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Abstract

Cytolytic activity by CD8+ cytotoxic T lymphocytes (CTLs) is a powerful strategy for the

elimination of intracellular pathogens and tumor cells. The destructive capacity of CTLs is

progressively dampened during chronic infection, yet the environmental cues and molecular

pathways that influence immunological `exhaustion' remain unclear. Here we found that CTL

immunity was regulated by the central transcriptional response to hypoxia, which is controlled in

part by hypoxia-inducible factors (HIFs) and the von Hippel–Lindau tumor suppressor VHL. Loss

of VHL, the main negative regulator of HIFs, led to lethal CTL-mediated immunopathology

during chronic infection, and VHL-deficient CTLs displayed enhanced control of persistent viral

infection and neoplastic growth. We found that HIFs and oxygen influenced the expression of

pivotal transcription, effector and costimulatory-inhibitory molecules of CTLs, which was relevant

to strategies that promote the clearance of viruses and tumors.

During the response to infection1 and malignancy2, CD8+ T cells traffic through a broad

range of tissue microenvironments, including those with low oxygen tension. Oxygen

availability regulates both developmental processes and the responses to tissue damage,

infection and neoplastic growth3,4. The hypoxia-inducible factors (HIFs) are heterodimeric

transcription factors that are constitutively degraded under normal oxygen tension by a

process dependent on the VHL (von Hippel–Lindau) complex. VHL function has been

extensively studied since it was identified as a tumor suppressor, and loss of VHL function

via spontaneous and inherited mutations leads to renal and other specific cancers5; however,

the additional role of HIFs in immunity raises the possibility that VHL may affect immune
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responses as well. The subunits HIF-1α and HIF-2α do not interact with VHL complexes

under conditions of low oxygen (hypoxia), which results in the accumulation of HIF-1α and

HIF-2α, heterodimerization with HIF-1β and subsequent localization to the nucleus; that

results in increased transcription of target genes that allow functional and metabolic

adaptations to hypoxic microenvironments6. Notably, Hif1a and Epas1 mRNA and the

proteins they encode (HIF-1α and HIF-2α, respectively) can also increase in response to

additional extracellular inputs, such as signals mediated by T cell antigen receptors (TCRs),

cytokines, Toll-like receptors and the metabolic checkpoint kinase mTOR, even under

normal oxygen tension7–9. In the context of innate immunity, HIF-1α promotes

inflammation, bactericidal activity, infiltration and cytokine production by macrophages and

neutrophils10. Cells of the adaptive immune system have also been shown to use HIF

activity to regulate the balance between CD4+ regulatory T cells and lymphocytes of the

TH17 subset of helper T cells and the function of regulatory T cells; thus, HIF activity

influences T cell–mediated autoimmunity11–13. Glycolysis and HIF-1β have been linked to

control of the expression of effector molecule–encoding genes by cytotoxic T lymphocytes

(CTLs)14. However, the role of HIF-1α and HIF-2α in the differentiation and function of

CD8+ T cells in vivo during the response to infection is poorly understood.

After antigen recognition, CD8+ effector T cells induce apoptosis of host cells via targeted

release of cytotoxic granules containing granzymes and perforin; they also produce

proinflammatory cytokines, including tumor-necrosis factor (TNF) and interferon-γ (IFN-γ),
that promote pathogen clearance15. However, during persistent viral infections such as those

caused by hepatitis B virus, hepatitis C virus and human immunodeficiency virus type I, the

immune response of CD8+ T cells becomes attenuated, probably as a mechanism for

protecting key tissues from destruction by cells of the immune system16,17. Cancer results in

similar chronic antigen stimulation and dysfunction of CTLs18,19. Such `exhaustion' of

CTLs is characterized by deletion and progressive functional impairment of antigen-specific

T cells20. Lymphocytic choriomeningitis virus (LCMV) is a natural mouse pathogen of the

genus Arenaviridae; the strain LCMV clone 13 establishes persistent infection that models

many aspects of the exhaustion observed during persistent viral infection in humans17,

whereas the closely related LCMV Armstrong strain produces acute infection that is cleared

within 5–7 d.

Here we studied how enhanced HIF activity, due to loss of VHL, influenced CD8+ T cell

immunity in the context of persistent viral and tumor antigens. We found that deletion of

VHL altered the differentiation of effector and memory CD8+ T cells, and hypoxia

modulated the expression of pivotal transcription factors, effector molecules, costimulatory

receptors and activation-induced inhibitory receptors in an HIF-1α- and HIF-2α-dependent

fashion. Our work defines a key role for HIF-mediated transcription in modulating the

adaptive immune responses of CD8+ T cells to persistent infection and, in turn, has broad

relevance for therapeutic strategies to promote viral and tumor clearance.

RESULTS

Elevated HIF results in mortality in persistent infection

To explore the role of the VHL-HIF pathway in adaptive immunity, we deleted the gene

encoding VHL (Vhl), the principal negative regulator of the subunits HIF-1α and HIF-2α, in

T cells and observed the outcome of acute or chronic infection with LCMV. In a published

study examining the result of deletion of Vhl early in thymic development by Cre

recombinase driven by the proximal promoter of the gene encoding the tyrosine kinase Lck,

few T cells survived to populate the periphery21. In our study, we used Cre driven by the

distal promoter of Lck (dLck) to allow the thymic development of T cells and accumulation

of naive T cells, albeit in reduced numbers (Supplementary Fig. 1); this permitted us to
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explore the role of enhanced HIF activity in peripheral T cells. Mice with loxP-flanked Vhl
alleles (Vhlfl/fl)22 and Cre driven by that distal Lck promoter23 underwent deletion of Vhl in
mature T cells (Vhlfl/fldLck; called `VHL-deficient' here) (Supplementary Fig. 1). All mice

lacking VHL in CD8+ T cells (VHL-deficient mice) succumbed to chronic infection with

LCMV clone 13, unlike their VHL-sufficient counterparts (Fig. 1a). In contrast, both VHL-

deficient and VHL-sufficient mice survived acute infection with LCMV Armstrong (Fig.

1a), which suggested that VHL-mediated control of HIF activity was particularly relevant

for the T cell response to chronic viral infection induced by LCMV clone 13. Both strains of

LCMV are noncytopathic; the tissue damage that accompanies infection is caused by the

host immune response rather than by direct viral damage. To determine if the observed

mortality was mediated by antigen-specific CD8+ T cells, we generated VHL-deficient

CD8+ T cells from mice of the P14 strain, which use a TCR specific for a peptide fragment

of LCMV glycoprotein (gp33) presented by the major histocompatibility complex molecule

H-2Db. We transferred VHL-sufficient or VHL-deficient P14 cells into C57BL/6J (B6)

hosts, which we then infected with LCMV clone 13. Mice that received VHL-deficient

CD8+ T cells showed greater mortality (80%) in the context of chronic infection with

LCMV clone 13 than that of hosts that received VHL-sufficient P14 T cells (5%) or that of

mice infected with LCMV Armstrong (0%) (Fig. 1a). Histological analysis revealed that

LCMV clone 13–infected (chronic infection) recipients of VHL-deficient CD8+ T cells had

consolidated, edematous lungs, in contrast to control mice that received VHL-sufficient cells

(Fig. 1b), which indicated substantial CD8+ T cell–mediated immunopathology. Although

HIF-1α (encoded by Hif1a) has been reported to mediate the hypoxic response in T cells7, in

certain cell types and conditions, HIF-2α (encoded by Epas1) mediates hypoxic

responsiveness24. We obtained CD8+ T cells from wild-type mice, Vhlfl/fldLck mice, mice

with deletion of loxP-flanked Hif1a alleles mediated by Cre expressed from the T cell–

specific Cd4 promoter (Hif1afl/flCd4-Cre mice)25 or mice with deletion of loxP-flanked

Epas1 alleles mediated by Cre expressed from the endothelial cell–specific Tie2 promoter

(Epas1fl/flTie2-Cre mice), activated the cells in vitro with anti-CD3 plus anti-CD28 or left

them unstimulated, obtained nuclear extracts of those cells and analyzed them by

immunoblot. Under normal oxygen conditions, stimulation via the TCR was sufficient to

result in the accumulation of HIF-1α and HIF-2α in wild-type cells; unstimulated cells did

not exhibit detectable HIF-1α or HIF-2α during normoxia (Fig. 1c). VHL-deficient cells

exhibited enhanced amounts of HIF-1α and HIF-2α protein after activation during normoxia

relative to that in wild-type cells (Fig. 1c). To assess the role of HIF-1α and HIF-2a in the

mortality of VHL-deficient mice during chronic infection, we generated mice with T cell–

specific triple deficiency in Vhl, Hif1a and Epas1 (Vhlfl/flHif1afl/flEpas1fl/fldLck; called

`VHL–HIF-1α–HIF-2α–deficient' here). Unlike the VHL-deficient mice, none of the VHL–

HIF1α-HIF2α–deficient mice suffered any mortality after infection with LCMV clone 13,

despite the presence of ample virus-specific cells (Fig. 1d and Supplementary Fig. 2).

Similarly, VHL–HIF-1α–HIF-2α-deficient P14 CD8+ T cells transferred into B6 hosts did

not mediate death during infection with LCMV clone 13 (Fig. 1d, right). Notably, CTL

effector function during chronic infection with LCMV clone 13 is already markedly

compromised by day 9 after infection26,27. Therefore, given the substantial

immunopathology induced by noncytopathic infection, our results suggested that `always-

on' HIF signaling induced by Vhl deletion augmented the effector capacity of CTLs beyond

the attenuated levels observed for wild-type cells during chronic infection and resulted in

lethal immunopathology.

Altered CTL differentiation by VHL-deficient CD8+ T cells

During acute infection, the differentiation of CD8+ T cells into effector or memory T cell

subsets can be predicted by expression of the phenotypic marker KLRG1 and CD127 (the

interleukin 7 (IL-7) receptor). KLRG1 marks CTLs that are terminally differentiated and
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will rapidly wane after infection28, whereas CD127 is re-expressed in the CTL population

that contains precursors of memory T cells29, which will survive and sustain long-lived

immunity. Shortly after activation, CD8+ T cells transit through a CD127loKLRG1lo stage;

these cells have cytotoxic function yet are thought to be uncommitted to a terminal-effector

or memory-precursor state30. To evaluate the immune response to persistent infection in

more detail, we used VHL-sufficient and VHL-deficient P14 cells, which had similar naive

phenotypes and responsiveness to antigen (Supplementary Fig. 1). We transferred equal

numbers of those cells into B6 host mice, which we then infected with LCMV clone 13 (Fig.

2a). This strategy allowed us to compare the phenotypic and functional differences between

VHL-sufficient (wild-type) and VHL-deficient CD8+ T cells in the same host and ensured

equivalent inflammatory and antigenic environments. Initially, fewer VHL-deficient cells

than VHL-sufficient cells accumulated; however, at later time points, we recovered these

cells at similar abundance in the spleen and, to a lesser extent, in some other tissues (Fig.

2b,c and data not shown). Distinct phenotypic differences between the VHL-sufficient and

VHL-deficient effector cells were evident; whereas VHL-sufficient effector cells formed a

sizable KLRG1hi population, the majority of VHL-deficient cells did not express KLRG1

(Fig. 2d), which suggested that terminal CTL differentiation was delayed or inhibited in the

absence of VHL. We found that VHL-deficient P14 cells also poorly formed KLRG1hi

subsets in response to acute infection (Supplementary Fig. 3), which suggested that the

altered differentiation due to VHL deficiency was not specific to persistent infection. To

determine if alterations observed in VHL-deficient cells during infection were dependent on

HIF-1α and HIF-2α, we monitored VHL-HIF-1α-HIF-2α-sufficient and VHL-HIF-1α-

HIF-2α-deficient P14 CD8+ T cells in a mixed-transfer infection experiment. Here, the

presence of a KLRG1hi effector population was restored for VHL-HIF-1α-HIF-2α- deficient

CTLs (Fig. 2e), which showed that the altered effector differentiation observed for VHL-

deficient cells was dependent on HIF-1α and HIF-2α. Thus, enhanced HIF activity seemed

to inhibit or delay the terminal differentiation of CD8+ effector cells.

HIF activity drives an augmented CTL effector signature

To better understand how the response of VHL-deficient T cells to persistent versus acute

infection resulted in such different outcomes (death versus resolution of infection), we

examined the effects of VHL deletion on global gene expression during infection (Fig. 3).

We transferred VHL-sufficient and VHL-deficient P14 T cells into wild-type host mice and

infected the hosts with LCMV (as in Fig. 2a). As the VHL-deficient cells did not form a

KLRG1hi population (Fig. 1d), we sorted KLRG1lo VHL-deficient and VHL-sufficient P14

CD8+ effector cells responding in the same host on day 7 of infection with LCMV clone 13

to minimize differences resulting from the presence or absence of terminally differentiated

KLRG1hi effector cells. We found significant differences in gene expression: 582 genes

displayed a difference in expression of more than twofold (Fig. 3a). Notably, in response to

either acute infection or chronic infection, the differences in gene expression in VHL-

deficient P14 CD8+ T cells versus VHL-sufficient cells were largely conserved; >96% of

genes up- or downregulated during infection with LCMV clone 13 were coordinately

regulated during infection with LCMV Armstrong (Fig. 3b). Together these data suggested

that the mortality associated with Vhl deletion in CD8+ T cells was dependent on sustained

antigen rather than on markedly different transcriptional programs induced by persistent

versus acute infection.

Naive T cells substantially upregulate glycolysis after antigen-driven activation31, which is

tightly correlated with lymphocyte activation and function32, yet the role of HIFs in this

process during the CTL response to in vivo infection is unknown. Consistent with the

function of HIFs reported for other cell types, increased HIF activity in VHL-deficient P14

cells responding to chronic viral infection of host mice in vivo led to potent induction of
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transcripts involved in the glycolytic pathway above that in VHL-sufficient P14 cells after

cotransfer of the cells into host mice (Fig. 3c), with upregulation of mRNA encoding

molecules that facilitate many steps in glycolytic metabolism. In accordance with HIF-

mediated induction of glycolysis, metabolic measurements demonstrated that the glycolytic

activity of VHL-deficient CTLs was enhanced compared with that of wild-type CTLs (Fig.

3d). We activated wild-type or VHL-deficient T cells in vitro and measured their

consumption of oxygen and proton-production rate, which are molecular surrogates of

oxidative phosphorylation and lactate production from glycolysis, respectively. The VHL-

deficient CTLs demonstrated a lower oxygen consumption rate (OCR) and more proton

production per cell (extracellular acidification rate (ECAR)), and the ratio of those metabolic

determinations (Fig. 3d) confirmed a high glycolysis-low oxidative phosphorylation

metabolic profile for VHL-deficient CTLs.

The abundance of mRNA encoding molecules essential for CTL effector function (including

various members of the granzyme family, perforin and TNF) was also elevated after deletion

of Vhl (Fig. 3e); we also found that expression of the HIF target Vegf (which encodes

vascular endothelial growth factor) was elevated. Further analysis of the data set revealed

that VHL-deficient cells had increased expression of transcripts encoding molecules

associated with activation of T cells, including the costimulatory and activating receptors

SLAMF7 (Slamf7), OX40 (Tnfrsf4), 4-1BB (Tnfrsf 9) and GITR (Tnfrsf18) (Fig. 3e).

Paradoxically, given the immunopathology suffered by VHL-deficient mice after chronic

infection, we also found upregulation of several transcripts induced after T cell activation

that encode molecules with characterized inhibitory roles; i.e., Ctla4, Lag3, Havcr2 (TIM-3)

and Cd244 (Fig. 3e). Additionally, VHL-deficient cells showed altered expression of various

transcriptional regulators known to have central or emerging roles in CTL differentiation

(Fig. 3e). Therefore, apart from the expected increased expression of mediators of glycolytic

activity, HIF activity affected the expression of genes whose products are responsible for a

wide variety of CTL functions, including effector molecules, costimulatory receptors,

activation and inhibitory receptors and key transcriptional regulators of effector and memory

cell differentiation.

We next verified at the protein level several of the transcriptional changes observed in VHL-

deficient cells during infection. In a mixed transfer of VHL-sufficient and VHL-deficient

P14 CD8+ T cells assessed on day 7 of infection of the host with LCMV clone 13, we found

a substantially greater amount of intracellular granzyme B and perforin in VHL-deficient

cells than in VHL-sufficient cells (Fig. 3f). The costimulatory molecules 4-1BB and GITR

(of the TNF receptor superfamily) also showed greater induction on VHL-deficient P14

CD8+ T cells than on VHL-sufficient P14 CD8+ T cells (Fig. 3g). Surface expression of

activation-induced inhibitory receptors further reflected the transcriptional data, with

substantially higher expression of CD244, CTLA-4, LAG-3 (Fig. 3h) and TIM-3

(Supplementary Fig. 4a) in VHL-deficient cells than in VHL-sufficient cells. In contrast,

expression of Pdcd1 mRNA and the PD-1 protein it encodes (another key regulator of CTL

exhaustion and activation) in VHL-deficient CTLs after infection was significantly higher

than that in their naive counterparts but lower than that in virus-specific VHL-sufficient cells

(Fig. 3e,h and Supplementary Fig. 4b). The diminished PD-1 expression was dependent on

VHL but independent of HIF-1α and HIF-2α (Supplementary Fig. 4c,d); VHL-HIF-1α-

HIF-2α-deficient CTLs had lower surface expression of PD-1 than did wild-type CTLs, but

VHL-HIF-1α-HIF-2α-deficient mice showed no morbidity during chronic infection, with

accumulation of virus-specific cells, survival and core body temperature similar to that of

wild-type mice (Fig. 1d and Supplementary Fig. 2). Thus, we concluded that the moderate

diminution in PD-1 was unlikely to be the cause of pathology observed in the absence of

VHL expression by CD8+ T cells.
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Transcriptional regulators control the acquisition of effector function, memory capacity and

the exhaustion phenotype of CD8+ T cells. We found that the expression of Tbx21, Eomes
and Tcf7 was diminished while Prdm1 expression was elevated in CD8+ cells lacking VHL

relative to wild-type cells (Fig. 3e,i). That HIF-induced alteration in transcription factor

expression did not correlate with a specific known CTL subset. However, a lower abundance

of T-bet may be consistent with the absence of a KLRG1hi population and the accumulation

of KLRG1loCD127lo effector cells observed among VHL-deficient cells28. Furthermore,

these results suggested that higher expression of Prdm1 (which encodes Blimp-1),

associated with the terminal differentiation of effector cells, alone was not sufficient to drive

the formation of this population. These data showed that elevated HIF activity modulated

the expression of many transcriptional regulators that regulate differentiation into effector

and memory CD8+ T cell populations.

Hypoxia and HIF regulate the expression of key CTL molecules

We next used an in vitro system to determine how oxygen tension, HIF-1α, HIF-2α and

cytokines were involved in mediating alterations in the expression of key transcription

factors and exhaustion-associated receptors. We obtained CD8+ T cells from the spleens of

uninfected wild-type mice, Hif1afl/flCd4-Cre mice25, Epas1fl/flTie2-Cre mice or Vhlfl/fldLck

mice, activated the cells in vitro with antibody to CD3 (anti-CD3) and anti-CD28, expanded

their populations in medium containing IL-2 and then incubated them in normoxic (21%) or

hypoxic (1%) conditions. Here Cre was expressed under the control of different promoters

that all allowed deletion in T cells; subsequently, we found similar results when we used

dLck-driven Cre to induce deletion of the target genes (data not shown). Immunoblot

analysis revealed the accumulation of a moderate amount of HIF-1α protein in the activated

wild-type CTLs under conditions of normoxia, which was increased further by hypoxic

incubation (Fig. 4a). As expected, we found more HIF-1α and HIF-2α in VHL-deficient

cells than in wild-type cells during normoxia (Fig. 4a). There was more granzyme B, an

essential effector molecule, and the activation-associated costimulatory receptors 4-1BB,

GITR and OX40 in wild-type cells exposed to hypoxia than in their normoxic control

counterparts, but these were poorly induced in HIF-1α-deficient CTLs by hypoxia (Fig.

4b,c). Also reflective of our in vivo observations, surface expression of the inhibitory

receptors LAG-3 and CTLA-4 was also increased in wild-type CD8+ T cells exposed to

hypoxia in an HIF-1α-dependent manner, as shown by the ablation of the hypoxic induction

of these markers in Hif1afl/flCd4-Cre cells (Fig. 4b,c). VHL-deficient T cells also had high

expression of those molecules, which was minimally potentiated by hypoxia, consistent with

the observed increase in HIF-1α and HIF-2α during normoxia (Fig. 4a). The expression of

T-bet and TCF-1 protein was decreased in VHL-deficient cells and by hypoxic incubation of

wild-type cells but not by hypoxic incubation of Hif1afl/flCd4-Cre cells (Fig. 4b,c), which

demonstrated the ability of oxygen tension, acting through the HIF pathway, to modulate the

expression of transcription factors central to CD8+ T cell differentiation. Hif1afl/flCd4-Cre

cells had higher TCF-1 expression and lower granzyme B expression than that of wild-type

cells, even under normal oxygen tension (Fig. 4b,c), consistent with the proposal that

cytokine stimulation or activation was sufficient for HIF accumulation and had a role in

CTLs even in conditions of abundant oxygen. Together these data showed that HIFs served

as potent upstream modulators of multiple aspects of CD8+ T cell function, an effect that

was further potentiated by hypoxia.

A greater abundance of HIFs resulted in augmented glycolysis by activated T cells and

enhancement of many parameters of effector- and activation-associated molecules (Fig. 3f–

h) and modulated key transcriptional regulators(Fig. 3i). We used the glucose analog 2-

deoxy-D-glucose, which is efficiently taken up by cellular glucose transporters but cannot be

metabolized and this competitively inhibits hexokinase and subsequent glycolytic flux, to
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examine how HIF- and hypoxia-mediated regulation of key molecules was affected by

glycolytic activity. The addition of 2-deoxy-D-glucose (at the relatively low concentration of

1 mM) to previously activated T cells markedly blunted the hypoxia-mediated induction of

multiple effector- and activation-associated molecules (Fig. 4d).

The induction of HIF-1α relative to that of HIF-2α can be regulated by cytokines in

macrophages9. As early T cell activation induced detectable HIF-2α protein (Fig. 1c), yet

the amount seemed to be lower after the addition of IL-2 to the stimulation system (Fig. 4a),

we analyzed by immunoblot analysis and flow cytometry cells treated as described above

(Fig. 4a–c) but with the addition of IL-4, which drives HIF-2α accumulation in

macrophages9. Indeed, the addition of IL-4 was sufficient to induce HIF-2α together with

HIF-1α in wild-type CTLs exposed to hypoxia (Fig. 4e). Reflective of the amount of each

isoform (Fig. 4e), we found that the cytokine environment determined which member of the

HIF family was responsible for the hypoxic upregulation of granzyme B in CTLs. The CTL

hypoxic response that drove granzyme B expression was completely HIF-1α dependent in

cells cultured with IL-2, whereas in cultures that included IL-2 and IL-4, both HIF-1α and

HIF-2α had a role in the hypoxic induction of granzyme B expression (Fig. 4f). Therefore,

the cytokine milieu and abundance of the individual HIF isoform determined the

contribution of HIF-1α or HIF-2α to mediating the hypoxic response for CTLs.

Elevated HIF sustains CTL effector function

To better understand how VHL-deficient CD8+ T cells ultimately resulted in mortality

during a persistent infection that is typically tolerated without substantial morbidity, we

further characterized the course of infection with LCMV clone 13 in wild-type B6 hosts.

First we used a `single-transfer' experimental design with which we could isolate the effects

of VHL-sufficient or VHL-deficient P14 CD8+ T cells on viral load. We determined that

viral titers were lower in mice that received VHL-deficient P14 CD8+ T cells (Fig. 5a,b).

Similar to the findings reported above (Fig. 3), we determined that VHL-deficient effector

cells had higher expression of granzyme B and TNF, and this trend was sustained or

enhanced over the course of the infection relative to that of VHL-sufficient cells responding

in the same host (Fig. 5c). These data were particularly notable, as antigen-specific CD8+ T

cells typically undergo progressive loss of production of granzyme B and TNF during

infection with LCMV clone 13 (ref. 25); thus, VHL-deficient cells maintained the potential

for greater effector function during the early stages of a persistent infection. The in vivo
increase in granzyme B in VHL-deficient cells was dependent on HIF-1α and HIF-2α (data

not shown). Notably, analysis of plasma at day 6 after infection did not show substantial

changes in the abundance of common cytokines (Supplementary Fig. 5a), which suggested

CTL-driven immunopathology rather than systemic dysregulation of cytokines. Thus,

deletion of Vhl resulted in higher expression of effector molecules (granzyme B and TNF)

by antigen-specific CD8+ effector cells, accompanied by lower viral titers (Fig. 5a–d) and

increased immunopathology, as revealed by histology (Fig. 1b).

One hallmark of exhaustion is loss of the ability of CTLs to produce both TNF and IFN-γ
following antigenic challenge, an effect that becomes progressively more severe as the

antigen persists. To assess CTL responsiveness at later time points, we analyzed surviving

mice after transfer of either VHL-sufficient P14 cells or VHL-deficient P14 cells (at day 21

of infection of host mice with LCMV clone 13; Fig. 5e) or transfer of a mixture of VHL-

sufficient and VHL-deficient P14 cells (at day 17 of infection of host mice with LCMV

clone 13; Fig. 5f). We found that VHL-deficient cells were refractory to exhaustion; more of

those cells produced both TNF and IFN-γ, and those that did displayed higher intracellular

protein expression of these cytokines. VHL-deficient P14 cells also had much more

intracellular granzyme B than did VHL-sufficient P14 cells in both the single- and mixed-
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transfer experiments (Fig. 5e,f). Consistent with an enhanced effector function, VHL-

deficient cells were also more efficient than VHL-sufficient cells were in an in vivo
cytoxicity assay (Supplementary Fig. 5c).

In vivo, we found that VHL-deficient cells responding to infection with LCMV clone 13

upregulated many genes associated with exhausted wild-type cells26 (Supplementary Fig. 6).

However, despite that similarity, ~30% of the genes displayed an inverse association; i.e.,

for these genes (including Eomes, which identifies a terminally differentiated population of

T cells that has poor cytokine production during chronic infection33), the VHL-deficient

cells were more like acute infection–generated, functional effector cells than exhausted cells.

These data suggested VHL-deficient cells may not differentiate to this end stage of

exhaustion. Thus, loss of Vhl expression by CD8+ T cells led to a sustained effector state in

which cells did not express transcription factors or cell-surface markers associated

exclusively with terminal differentiation or memory formation. The poor formation of virus-

specific KLRG1hi CTLs during acute infection and the early stages of chronic infection

further suggested that deletion of Vhl limited terminal CTL differentiation.

Persistent viral infection and cancer are both characterized by sustained antigens and loss of

CD8+ T cell function19. We next assessed the ability of VHL-deficient CTLs to control the

growth of a B16 mouse melanoma tumor line that expresses ovalbumin. VHL-deficient

CTLs expressing the OT-I TCR, which is specific for ovalbumin peptide presented by

H-2Kb, demonstrated superior control of established tumors and prolonged the time to reach

a specific tumor volume relative to that of VHL-sufficient OT-I CTLs (Fig. 6). Moreover, 5

of 20 mice that received VHL-deficient OT-I CD8+ T cells had no detectable masses at the

end of the study (50 d), while 0 of 19 mice that received VHL-sufficient OT-I CD8+ T cells

and 0 of 25 mice that received no OT-I T cells were tumor free (Fig. 6b). These data

suggested that enhanced activity of HIF-1α and HIF-2α may be a potent strategy with which

to sustain the effector function of CD8+ T cells in two clinically important settings in which

prolonged antigen exposure dampens CTL function: persistent viral infection and cancer.

DISCUSSION

Many viruses and pathogenic bacteria have evolved a strategy of persistence to optimize

transmission in specific host populations34. For this class of pathogen, the immune system is

ineffective in clearance, yet an ongoing immune response has the potential to cause severe

or even lethal immunopathology16. The ability of the host to survive infection can be

dependent on dampening of the cytotoxic immune response in the face of sustained

pathogen burden35. Loss of VHL in virus-specific CTLs led to a failure in the tolerance-

exhaustion adaptation to persistent infection. Elevated HIF activity in CD8+ T cells

increased glycolytic metabolism and augmented effector capacity and the expression of

effector molecules and activation-associated costimulatory and inhibitory receptors.

CTLA-4 (ref. 36), LAG-3 (ref. 37) and TIM-3 (ref. 38) all had high expression on VHL-

deficient cells, and each has been shown to have a role in inhibiting CTLs in the context of

tumors and/or persistent infection. The high expression of inhibitory receptors may have

reflected the enhanced activation state of the VHL-deficient cells. Nevertheless, mice

infected with LCMV clone 13 succumbed to persistent infection when Vhl was deleted from

virus-specific CTLs, which demonstrated that the aggregate program induced by the VHL-

HIF pathway can bypass signals from multiple inhibitory receptors and act to maintain

effector function. The costimulatory receptors induced in CTLs by hypoxia in a HIF-

dependent fashion (4-1BB, OX40 and GITR) have been shown to enhance and sustain T cell

effector function; 4-1BB, specifically, induces granzyme B in CTLs, and many members of

the TNF receptor superfamily are being investigated for their ability to modulate the

antipathogen and antitumor activity of T cells39. Further, mRNA encoding soluble factors,
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including the cytokines TNF, IFN-γ and VEGFA, was also more abundant in VHL-deficient

T cells than in wild-type T cells. Although these molecules did not show a difference in

abundance in the plasma at day 6 in the polyclonal post-infection model, these factors may

serve local roles either in the immunopathology observed or through paracrine signaling to

other cell types. While the expression of various transcription factors linked to CTL function

was altered in VHL-deficient cells, including lower expression of Tbx21, Eomes and Bcl6,

these may not be expected to account for enhanced effector activity; however, higher

expression of Prdm1 could drive some aspects of the VHL-deficient phenotype40. Of note,

in response to infection, VHL-sufficient P14 cells and VHL-deficient P14 cells had similar

expression of Rorc, Il17, IL23r and Il10 at the mRNA level and had ample IFN-γ production

and cytotoxic capacity and thus did not resemble the `Tc17' cells that mediate pathology

during infection in mice doubly deficient in Tbx21 and Eomes or the IL-10-producing CTL

subset associated with Blimp-1 (refs. 40,41). Blocking glycolytic activity with 2-deoxy-D-

glucose inhibited the hypoxic induction of activation-effector molecules, consistent with the

proposal that augmented glycolysis enables, at least in part, the enhanced effector-activation

program induced by deletion of Vhl.

Spontaneous mutations in VHL that result in loss or impairment of function can give rise to

familial kidney cancers and other cancers through HIF-dependent and HIF-independent

mechanisms; thus, VHL acts as a classic tumor suppressor5,42. It has also been found that

specific partial loss-of-function mutations in VHL can cause familial polycythemias. A

spontaneously occurring mutation in the gene encoding the VHL protein R200W results in

an impaired ability to degrade HIF and globally elevated HIF function; people homozygous

for that mutation suffer from Chuvash polycythemia43. Although some reports have

suggested that heterozygosity for that mutation results in an advantage in adaptating to the

hypoxia of high altitude through increased red blood cell production44, initial studies have

also indicated altered cytokine production by lymphocytes from patients with Chuvash

polycythemia45. Notably, distinct mutations have been found in other populations that result

in a polycythemic phenotype similar to that of Chuvash polycythemia46; thus, understanding

how VHL-HIF affects CD8+ T cell–mediated immunity will be of considerable interest in

understanding these patient populations.

In vivo, activated CTLs traffic to sites of infection, where hypoxia from tissue damage and/

or disruption coincides with the recognition of pathogen-infected cells and, ultimately,

cytolytic activity. In this context, both hypoxia and TCR-mediated signals can lead to an

increased abundance of HIF-1α and HIF-2α. Therefore, the ability of HIF signaling to

locally limit the terminal differentiation of CTLs and enhance effector function in such

zones, despite increased expression of inhibitory receptors, may serve to tie pathogen load

and tissue damage to proliferative potential and effector function. That balance is disrupted

by the enhanced HIF activity that results from Vhl deletion. Our study did not address

whether persistent infection with a noncytopathic virus such as LCMV clone 13 increases

tissue hypoxia. However, because TCR signaling and hypoxia together induce maximal HIF

transactivation, which in turn drives effector molecules, we hypothesize that this pathway

serves to augment T cell function in scenarios such as cytopathic viral infection, during

which local tissue damage induces hypoxia and containment of the pathogen even at the

expense of local immunopathology would be beneficial to the host. An exhaustion-induced

reduction in cytotoxic function may be beneficial in averting immunopathology during

persistent viral infection; however, therapeutically overriding the exhaustion of CD8+ T

cells can also lead to the resolution of infection47 or, in the context of antitumor responses,

enhanced elimination of tumors18,19.

The observation that the HIF pathway promoted the effector function of CD8+ T cells is

consistent with a proinflammatory role for HIF in myeloid lineages10. HIF activity in
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macrophages suppresses localized T cell responses48, which suggests that

microenvironmental cues specific to infected tissues may provide a homeostatic mechanism

whereby myeloid cells and T cells balance effector function to suppress excessive tissue

damage. This has relevance to cancer and infection; in both of those settings, the balance of

the infiltration of T cells and that of myeloid cells in a hypoxic setting can lead to clearance

of the diseased tissue or immunosuppression and advancement of the pathology. A nuanced

approach using compounds to manipulate the hypoxic response could therefore induce

activation or inhibition of immunity, depending on the cellular composition of the

microenvironment. Thus, our work suggests novel strategies for either promoting antitumor

and antipathogen responses or dampening immunopathology.

ONLINE METHODS

Mice and experimental design

Mice were bred and housed in specific pathogen–free conditions in accordance with the

Institutional Animal Care and Use Guidelines of the University of California San Diego.

The following mice have been described: Vhlfl/fl mice22, Hif1afl/fl mice32, and Epas1fl/fl

mice24. Deletion of those loxP-flanked genes in T cells was achieved by crossing of mice

with loxP-flanked alleles to dLck mice23, mice expressing Cre from the T cell–specific Cd4
promoter49 or Tie2-Cre mice to obtain mice with homozygous loxP-flanked alleles without

Cre or hemizygous for Cre. P14 mice, which recognize an immunodominant epitope of the

LCMV glycoprotein common to LCMV Armstrong strain and clone 13 (ref. 50) were bred

to the appropriate lines with loxP-flanked alleles. All mice were backcrossed over ten

generations to the B6 background. Randomization and steps to reduce experimental bias

were done as follows: after initial identification and selection of wild-type and mutant mice,

processing of samples and was routinely done by identification code rather than genotype

until data-acquisition stages. For the tumor assay (Fig. 6), wild-type and mutant T cells were

transferred in mixed order into random tumor-bearing mice and the genotype of the

transferred cells was not indicated on cages or adjacent to measurements during monitoring

of tumor size.

Infection and cell transfer

Mice were infected47 with LCMV Armstrong strain (2 × 105 plaque-forming units, injected

intraperitoneally) or LCMV clone 13 (2 × 106 plaque-forming units, injected intravenously).

For adoptive transfer, 1 × 104 to 5 × 104 Vα2+CD8+ P14 cells were injected intravenously

into B6 recipient mice, which were then infected with the relevant pathogen 1 d later.

In vitro and hypoxic incubation

Samples from mouse spleens were enriched for CD8+ T cells by negative selection.

Incubation with biotinylated anti-B220 (RA3-6B2), anti-CD19 (1D3), anti-Ter-119

(Ter119), anti-CD4 (GK1.5), anti-NK1.1 (PK136) and anti-CD11b (M1/70; all from

eBiosceince) was followed by incubation with streptavidin-labeled magnetic beads and

depletion on a MACS column. Purified CD8+ T cells were then activated for 48–72 h with

plate bound anti-CD3 (145-2C11; University of California, San Francisco, Antibody Core)

and soluble anti-CD28 (37.51; University of California, San Francisco, Antibody Core) in

RPMI-1640 medium containing 10% FCS, 25 mM HEPES, pH 7.2, 1% penicillin-

streptomycin-glutamine and 55 μM β-mercaptoethanol. Cells were then pelleted and replated

in fresh medium supplemented with 100 U/ml human IL-2 alone or additionally with 20 ng/

ml mouse IL-4, followed by incubation for 24–48 h. Cells were then split into normoxic

conditions (standard incubator) or 1% oxygen (Thermo Scientific-Hera Cell incubator

equipped to replace oxygen with nitrogen), followed by incubation for various times. Flasks

were then removed, placed immediately on ice and processed for flow cytometry or
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immunoblot analysis. For analysis of cellular metabolism, CD8+ T cells were purified on

columns, activated and cultured in IL-2 as described above and then were plated and

analyzed on a Seahorse XF24–3 according to the manufacturer.s instructions. 1 mM 2-

deoxy-D-glucose (Sigma) was added to the medium where appropriate.

Immunoblot analysis

Nuclear extracts were isolated (NE-PER kit; Pierce) and ~15 μg protein was loaded in each

lane (Novex). HIF-1α and HIF-2α were detected with NB100–449 and NB100–122,

respectively (Novus). Lamin B was used as a loading control (sc-6217; Santa Cruz

Biotechnology).

Flow cytometry and sorting

Cells were immunostained and acquired on a BD FACSCalibur or Fortessa, and were sorted

(where needed) on a BD FACSAria. In addition to the antibody clones noted above for

depletion, the following fluorophore-conjugated antibodies were used for flow cytometry

and sorting: anti-4-1BB (17B5), anti-CD8α (53–6.7), anti-CD25 (PC61.5), anti-CD44

(IM7), anti-CD45.1 (A20), anti-CD45.2 (104), anti-CD62L (MEL-14), anti-CD69 (H1.2F3),

anti-CD127 (A7R34), anti-CD244 (244F4), anti-GITR (DTA-1), anti-Eomes (Dan11mag),

anti-IFN-γ (XMG1.2), anti-KLRG1 (2F1), anti-LAG-3 (C9B7W), anti-OX40 (OX86), anti-

T-bet (4B10), anti-TNF (MPGXT22), anti-PD-1 (J43), anti-perforin (OMAK-D), anti-

TIM-3 (RMT3–23) and anti-V2 (B20.1; all from eBioscience); anti-CTLA-4

(UC10-4F10-11; BD), anti-granzyme B (MHGB05; Life Technologies); and anti-TCF1

(C63D9; Cell Signaling Technologies). Phycoerythrin-conjugated H-2Db tetramers loaded

with a peptide with the sequence KAVYNFATC were from Beckman Coulter.

Gene expression

For microarray studies, transferred P14 cells were sorted on ice from pooled spleens on day

6–7 after infection, as CD8α+CD4−KLRG1−Vα2+ cells with the appropriate CD45 congenic

marker. 3 × 104 cells were double-sorted into TRIzol to a purity of >95%, then RNA was

amplified twice (MessageAmp RNA Amplification kit; Ambion), labeled with biotin

(BioArray HighYield RNA Transcript Labeling kit; Enzo Diagnostics) and purified (RNeasy

Mini kit; Qiagen). The resulting cRNA was hybridized to GeneChip Mouse Gene 1.0 ST

arrays. Data were normalized by the robust multi-array average method and analyzed with

the GenePattern software suite.

Tumor challenge

1 × 106 ovalbumin-expressing B16 melanoma cells were injected subcutaneously into B6

mice. Lymphocytes from Vhlfl/fl OT-I or Vhlfl/fldLck OT-I donor lymph nodes were cultured

for 60 h at a density of 1 × 106 cells per ml with 1 μg/ml ovalbumin peptide. Activated OT-I

cells (3 × 106) were injected intravenously 7 d after the injection of tumor cells, and tumor

size was monitored by measurement in two dimensions with digital calipers. Volume was

then estimated by the formula a2 × b, where a was the larger dimension.

Statistical analysis

Two-group comparisons were assessed with an unpaired Student's t-test, survival data were

assessed with the log-rank (Mantel-Cox) test, and grouped data were assessed by two-way

analysis of variance followed by Bonferroni post-test (to adjust for multiple comparisons). P
values of less than 0.05 were considered significant. No data-point-exclusion criteria were

used, and the normality and variance of the distribution of the data was not assessed.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
VHL-deficient CD8+ T cells mediate HIF-1α–HIF-2α–dependent death during persistent

viral infection. (a) Survival of wild-type (Vhlfl/fl) mice (WT) or VHL-deficient (Vhlfl/fldLck)

mice (VHL-KO) after acute infection with LCMV Armstrong (+ Arm) or chronic infection

with LCMV clone 13 (+ cl13) (far left) and core body temperature of those mice after

chronic infection with LCMV clone 13 (middle left), as well as survival (middle right) and

core body temperature (far right) of wild-type host mice given ~1 × 104 VHL-sufficient

(WT) or VHL-deficient (VHL-KO) P14 CD8+ T cells (P14→WT), then infected 1 d later as

at left. Pooled sample size (host mice): survival (left), n = 15 (wild type) or 11 (VHL-

deficient); survival (right), n = 9 (wild-type cells) or 9 (VHL-deficient cells); body

temperature, n ≥ 3 per time point. *P =0.003 and **P < 0.001, wild-type versus mutant

during chronic infection (log-rank (Mantel-Cox) test). (b) Perimortal lung pathology in

wild-type host mice (n = 4) given no cells and left uninfected (UI) or given 1 × 104 VHL-

sufficient P14 CD8+ T cells (WT P14→WT) or VHL-deficient P14 CD8+ T cells (VHL-KO

P14→WT), then infected 1 d later with LCMV clone 13 and assessed 9 d later. Scale bar,

100 μm. (c) Immunoblot analysis of HIF-1α, HIF-2α and lamin B (loading control

throughout) in nuclear extracts of purified wild-type, VHL-deficient (VHL-KO),

Hif1afl/flCd4-Cre (HIF-1α-KO) or Epas1fl/flTie2-Cre (HIF-2α-KO) CD8+ T cells left

unstimulated (US) or activated for 55 h in vitro with anti-CD3 plus anti-CD28. (d) Survival

and core body temperature as in a, but with wild-type and VHL–HIF-1α–HIF-2α-deficient

(VHL–HIF-1α–HIF-2α-KO) mice (left) or in wild-type hosts after transfer of wild-type P14

or VHL–HIF-1α–HIF-2α-deficient P14 cells (P14WT; right). Pooled sample size (mice):

survival (left), n = 3 (wild type) or 3 (VHL–HIF-1α–HIF-2α-deficient); survival (right), n =

5 (wild-type cells) or 8 (VHL–HIF-1α–HIF-2α-deficient cells); body temperature, n ≥ 3

mice per time point. Data are pooled from three experiments (a,d; error bars, s.e.m.) or are

representative of two experiments (b,c).
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Figure 2.
Increased HIF-1α and HIF-2α activity alters CD8+ T cell differentiation during persistent

infection. (a) Experimental protocol for b–d: congenically distinct VHL-sufficient P14

CD8+ T cells (WT P14) and VHL-deficient P14 CD8+ T cells (VHL-KO P14) were injected

intravenously (iv) together (1 × 104 of each cell type, mixed at a ratio of 1:1) into wild-type

B6 hosts (n = 3), followed by infection of the hosts 24 h later with LCMV clone 13. (b)

Abundance of transferred VHL-sufficient and VHL-deficient donor cells in the peripheral

blood of host mice. (c) Absolute number of VHL-sufficient and VHL-deficient P14 CD8+ T

cells recovered from spleen of host mice. (d) Expression of CD127 and KLRG1 by host

CD8+ T cells (Host) and by VHL-sufficient or VHL-deficient P14 donor CD8+ cells on day

7 of infection, assessed by flow cytometry (left), and frequency of KLRG1hi donor cells in

host mice (right). Numbers in quadrants (left) indicate percent cells in each. *P = 0.0004 and

**P < 0.0001 (unpaired Student's t-test). (e) Frequency of KLRG1hi donor cells in hosts

given cotransfer of VHL–HIF-1α–HIF-2α-sufficient (WT) and VHL–HIF-1α–HIF-2α-

deficient (TKO) P14 CD8+ T cells, followed by infection with LCMV clone 13 (as in a) and

analysis 7 d later. Each symbol represents an individual mouse; small horizontal lines

indicate the mean. *P = 0.002 (unpaired Student's t-test). Data are representative of three

experiments with similar results (error bars, s.e.m.).
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Figure 3.
Gene expression by VHL-deficient CTLs reveals an augmented effector phenotype with

increased glycolysis, activation-associated receptors and alterations of key transcription

factors. (a,b) Microarray analysis of gene expression (mean) by KLRG1lo VHL-sufficient

(WT) or VHL-deficient (VHL-KO) P14 CD8+ T cells sorted from a host mouse (n = 2) after

cotransfer (as in Fig. 2a), assessed on day 7 of infection of the recipient with LCMV clone

13 (a) or on day 6 of acute infection of the recipient with LCMV Armstrong (b); numbers in

plots indicate total genes upregulated (red) or downregulated (blue) in VHL-deficient cells

relative to their expression in wild-type cells (a; with a cutoff of a twofold change in

expression, and coefficient of variation of 0.8) or frequency of genes regulated as in a (b).

(c) Expression of transcripts involved in the glycolytic pathway and negative regulation of

oxidative phosphorylation (Neg reg oxphos) in VHL-deficient cells relative to their

expression in VHL-sufficient cells, both sorted from a host mouse (after cotransfer) on day 7

of infection with LCMV clone 13 (as in a). (d) Proton production (ECAR), oxygen

consumption (OCR) and OCR/ECAR ratio of wild-type and VHL-deficient CD8+ T cells (n
= 4 mice per genotype) activated with anti- CD3 and anti-CD28 and then incubated with

IL-2 in vitro. *P = 0.0005 and **P < 0.0001 (Student's unpaired t-test). (e) Expression of

transcripts involved in various pathways (below plot) in VHL-deficient cells relative to their

expression in VHL-sufficient cells, both sorted from a host mouse (after cotransfer) on day 7

of infection with LCMV clone 13 (as in a). (f–h) Expression of granzyme B and perforin (f),
4-1BB and GITR (g), and PD-1, CD244, CTLA-4 and LAG-3 (h) by KLRG1lo VHL-

deficient and VHL-sufficient P14 cells from host mice (n = 3) on day 6 of infection with

LCMV clone 13, assessed by flow cytometry and presented as geometric mean fluorescence

intensity (gMFI); Naive (h), naive (CD44lo) wild-type CD8+ T cells from the same host. *P
< 0.0001 and **P = 0.008 (f), *P < 0.0001 and **P = 0.002 (g) and *P < 0.0001 and **P =

0.0003 (h) (all unpaired Student's t-test). (i) Expression of transcription factors by P14

CD8+ T cells after cotransfer into host mice (n = 3) and infection of the hosts for 7 d with

LCMV clone 13 as in a, assessed by intracellular immunostaining followed by flow

cytometry with gating on KLRG1lo cells. *P = 0.02, **P < 0.0001 and ***P = 0.002
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(unpaired Student's t-test). Data are from one experiment (a–c,e; error bars (c), range) or are

representative of three experiments (d,f–i; error bars, mean and s.e.m.).
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Figure 4.
Oxygen, HIF-1α and HIF-2α regulate essential effector, activation-inhibitory and

differentiation-associated proteins of T cells. (a) Immunoblot analysis of HIF-1α, HIF-2α
and lamin B in nuclear extracts of wild-type, Hif1afl/flCd4-Cre, Epas1fl/flTie2-Cre and VHL-

deficient CD8+ T cells activated in vitro with anti-CD3 plus anti-CD28, followed by

population expansion for 96 h in IL-2 and incubation for 6 h in normoxia (ambient air;

~21% O2) or hypoxia (1% oxygen). (b) Flow cytometry of cell-surface or intracellular

proteins in wild-type, Hif1afl/flCd4-Cre and VHL-deficient cell populations activated and

expanded as in a, followed by 36 h (Gzmb, LAG-3, T-bet and TCF-1) or 12 h (4-1BB, GITR

and OX40) of normoxic or hypoxic incubation (as in a). (c) Geometric mean fluorescence

intensity of the results in b (n = 3 mice per genotype). *P < 0.01 and **P < 0.001 (two-way

analysis of variance with Bonferroni's post-hoc test). (d) Expression of Gzmb, GITR,

LAG-3 and T-bet in wild-type CD8+ splenocyte populations (n = 3 mice) activated and

expanded as in a, then incubated for 48 h in 1% oxygen with 1 mM 2-deoxy-D-glucose

(+2DG), presented relative to that of cells not treated with 2-deoxy-D-glucose (UT), set as

100%. (e) Immunoblot analysis of nuclear extracts of CD8+ T cells activated as in a,

followed by incubation with IL-2 and IL-4 for population expansion and then culture for 17

h in normoxia or hypoxia. (f) Expression of granzyme B in cells (n = 3 mice per genotype)

activated as in a, followed by incubation for 24 h in IL-2 alone or IL-2 plus IL-4, with or

without hypoxia (top), and induction of granzyme B expression during hypoxia relative to

its expression during normoxia (bottom). Data are representative of three experiments (a,

and b,c (Gzmb, LAG-3, T-bet and TCF-1)) or two experiments (b,c (4-1BB, GITR and

OX40) and d; mean and s.e.m. in c; error bars (d), s.e.m.) or three experiments with similar

results (e,f; error bars, s.e.m.).
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Figure 5.
CD8+ T cells with enhanced HIF activity sustain expression of effector molecules, are

refractory to exhaustion and demonstrate superior control of persistent viral infection. (a)

Quantitative PCR analysis of the abundance of mRNA encoding LCMV glycoprotein

(LCMV gp) in spleen and liver tissue from wild-type B6 hosts given transfer of 1 × 104

VHL-sufficient or VHL-deficient P14 CD8+ T cells, followed by infection with LCMV

clone 13 and analysis 7 d later, presented relative to that of control mRNA encoding HPRT.

Sample size: n = 10 (host mice given VHL-sufficient P14 cells) or 9 (host mice given VHL-

deficient P14 cells). Each symbol represents an individual mouse; small horizontal lines

indicate the mean (± s.e.m.). *P < 0.0001 (unpaired Student's t-test). (b)

Immunofluorescence microscopy of LCMV antigen (green) and the DNA-intercalating dye

DAPI (blue) in liver sections after transfer and infection as in a (n = 5 host mice per cell

genotype). Scale bar, 100 μm. (c,d) Expression of granzyme B (c) and TNF (d) in B6 hosts

(n = 3) given cotransfer of VHL-sufficient and VHL-deficient P14 CD8+ T cells (1 × 104

cells of each genotype), followed by infection with LCMV clone 13 and analysis on days 6–

11 of infection immediately after isolation (c) or after 5–6 h of in vitro culture with a LCMV

glycoprotein peptide of amino acids 33–41 (d), assessed by flow cytometry (left) and

presented as average gMFI in VHL-deficient cells relative to that in VHL-sufficient cells

(right). *P < 0.0001, **P = 0.0003, ***P = 0.002, †P = 0.03 and ‡P = 0.007 (unpaired

Student's t-test). (e) Expression of IFN-γ and TNF in cells from B6 hosts given transfer of

VHL-sufficient or VHL-deficient P14 CD8+ T cells, followed by infection with LCMV

clone 13 and analysis 21 d later (far left) and frequency of cells producing IFN-γ and/or

TNF (middle left); expression of IFN-γ and TNF in donor P14 cells obtained from the

spleens of surviving host mice and stimulated in vitro with a peptide of LCMV glycoprotein

(as above; middle right); and expression of granzyme B (top, far right) and abundance of

viral RNA in the spleen (bottom, far right). Sample size (host mice): n = 3 (VHL-sufficient

cells) or 5 (VHL-deficient cells). *P = 0.0004, **P = 0.0007, ***P = 0.003 and †P = 0.02

(unpaired Student's t-test). (f) Expression of IFN-γ and TNF in P14 donor cells from B6

hosts (n = 3) given cotransfer of VHL-sufficient and VHL-deficient P14 CD8+ T cells,

followed by infection with LCMV clone 13 and analysis 17 d later (far left) and frequency

of donor P14 cells producing IFN-γ and/or TNF (middle left); expression of IFN-γ and TNF

in donor P14 cells obtained from surviving host mice and stimulated as in e (middle right);

and expression of granzyme B in cells immediately after isolation (top, far right). *P = 0.02,
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**P < 0.0001 and ***P = 0.05 (unpaired Student's t-test). Data are representative of three

experiments (a,c,d) or two experiments (b,e,f; error bars (c–f), s.e.m.).
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Figure 6.
VHL-deficient CTLs exhibit enhanced control of experimental melanoma. Tumor volume

(a) and frequency of mice with a tumor volume of <375 mm3 (b) among mice given

subcutaneous injection of 1 × 106 ovalbumin-expressing B16 melanoma cells, followed 7 d

later by intravenous adoptive transfer of no T cells or ovalbumin peptide–activated VHL-

sufficient or VHL-deficient OT-I CD8+ T cells (3 × 106). (a) *P = 0.04 and **P = 0.01,

VHL-sufficient versus VHL-deficient (unpaired Student's t-test). (b) *P < 0.0001, no T cells

versus VHL-sufficient T cells, and **P = 0.0001, VHL-sufficient versus VHL-deficient

(log-rank (Mantel-Cox) test). Sample size (host mice): n = 25 (no T cell transfer), 19 (VHL-

sufficient) or 20 (VHL-deficient). Data are representative of two independent experiments

(error bars, s.e.m.).
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