multiple pathways than these have to be abrogated to observe diminished LCMV-specific CD8+

T cell responses virus-specific responses. The higher expression levels of costimulatory ligands within

the LCMV environment is likely causing the redundancy amongst CD28/B7 and TNFR/TNF family

members in driving LCMV-specific T cell expansion. Of interest is that even further improvement of

B7-mediated signaling due to CTLA-4 blockade did not advance LCMV-specific CD8+ T cell

expansion, suggesting that the observed higher expression of costimulatory molecules is at a maximal

level with respect to stimulating T cells.

Strong replicating VV-strains employ more costimulatory receptors as compared to weak replicating

VV-strains (Salek-Ardakani et al., 2011). Furthermore, 4-1BBL-mediated interactions are critical during

severe influenza virus infections but dispensable upon a mild influenza virus (Lin et al., 2009), indicating

that the strength of the inflammatory environment dictates the employment of different costimulatory

receptors. Given the higher costimulatory molecule expression, one could argue that LCMV infection

elicits an elevated inflammatory milieu as compared to most other infections. Consistent with this

notion is that in LCMV infection very high levels of type I IFNs are induced, which are partly responsible

for the high costimulatory ligand expression. An elevated expression of costimulatory molecules in

LCMV infection might also be related to a lack of immunomodulatory effects that dampen

costimulatory molecule expression. During MCMV infection for example, the B7.1 and B7.2 expression

in virus-infected cells is downmodulated by the virus by sophisticated immune evasion mechanism

(Loewendorf et al., 2004; Mintern et al., 2006; Arens et al., 2011a). Perhaps related to this, is that

the CD8+ T cell response to MCMV is predominantly mediated by cross-priming APCs, which are by

definition not directly infected by the virus (Torti et al., 2011; Busche et al., 2013).

Shared signaling pathways might underlie the observed redundancy among members of the

costimulatory TNFR family and CD28 family. TNFR family members are known to signal via TRAF

molecules, which are coupled to the activation of the NF-κB pathway via both the canonical and the non-

canonical routes (Croft, 2009). CD28 is also able to signal via the NF-κB route (Boomer and Green,

2010). Another shared signaling pathway of CD28 and TNFR family members might be the c-Jun kinase

pathway, which is coupled to proliferation as well (Gravestein et al., 1998; Skanland et al., 2014).
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We found redundancy between CD28 and CD27 signaling on CD8+ T cell expansion in MCMV and

LCMV infection, and this has been found in influenza virus infection as well (Hendriks et al., 2003).

However, besides redundancy between CD28/B7 and TNFR/TNF families also redundancy among

costimulatory TNFR family members likely happened as the response was most compromised in settings

where multiple TNFR family members were targeted. The latter is consistent with observations in the

influenza virus infection model, where virus-specific T cells that accumulate in the lung but not in the

spleen were collectively dependent on signals mediated via a variety of TNFR family members (Hendriks

et al., 2005).

We found a prominent role for the pathogenic milieu in directing CD8+ T cell responses and

dictating the requirements for certain costimulatory signals. The fact that even upon LCMV and

MCMV co-infection the costimulatory requirements for T cell expansion are not altered, suggest that

this instruction occurs locally, likely at the level of APC-T cell interaction. The majority of the MCMV-

specific CD8+ T cells is activated via cross-priming (Torti et al., 2011; Busche et al., 2013), and

whether both direct and cross-priming occur during LCMV infection is unclear (Freigang et al., 2007).

Nevertheless CD11c+ APCs are critical for LCMV-specific CD8+ T cell priming (Probst and van den

Broek, 2005). Moreover, because of different tropisms it is unlikely that MCMV and LCMV co-infect

the very same cells and that the viral epitopes are presented by the same APC (Matloubian et al.,

1993; Alexandre et al., 2014). Since APCs need to be directly activated for adequate T cell priming

rather than by environmental inflammatory signals (Kratky, 2011), our data are consistent with

a scenario where the two viruses activate APCs in a different manner resulting in differential provision

of costimulatory signals. The enhanced costimulation during LCMV infection may besides due to

stronger and distinctive (local) inflammation also be a consequence of longer and/or stronger antigen-

presentation as compared to other viral infections. However, LCMV and MCMV are both natural

mouse pathogens and infection with these viruses results in virus levels that peak around day 4 post-

infection in the spleen and liver (Buchmeier et al., 1980; Cicin-Sain et al., 2008). Nevertheless,

differential kinetics of antigen-presentation of the viral epitopes is possible.

Perhaps related to our results are the observations that the pathogen-specific inflammatory

environment dictates the fate of responding CD8+ T cells allowing shaping of effector and memory

T cell formation (Obar et al., 2011; Keppler et al., 2012; Plumlee et al., 2013). This may be

connected with pathogen-specific tuning of the antigen-sensitivity of CD8+ T cells by enhancing TCR

signaling (Richer et al., 2013), the induction of distinct inflammatory cytokine levels (Thompson et al.,

2006) and/or by instructing the costimulatory pathway usage (our results). Although in vitro the

requirements for CD28/B7-mediated costimulation can differ for primary and memory cells (Flynn and

Mullbacher, 1996), we found in vivo that CD28/B7-mediated costimulation was important for the

expansion of both naive and memory CD8+ T cells in MCMV infection. This is consistent with models

of influenza virus, VV and murine γ-herpesvirus (Borowski et al., 2007; Fuse et al., 2008) that require

B7-mediated signals for primary and secondary expansion of virus-specific CD8+ T cells. However, the

APCs that prime memory vs naive T cells might differ (Belz et al., 2007).

Type I IFNs are not required for the expansion of human memory CD8+ T cells in vitro (Hervas-

Stubbs et al., 2010). In experimental in vivo models, however, the inflammatory environment

determines the signal 3 (i.e., type I IFN and IL-12 signaling) dependency upon secondary infection

independent of the context of priming (Keppler and Aichele, 2011). Correspondingly, we observed

that the milieu of the infectious pathogen during the recall response determines the requirements for

costimulatory signals as well, and suggests that the responsiveness of T cells during the initial

expansion is plastic and can be modified during antigenic re-challenge.

Collectively, our results highlight the importance of the inflammatory environment for both primary

and secondary CD8+ T cell expansion. These findings can be beneficial for pre-clinical exploration of

adoptive T cell settings, where antigen-specific T cells are expanded to large numbers. In addition,

our report has important implications for prime-boost vaccination strategies, as it provides evidence

for the plasticity of memory T cells that is shaped by the nature of the pathogen to generate them.

Materials and methods

Mice
C57BL/6 mice were obtained from Charles River and were used as WT mice. Cd70−/− (Coquet et al.,

2013), Cd80/86−/− (Borriello et al., 1997) and Ptprca (Cd45.1, Ly5.1) mice were bred in house to the
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obtained C57BL/6 background. Cd70/80/86−/− mice were generated by crossing Cd70−/− with Cd80/

86−/− mice. All animals were maintained on specific pathogen free conditions at the animal facility in

Leiden University Medical Center (LUMC). Mice were matched for gender and were between 8-12

weeks at the start of each experiment. IFNAR proficient (Ifnar1+/+) and deficient (Ifnar1−/−) P14 TCR

transgenic mice on a CD90.1+ C57BL/6 background were generated by breeding as described

(Keppler et al., 2012). All animal experiments were approved by the Animal Experiments Committee

of LUMC (reference numbers: 12,006, 13,150, 14,046 and 14,066) and performed according to the

recommendations and guidelines set by LUMC and by the Dutch Experiments on Animals Act that

serves the implementation of ‘Guidelines on the protection of experimental animals’ by the Council of

Europe.

Pathogens and infections
MCMV-Smith was obtained from the American Type Culture Collection (Manassas, VA). Stocks were

derived from salivary glands of infected BALB/c mice as described elsewhere (Schneider et al., 2008).

Viral titers were determined as described (Welten et al., 2013b). For an in vivo MCMV infection, mice

were infected intraperitoneal (i.p.) with 1 × 104 PFU MCMV-Smith. To generate MCMV-IE2-GP33,

MCMV-M45-GP33 and MCMV-M45-SIINFEKL, nucleotide sequences encoding the GP33-41 epitope

(GP33) of LCMV or the SIINFEKL epitope of chicken ovalbumin were inserted by targeted

mutagenesis at the C-terminus of the M45 or IE2 genes, directly in front of the stop codon. Two

alanine residues in front of the peptide sequences were placed in order to enhance proteasomal

cleavage. Recombinant virus was reconstituted as described elsewhere (Dekhtiarenko et al., 2013).

Mice were infected i.p. with 1 × 105 PFU MCMV-IE2-GP33, MCMV-M45-GP33 or MCMV-M45-

SIINFKEL.

LCMV Armstrong was propagated on BHK cells. The titers were determined by plaque assays on

Vero cells as described (Ahmed et al., 1984). For LCMV Armstrong infection, mice were infected

i.p. with 2 × 105 PFU (high dose) or 2 × 102 PFU (low dose). For co-infection experiments, mice were

infected with 2 × 105 PFU LCMV and 1 × 104 PFU MCMV-Smith. VV strain WR was purchased from

the American Type Culture Collection, grown on HELA cells and quantified on VeroE6 cells as

described (Davies et al., 2005). Mice were infected i.p with 2 × 105 PFU VV. L. monocytogenes (LM)

expressing GP33 and the attenuated LM-Quadvac strain expressing four epitopes of VV (i.e., A24R,

C4L, K3L and B8R) and the SIINFEKL epitope of OVA are described elsewhere (Zenewicz et al., 2002;

Lauer et al., 2008). Mice were challenged intravenously (i.v.) with 1.5 × 103 CFU LM-GP33 or with 1 ×
106 CFU LM-Quadvac.

In vivo antibody treatment
For blockade of IFNAR, mice received 1 mg of IFNAR blocking antibody (clone MAR1-5A3; Bio X Cell,

West Lebanon, NH, United States) on day −1 and 1 post-infection. For blockade of CTLA-4, 200 μg of

αCTLA-4 (clone UC10-4F10-11) was administrated on day −1, 1 and 3. For blockade of OX40L and 4-

1BBL, 150 μg of αOX40L (clone RM134L) or α4-1BBL (clone TKS-1) (both Bio X Cell) or a combination

of both antibodies was administrated on day −1, 1 and 3 post-infection. Control mice received

a similar amount of a rat IgG isotype control antibody (clone GL113). All antibodies were

administrated i.p. in 400 μl PBS.

Flow cytometry
Splenocytes were obtained by mincing the tissue through a 70 μm nylon cell strainer (BD Biosciences,

San Jose, CA, United States). Blood was collected via the tail vein. Erythrocytes were lysed in

a hypotonic ammonium chloride buffer. Determination of the antigen-specific T cell response by MHC

class I tetramers and intracellular cytokine staining was performed as described (Arens et al., 2011b).

Briefly, single-cell suspensions were incubated with fluorescently conjugated antibodies and tetramers

for 30 min at 4˚C. To determine the expression of costimulatory ligands, spleens were first injected

with 1 mg/ml collagenase and 0.02 mg/ml DNAse in IMDM without FCS, after which the spleens were

chopped in small pieces and incubated for 25 min at RT. Subsequently 0.1 M EDTA was added and

cells were transferred through a 70 μm cell strainer to make single cell suspensions. Next, cells were

pre-incubated with normal mouse serum and Fc-block (clone 2.4G2), after which biotinylated or

fluorochrome conjugated antibodies were added. For analysis of intracellular cytokines, cells were
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restimulated for 5 hr with 1 μg/ml MHC class I restricted peptides in the presence of 1 μg/ml brefeldin A,

followed by cell surface staining and intracellular staining for IFN-γ. The following fluorescently

conjugated antibodies were purchased by BD Biosciences, eBioscience (San Diego, CA, United States)

or BioLegend (San Diego, CA, United States): CD3 (V500), CD8 (A700), CD11b (eFluor450), CD11c

(eFluor780), CD44 (eFluor450) CD45.1 (FITC), CD62L (eFluor780), CD70 (biotin), CD80 (FITC), CD86

(PE), CD90.1 (FITC), IFN-γ (APC), KLRG1 (PE-Cy7), OX40L (biotin), Vα2 (PE), 4-1BBL (biotin).

Fluorochrome-conjugated streptavidin (PE, APC or Brilliant Violent 605) was used to detect biotinylated

antibodies. Flow cytometric acquisition was performed on a BD LSR II and cells were sorted using a BD

FACSAria. Data were analyzed using FlowJo software (TreeStar, Ashland, OR, United States).

MHC class I tetramers and peptides
MHC class I Db restricted tetramers for the OVA257-264 epitope (SIINFEKL), the MCMV epitope M45985-993,

the LCMV epitopes GP33-41 and NP396-404, and MHC class I Kb restricted tetramers for the MCMV epitopes

M57816-824, m139419-426, and M38316-323, and the VV epitopes B8R20-27 and A3L270-277 were produced as

described (Altman et al., 1996). The following class I-restricted peptides were used: M45985-993,

m139419-426, M38316-323, GP33-41 and NP396-404. The following SLP containing the GP33 epitope

(underlined) was used for vaccination: VITGIKAVYNFATCGIFALIS. Mice were vaccinated at the tail

base with 75 μg SLP in PBS either combined with 20 μg CpG or supplemented with 1 × 105 units IFNα
injected i.p. in 200 μl PBS at 18 and 48 hr post-vaccination.

Multiplex assay
Blood was collected retro-orbitally and clotted for 30 min. Serum was collected after centrifugation and

stored at −80˚C until further use. Cytokines were measured in serum using a mouse Bio-Plex Pro Mouse

Cytokine 23-plex immunoassay (Bio-Rad, Herculus, CA, United States) according to manufacturer’s

protocol. IFNα was measured with a mouse ProcartaPlex multiplex immunoassay (eBioscience).

Adoptive transfer experiments
Splenic Ifnar1+/+ and Ifnar1−/− CD90.1 P14 cells were enriched by negative selection of CD8+ T cells

(BD Biosciences) and 5 × 104 cells were adoptively transferred in WT and costimulation deficient mice

that were subsequently infected with either 2 × 105 PFU LCMV Armstrong or 1 × 105 PFU MCMV-IE2-

GP33. 7 days post LCMV or 8 days post MCMV infection the magnitude of P14 cells was determined.

For adoptive transfer of memory GP33-specific CD8+ T cells, CD45.1+ congenic mice were infected

with 2 × 105 PFU LCMV Armstrong. After 4 months GP33-specific memory CD8+ T cells were FACS

sorted using MHC class I tetramers and 2 × 103 cells were adoptively transferred into WT and Cd80/86−/−

mice that were subsequently infected with 2 × 105 PFU LCMV Armstrong or 1 × 105 PFU MCMV-IE2-

GP33. 6 days post adoptive transfer, the total number of CD45.1+ GP33-specific CD8+ T cells was

determined. Similar experiments were performed with CD45.1+ congenic mice infected with 1 × 105 PFU

MCMV-IE2-GP33.

For serum transfer, WT mice were infected with 2 × 105 PFU LCMV Armstrong and after 2 days,

serum was collected and 150 μl was transferred i.p. to mice that were infected 1 day before with 1 × 104

PFU MCMV-Smith. 8 days post MCMV inoculation, MCMV-specific CD8+ T cell responses were

determined in the spleen.

Recombinant type I IFN
DNA encoding mouse IFNα2, the Ifna2 gene, was synthetically made and codon optimized by Geneart

(Thermo Fisher Scientific, Waltham, MA, United States). The gene was subcloned by Gateway

technology (Thermo Fisher Scientific) in pDEST17, which has an N-terminal histidine tag. After

overproduction the protein was purified as described (Franken et al., 2000) and lyophilized.

2.5 mg of protein was resuspended in 1 ml 100 mM Tris HCl, 8 M Urea pH 8.0. The dissolved protein

was refolded in 50 ml 0.4 M L-arginine, 100 mM Tris HCl, 2 mM EDTA, 0,5 mM oxidized glutathione,

5 mM reduced glutathione, 5% glycerol and 0.5 tablet of Complete pH 8.0. After 5 days of incubation

at 10˚C the solution was concentrated on an Ultracel 10 kD filter (Merck Millipore (Billerica, MA,

United States)). The concentrated protein was loaded on a PBS equilibrated Hi-Load 16/60 superdex

75 column. The collected peak of the protein was concentrated on the Ultracel 10 kD filter and

stored with 16% glycerol at −80˚C. Protein concentration was determined by Bradford and OD280 nm.
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The bioactivity was determined according to a protocol described elsewhere (Seeds and Miller, 2011)

with slight alterations. In short; L929 cells were seeded in 96-well plates in serum free RPMI and

incubated at 37˚C, the next day different dilutions of IFNα2 were added. The following day Mengovirus

was added and after 2 days of incubation an MTT assay was performed (Trevigen, Gaithersburg, MD,

United States). Cell survival was determined by the following formula: (OD570-655 sample with IFNα2 and

virus/OD570-655 without virus and IFNα2) × 100%. One unit of IFNα2 was defined as the concentration at

which 50% of the cytopathic effect was inhibited. Our batch had a bioactivity of 1 × 106 units/ml. For in

vivo administration, mice received 1 × 105 units i.p. upon CMV infection or post vaccination.

Statistical analysis
GraphPad Prism 6.0 software (GraphPad Software, La Jolla, CA, United States) was used for statistical

analyses. To determine statistical significance between two groups an unpaired Student’s t-test was

performed. To evaluate significance between more than two groups, one-way ANOVA was used and

values were compared to WT mice. Dunnett’s post-hoc test was performed to correct for multiple

comparisons. p-values <0.05 were considered as significant.
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Dekhtiarenko I, Jarvis MA, Ruzsics Z, Čičin-Šain L. 2013. The context of gene expression defines the
immunodominance hierarchy of cytomegalovirus antigens. The Journal of Immunology 190:3399–3409. doi: 10.
4049/jimmunol.1203173.

Eberlein J, Davenport B, Nguyen TT, Victorino F, Sparwasser T, Homann D. 2012. Multiple layers of CD80/86-
dependent costimulatory activity regulate primary, memory, and secondary lymphocytic choriomeningitis virus-
specific T cell immunity. Journal of Virology 86:1955–1970. doi: 10.1128/JVI.05949-11.

Flynn K, Mullbacher A. 1996. Memory alloreactive cytotoxic T cells do not require costimulation for activation in
vitro. Immunology and Cell Biology 74:413–420. doi: 10.1038/icb.1996.71.

Franken KL, Hiemstra HS, van Meijgaarden KE, Subronto Y, den HJ, Ottenhoff TH, Drijfhout JW. 2000. Purification
of his-tagged proteins by immobilized chelate affinity chromatography: the benefits from the use of organic
solvent. Protein Expression and Purification 18:95–99. doi: 10.1006/prep.1999.1162.

Freigang S, Eschli B, Harris N, Geuking M, Quirin K, Schrempf S, Zellweger R, Weber J, Hengartner H, Zinkernagel
RM. 2007. A lymphocytic choriomeningitis virus glycoprotein variant that is retained in the endoplasmic reticulum
efficiently cross-primes CD8(+) T cell responses. Proceedings of the National Academy of Sciences of USA 104:
13426–13431. doi: 10.1073/pnas.0704423104.

Welten et al. eLife 2015;4:e07486. DOI: 10.7554/eLife.07486 18 of 20

Research article Immunology | Microbiology and infectious disease

http://dx.doi.org/10.4049/jimmunol.164.7.3689
http://dx.doi.org/10.4049/jimmunol.164.7.3689
http://dx.doi.org/10.1128/JVI.01839-10
http://dx.doi.org/10.4049/jimmunol.1003231
http://dx.doi.org/10.4049/jimmunol.1003231
http://dx.doi.org/10.1111/j.0105-2896.2010.00899.x
http://dx.doi.org/10.1038/ni1505
http://dx.doi.org/10.1002/1521-4141(200212)32:12<3376::AID-IMMU3376>3.0.CO;2-Y
http://dx.doi.org/10.1002/1521-4141(200212)32:12<3376::AID-IMMU3376>3.0.CO;2-Y
http://dx.doi.org/10.1101/cshperspect.a002436
http://dx.doi.org/10.4049/jimmunol.179.10.6494
http://dx.doi.org/10.4049/jimmunol.179.10.6494
http://dx.doi.org/10.1016/S1074-7613(00)80333-7
http://dx.doi.org/10.4049/jimmunol.1200966
http://dx.doi.org/10.1128/JVI.01803-07
http://dx.doi.org/10.1016/j.immuni.2012.09.009
http://dx.doi.org/10.1038/nri1148
http://dx.doi.org/10.1038/nri2526
http://dx.doi.org/10.1016/j.immuni.2014.05.003
http://dx.doi.org/10.1128/JVI.79.18.11724-11733.2005
http://dx.doi.org/10.1128/JVI.79.18.11724-11733.2005
http://dx.doi.org/10.4049/jimmunol.1203173
http://dx.doi.org/10.4049/jimmunol.1203173
http://dx.doi.org/10.1128/JVI.05949-11
http://dx.doi.org/10.1038/icb.1996.71
http://dx.doi.org/10.1006/prep.1999.1162
http://dx.doi.org/10.1073/pnas.0704423104
http://dx.doi.org/10.7554/eLife.07486


Fuse S, Zhang W, Usherwood EJ. 2008. Control of memory CD8+ T cell differentiation by CD80/CD86-CD28
costimulation and restoration by IL-2 during the recall response. The Journal of Immunology 180:1148–1157.
doi: 10.4049/jimmunol.180.2.1148.

Gravestein LA, Amsen D, Boes M, Calvo CR, Kruisbeek AM, Borst J. 1998. The TNF receptor family member CD27
signals to Jun N-terminal kinase via Traf-2. European Journal of Immunology 28:2208–2216. doi: 10.1002/(SICI)
1521-4141(199807)28:07&amp;#60;2208::AID-IMMU2208&amp;#62;3.0.CO;2-L.

Grujic M, Bartholdy C, Remy M, Pinschewer DD, Christensen JP, Thomsen AR. 2010. The role of CD80/CD86 in
generation and maintenance of functional virus-specific CD8+ T cells in mice infected with lymphocytic
choriomeningitis virus. The Journal of Immunology 185:1730–1743. doi: 10.4049/jimmunol.0903894.

Hendriks J, Xiao Y, Borst J. 2003. CD27 promotes survival of activated T cells and complements CD28 in
generation and establishment of the effector T cell pool. The Journal of Experimental Medicine 198:1369–1380.
doi: 10.1084/jem.20030916.

Hendriks J, Xiao Y, Rossen JW, van der Sluijs KF, Sugamura K, Ishii N, Borst J. 2005. During viral infection of the
respiratory tract, CD27, 4-1BB, and OX40 collectively determine formation of CD8+ memory T cells and their
capacity for secondary expansion. The Journal of Immunology 175:1665–1676. doi: 10.4049/jimmunol.175.3.1665.

Hervas-Stubbs S, Riezu-Boj JI, Gonzalez I, Mancheno U, Dubrot J, Azpilicueta A, Gabari I, Palazon A, Aranguren A,
Ruiz J, Prieto J, Larrea E, Melero I. 2010. Effects of IFN-alpha as a signal-3 cytokine on human naive and antigen-
experienced CD8(+) T cells. European Journal of Immunology 40:3389–3402. doi: 10.1002/eji.201040664.

Humphreys IR, Lee SW, Jones M, Loewendorf A, Gostick E, Price DA, Benedict CA, Ware CF, Croft M. 2010.
Biphasic role of 4-1BB in the regulation of mouse cytomegalovirus-specific CD8(+) T cells. European Journal of
Immunology 40:2762–2768. doi: 10.1002/eji.200940256.

Humphreys IR, Loewendorf A, De TC, Schneider K, Benedict CA, Munks MW, Ware CF, Croft M. 2007. OX40
costimulation promotes persistence of cytomegalovirus-specific CD8 T Cells: a CD4-dependent mechanism.
The Journal of Immunology 179:2195–2202. doi: 10.4049/jimmunol.179.4.2195.

Keppler SJ, Aichele P. 2011. Signal 3 requirement for memory CD8+ T-cell activation is determined by the
infectious pathogen. European Journal of Immunology 41:3176–3186. doi: 10.1002/eji.201141537.

Keppler SJ, Rosenits K, Koegl T, Vucikuja S, Aichele P. 2012. Signal 3 cytokines as modulators of primary immune
responses during infections: the interplay of type I IFN and IL-12 in CD8 T cell responses. PLOS ONE 7:e40865.
doi: 10.1371/journal.pone.0040865.

Kolumam GA, Thomas S, Thompson LJ, Sprent J, Murali-Krishna K. 2005. Type I interferons act directly on CD8
T cells to allow clonal expansion and memory formation in response to viral infection. The Journal of Experimental
Medicine 202:637–650. doi: 10.1084/jem.20050821.

Kratky W, Reis e Sousa C, Oxenius A, Sporri R. 2011. Direct activation of antigen-presenting cells is required for
CD8+ T-cell priming and tumor vaccination. Proceedings of the National Academy of Sciences of USA 108:
17414–17419. doi: 10.1073/pnas.1108945108.

Kundig TM, Shahinian A, Kawai K, Mittrucker HW, Sebzda E, Bachmann MF, Mak TW, Ohashi PS. 1996. Duration of
TCR stimulation determines costimulatory requirement of T cells. Immunity 5:41–52.

Lauer P, Hanson B, Lemmens EE, Liu W, Luckett WS, Leong ML, Allen HE, Skoble J, Bahjat KS, Freitag NE,
Brockstedt DG, Dubensky TW Jr. 2008. Constitutive activation of the PrfA regulon enhances the potency of
vaccines based on live-attenuated and killed but metabolically active Listeria monocytogenes strains. Infection
and Immunity 76:3742–3753. doi: 10.1128/IAI.00390-08.

Lin GH, Sedgmen BJ, Moraes TJ, Snell LM, Topham DJ, Watts TH. 2009. Endogenous 4-1BB ligand plays a critical
role in protection from influenza-induced disease. The Journal of Immunology 182:934–947. doi: 10.4049/
jimmunol.182.2.934.

Loewendorf A, Kruger C, Borst EM, Wagner M, Just U, Messerle M. 2004. Identification of a mouse
cytomegalovirus gene selectively targeting CD86 expression on antigen-presenting cells. Journal of Virology 78:
13062–13071. doi: 10.1128/JVI.78.23.13062-13071.2004.

Matloubian M, Kolhekar SR, Somasundaram T, Ahmed R. 1993. Molecular determinants of macrophage tropism
and viral persistence: importance of single amino acid changes in the polymerase and glycoprotein of
lymphocytic choriomeningitis virus. Journal of Virology 67:7340–7349.

Matter M, Mumprecht S, Pinschewer DD, Pavelic V, Yagita H, Krautwald S, Borst J, Ochsenbein AF. 2005.
Virus-induced polyclonal B cell activation improves protective CTL memory via retained CD27 expression on
memory CTL. European Journal of Immunology 35:3229–3239. doi: 10.1002/eji.200535179.

Mintern JD, Klemm EJ, Wagner M, Paquet ME, Napier MD, Kim YM, Koszinowski UH, Ploegh HL. 2006. Viral
interference with B7-1 costimulation: a new role for murine cytomegalovirus fc receptor-1. The Journal of
Immunology 177:8422–8431. doi: 10.4049/jimmunol.177.12.8422.

Munitic I, Kuka M, Allam A, Scoville JP, Ashwell JD. 2013. CD70 deficiency impairs effector CD8 T cell generation
and viral clearance but is dispensable for the recall response to lymphocytic choriomeningitis virus. The Journal of
Immunology 190:1169–1179. doi: 10.4049/jimmunol.1202353.

Obar JJ, Jellison ER, Sheridan BS, Blair DA, Pham QM, Zickovich JM, Lefrancois L. 2011. Pathogen-induced
inflammatory environment controls effector and memory CD8+ T cell differentiation. The Journal of Immunology
187:4967–4978. doi: 10.4049/jimmunol.1102335.

O’Hara GA, Welten SP, Klenerman P, Arens R. 2012. Memory T cell inflation: understanding cause and effect.
Trends in Immunology 33:84–90. doi: 10.1016/j.it.2011.11.005.

Penaloza-Macmaster P, Rasheed AU, Iyer SS, Yagita H, Blazar BR, Ahmed R. 2011. Opposing effects of CD70
costimulation during acute and Chronic lymphocytic choriomeningitis virus infection of mice. Journal of Virology
85:6168–6174. doi: 10.1128/JVI.02205-10.

Welten et al. eLife 2015;4:e07486. DOI: 10.7554/eLife.07486 19 of 20

Research article Immunology | Microbiology and infectious disease

http://dx.doi.org/10.4049/jimmunol.180.2.1148
http://dx.doi.org/10.1002/(SICI)1521-4141(199807)28:07&amp;#60;2208::AID-IMMU2208&amp;#62;3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1521-4141(199807)28:07&amp;#60;2208::AID-IMMU2208&amp;#62;3.0.CO;2-L
http://dx.doi.org/10.4049/jimmunol.0903894
http://dx.doi.org/10.1084/jem.20030916
http://dx.doi.org/10.4049/jimmunol.175.3.1665
http://dx.doi.org/10.1002/eji.201040664
http://dx.doi.org/10.1002/eji.200940256
http://dx.doi.org/10.4049/jimmunol.179.4.2195
http://dx.doi.org/10.1002/eji.201141537
http://dx.doi.org/10.1371/journal.pone.0040865
http://dx.doi.org/10.1084/jem.20050821
http://dx.doi.org/10.1073/pnas.1108945108
http://dx.doi.org/10.1128/IAI.00390-08
http://dx.doi.org/10.4049/jimmunol.182.2.934
http://dx.doi.org/10.4049/jimmunol.182.2.934
http://dx.doi.org/10.1128/JVI.78.23.13062-13071.2004
http://dx.doi.org/10.1002/eji.200535179
http://dx.doi.org/10.4049/jimmunol.177.12.8422
http://dx.doi.org/10.4049/jimmunol.1202353
http://dx.doi.org/10.4049/jimmunol.1102335
http://dx.doi.org/10.1016/j.it.2011.11.005
http://dx.doi.org/10.1128/JVI.02205-10
http://dx.doi.org/10.7554/eLife.07486


Plumlee CR, Sheridan BS, Cicek BB, Lefrancois L. 2013. Environmental cues dictate the fate of individual CD8+
T cells responding to infection. Immunity 39:347–356. doi: 10.1016/j.immuni.2013.07.014.

Probst HC, van den Broek M. 2005. Priming of CTLs by lymphocytic choriomeningitis virus depends on dendritic
cells. The Journal of Immunology 174:3920–3924. doi: 10.4049/jimmunol.174.7.3920.

Richer MJ, Nolz JC, Harty JT. 2013. Pathogen-specific inflammatory milieux tune the antigen sensitivity of CD8(+)
T cells by enhancing T cell receptor signaling. Immunity 38:140–152. doi: 10.1016/j.immuni.2012.09.017.

Salek-Ardakani S, Flynn R, Arens R, Yagita H, Smith GL, Borst J, Schoenberger SP, Croft M. 2011. The TNFR family
members OX40 and CD27 link viral virulence to protective T cell vaccines in mice. The Journal of Clinical
Investigation 121:296–307. doi: 10.1172/JCI42056.

Schildknecht A, Miescher I, Yagita H, van den Broek M. 2007. Priming of CD8+ T cell responses by pathogens
typically depends on CD70-mediated interactions with dendritic cells. European Journal of Immunology 37:
716–728. doi: 10.1002/eji.200636824.

Schneider K, Loewendorf A, De TC, Fulton J, Rhode A, Shumway H, Ha S, Patterson G, Pfeffer K, Nedospasov SA,
Ware CF, Benedict CA. 2008. Lymphotoxin-mediated crosstalk between B cells and splenic stroma promotes the
initial type I interferon response to cytomegalovirus. Cell Host & Microbe 3:67–76. doi: 10.1016/j.chom.2007.
12.008.

Seeds RE, Miller JL. 2011. Measurement of type I interferon production. Current Protocols in Immunology. Chapter
14: Unit14–11. doi: 10.1002/0471142735.im1421s92.

Shahinian A, Pfeffer K, Lee KP, Kundig TM, Kishihara K, Wakeham A, Kawai K, Ohashi PS, Thompson CB, Mak TW.
1993. Differential T cell costimulatory requirements in CD28-deficient mice. Science 261:609–612. doi: 10.1126/
science.7688139.

Sigal LJ, Reiser H, Rock KL. 1998. The role of B7-1 and B7-2 costimulation for the generation of CTL responses in
vivo. The Journal of Immunology 161:2740–2745.

Skanland SS, Moltu K, Berge T, Aandahl EM, Tasken K. 2014. T-cell co-stimulation through the CD2 and CD28
co-receptors induces distinct signalling responses. The Biochemical Journal 460:399–410. doi: 10.1042/
BJ20140040.

Teijaro JR, Ng C, Lee AM, Sullivan BM, Sheehan KC, Welch M, Schreiber RD, de la Torre JC, Oldstone MB. 2013.
Persistent LCMV infection is controlled by blockade of type I interferon signaling. Science 340:207–211. doi: 10.
1126/science.1235214.

Thompson LJ, Kolumam GA, Thomas S, Murali-Krishna K. 2006. Innate inflammatory signals induced by various
pathogens differentially dictate the IFN-I dependence of CD8 T cells for clonal expansion and memory formation.
The Journal of Immunology 177:1746–1754. doi: 10.4049/jimmunol.177.3.1746.

Torti N, Walton SM, Murphy KM, Oxenius A. 2011. Batf3 transcription factor-dependent DC subsets in murine
CMV infection: differential impact on T-cell priming and memory inflation. European Journal of Immunology 41:
2612–2618. doi: 10.1002/eji.201041075.

Welten SP, Melief CJ, Arens R. 2013a. The distinct role of T cell costimulation in antiviral immunity. Current
Opinion in Virology 3:475–482. doi: 10.1016/j.coviro.2013.06.012.

Welten SP, Redeker A, Franken KL, Benedict CA, Yagita H, Wensveen FM, Borst J, Melief CJ, van Lier RA, van
Gisbergen KP, Arens R. 2013b. CD27-CD70 costimulation controls T cell immunity during acute and persistent
cytomegalovirus infection. Journal of Virology 87:6851–6865. doi: 10.1128/JVI.03305-12.

Wiesel M, Crouse J, Bedenikovic G, Sutherland A, Joller N, Oxenius A. 2012. Type-I IFN drives the differentiation
of short-lived effector CD8+ T cells in vivo. European Journal of Immunology 42:320–329. doi: 10.1002/eji.
201142091.

Williams MA, Bevan MJ. 2007. Effector and memory CTL differentiation. Annual Review of Immunology 25:
171–192. doi: 10.1146/annurev.immunol.25.022106.141548.

WortzmanME, Clouthier DL, McPherson AJ, Lin GH, Watts TH. 2013. The contextual role of TNFR family members
in CD8(+) T-cell control of viral infections. Immunological Reviews 255:125–148. doi: 10.1111/imr.12086.

Xu HC, Grusdat M, Pandyra AA, Polz R, Huang J, Sharma P, Deenen R, Kohrer K, Rahbar R, Diefenbach A, Gibbert
K, Lohning M, Hocker L, Waibler Z, Haussinger D, Mak TW, Ohashi PS, Lang KS, Lang PA. 2014. Type I interferon
protects antiviral CD8+ T cells from NK cell cytotoxicity. Immunity 40:949–960. doi: 10.1016/j.immuni.2014.
05.004.

Zenewicz LA, Foulds KE, Jiang J, Fan X, Shen H. 2002. Nonsecreted bacterial proteins induce recall CD8 T cell
responses but do not serve as protective antigens. The Journal of Immunology 169:5805–5812. doi: 10.4049/
jimmunol.169.10.5805.

Welten et al. eLife 2015;4:e07486. DOI: 10.7554/eLife.07486 20 of 20

Research article Immunology | Microbiology and infectious disease

http://dx.doi.org/10.1016/j.immuni.2013.07.014
http://dx.doi.org/10.4049/jimmunol.174.7.3920
http://dx.doi.org/10.1016/j.immuni.2012.09.017
http://dx.doi.org/10.1172/JCI42056
http://dx.doi.org/10.1002/eji.200636824
http://dx.doi.org/10.1016/j.chom.2007.12.008
http://dx.doi.org/10.1016/j.chom.2007.12.008
http://dx.doi.org/10.1002/0471142735.im1421s92
http://dx.doi.org/10.1126/science.7688139
http://dx.doi.org/10.1126/science.7688139
http://dx.doi.org/10.1042/BJ20140040
http://dx.doi.org/10.1042/BJ20140040
http://dx.doi.org/10.1126/science.1235214
http://dx.doi.org/10.1126/science.1235214
http://dx.doi.org/10.4049/jimmunol.177.3.1746
http://dx.doi.org/10.1002/eji.201041075
http://dx.doi.org/10.1016/j.coviro.2013.06.012
http://dx.doi.org/10.1128/JVI.03305-12
http://dx.doi.org/10.1002/eji.201142091
http://dx.doi.org/10.1002/eji.201142091
http://dx.doi.org/10.1146/annurev.immunol.25.022106.141548
http://dx.doi.org/10.1111/imr.12086
http://dx.doi.org/10.1016/j.immuni.2014.05.004
http://dx.doi.org/10.1016/j.immuni.2014.05.004
http://dx.doi.org/10.4049/jimmunol.169.10.5805
http://dx.doi.org/10.4049/jimmunol.169.10.5805
http://dx.doi.org/10.7554/eLife.07486


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'eLife'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA27 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /WorkingCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


