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SUMMARY

Sensing of extracellular ATP (eATP) controls CD8+ T cell function. Their accumulation can occur through
export by specialized molecules, such as the release channel Pannexin 1 (Panx1). Whether Panx1 controls
CD8+ T cell immune responses in vivo, however, has not been previously addressed. Here, we report that
T-cell-specific Panx1 is needed for CD8+ T cell responses to viral infections and cancer.We found that CD8-
specific Panx1 promotes both effector and memory CD8+ T cell responses. Panx1 favors initial effector
CD8+ T cell activation through extracellular ATP (eATP) export and subsequent P2RX4 activation, which
helps promote full effector differentiation through extracellular lactate accumulation and its subsequent
recycling. In contrast, Panx1 promotes memory CD8+ T cell survival primarily through ATP export and
subsequent P2RX7 engagement, leading to improved mitochondrial metabolism. In summary, Panx1-
mediated eATP export regulates effector and memory CD8+ T cells through distinct purinergic receptors
and different metabolic and signaling pathways.

INTRODUCTION

Cytotoxic CD8+ T cells control viral infections and solid tumors.1,2 These cells, upon antigen priming, quickly activate intracellular signaling

pathways that lead to effector function and clonal expansion.2 The expansion and differentiation of effector CD8+ T cells are controlled by a

network of supporting cells and extracellular signals. Effector CD8+ T cells differentiate into either memory precursors (MP) cells or terminal

effector (TE) cells, which perform distinct functions and have different fates during T cell contraction. WhileMP cells become long-livedmem-

ory CD8+ T cell subsets, TE cells display heightened effector function and mostly die during contraction,2 except for long-lived effector cells

(LLECs).3,4 Effector CD8+ T cell expansion and differentiation are controlled by a network of supporting cells and extracellular signals.2,5–7

Various components of this network have been identified, including interactions with innate immune cells8,9 and cytokine sensing.10–13 Extra-

cellular accumulation ofmetabolites, however, may also play an important role. Metabolites are often released as a byproduct of dead cells.14

However, they can sometimes be actively released via transmembrane channels.15–17

One of the most well-describedmetabolite transporters is the homo-heptameric release channel Pannexin 1 (Panx1).18,19 Through release

of ‘‘find-me’’ signals such as the nucleotide ATP, Panx1 plays a critical role in the triggering of apoptotic cell clearance.19–22 Panx1 can also

promote ATP export in healthy cells.20,23–27 Panx1 is expressed by many immune and non-immune cells, including T cells.28,29 Panx-1-medi-

ated ATP export promotes the anti-allergic function of regulatory CD4+ T cells (Tregs).30 Conventional CD4+ T cells or CD8+ T cells can also

export ATP via Panx1, influencing their function.28,31,32 Panx1 also promote the export of many other metabolites smaller than 1 kDa.19–21

Metabolite export via Panx1, therefore, can regulate T cell function and its downstream physiological consequences. However, no compre-

hensive studies on the in vivo role of Panx1 in CD8+ T cells have been done.

Extracellular ATP (eATP) is sensed by immune cells via purinergic receptors, like the high-affinity ion channel P2RX4 or low-affinity ion

channel P2RX7.33 We and others have previously shown that P2RX7 is expressed by antigen-specific CD8+ T cells34–36 and is crucial for the

generation and survival of memory CD8+ T cells.32,34,37 In addition to Panx1 export, eATP can accumulate through infection-induced tissue
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Figure 1. CD8+ T-cell-specific Panx1 is required for T cell activation and effector differentiation

(A) Panx1 mRNA expression from RNA-seq samples in the indicated subsets of LCMV-gp33 transgenic P14 CD8+ T cells.

(B) Single-cell RNA-seq (scRNAseq) analysis of effector P14 cells showing UMAP cluster distribution (left) and expression of Panx1 mRNA in each cluster (right).

(C) Western blot analysis of Panx1 expression in WT (CD4-Cre) or Panx1-KO (CD4-Cre Panx1fl/fl) CD8+ T cells at 0 h or 72 h after activation with anti-CD3/CD28 +

IL-2. The full blot versions can be found in Figure S2.

(D) WT (CD4-Cre) or CD4-Cre Panx1fl/fl mice were infected with LCMV-Arm. Numbers of total (left) and TE andMP (right) spleen gp33+ CD8+ T cells at day 7 post-

infection are shown.

(E–G) A 1:1 mix of bone marrow cells from CD4-Cre (WT; CD45.1+) and CD4-Cre Panx1fl/fl (Panx1-KO; CD45.2+) mice was transferred into lethally irradiated

C57BL/6 mice (CD45.1/2+). After two months, BM chimeric mice were infected with LCMV-Arm. The red dotted lines show the Panx1-KO:WT ratios after two

months of reconstitution.

(E) Graphical scheme.

(F) Representative flow cytometry plots showing WT and Panx1-KO total, TE, and MP spleen gp33+ CD8+ T cells at day 7 post-infection.

(G) Panx1-KO/WT ratios of total (left) and of naive, TE and MP spleen gp33+ CD8+ T cells (right) at day 7 post-infection.

(H) Heatmaps showing the expression of TCR signaling pathway genes from RNA-seq data of activated WT and Panx1-KO CD8+ T cells.

(I) CD4-Cre or CD4-Cre Panx1fl/fl mice were infected with LCMV-Arm and evaluated at 3 days after infection. Representative histograms (left) and average

percentages (right) of Ki-67+ gp33+ CD8+ T cells are shown.

(J and K) CD4-Cre (WT; CD45.1/2+) and CD4-Cre Panx1fl/fl (Panx1-KO; CD45.2+) P14 cells were labeled with CellTrace Violet and cotransferred into LCMV-

infected recipient C57BL/6 (CD45.1+) mice.

(J) Histograms showing CellTrace Violet dilution (left) and graphs showing average gMFI values (right) are shown.

(K) Representative flow cytometry plots showing expression of CD44 and CD69 are shown in the left. In the right, average percentages of CD44+CD69+ cells (top)

and of CD62L+ cells (bottom) are shown.

(L–Q)WT (CD4-Cre) or Panx1-KO (CD4-Cre Panx1fl/fl) CD8+ T cells were activated in vitro (anti-CD3/CD28 + IL-2 and in some cases PMA/Ionomycin) for up to 72 h.

In some experiments (O), WT Nur77-GFP CD8+ T cells were activated in the presence of vehicle (PBS; Control) or trovafloxacin (Panx1 inhibitor; Panx1i).

(L) Representative flow cytometry plots showing expression of CD69 and dilution of CellTrace Violet at 24 h, 48 h, and 72 h after activation.

(M) Percentages of CellTrace Violet (CTV) divided cells (top left), average gMFI values for CD44 (top right), and percentages of CD69+ (bottom left) and CD25+

(bottom right) cells at 24 h, 48 h, and 72 h after activation.

(N) Representative histograms showing expression of IFNg (top) and average percentages of IFNg+ CD8+ T cells (bottom) at 72 h after activation.

(O) Representative histograms showing Nur77-GFP expression in control of Panx1i-treated cells (top), and average percentages of Nur77-GFP+ CD8+ T cells

(bottom) at 3 h after activation are shown.

(P) Average percentages of CD44+ (left) and CD69+ (right) cells at 3 h after activation with either anti-CD3/CD28 or PMA/Ionomycin are shown.

(Q) CD4-Cre and CD4-Cre Panx1fl/fl mice were infected with LCMV-Arm; at day 7 after infection, the percentages of FMK/FLICA+ and PI+ cells were assessed in

gp33+ CD8+ T cells. In the left, representative flow cytometry plots are shown; in the right, average percentages of FMK/FLICA+ cells are depicted.

(C) Data representative of two independent experiments; n = 4–5 per group.

(D–J, Q) Data from two to three independent experiments; n = 5–12 per experimental group.

(K) Each replicate is a pool of activated CD8+ T cells from three mice; n = 3 replicates per experimental group.

(L–P) Data from four independent experiments; n = 7–11 per experimental group per time point. ns: not significant (p > 0.05); *p < 0.05, **p < 0.01, ***p < 0.001,

****p< 0.0001; unpaired t test (D, J, K, N, andO), one-way ANOVAwith Tukey’s post-test (D, G, I, K, P, andQ), two-way ANOVAwith Bonferroni’s post-test (G,M).

See also Figures S1–S4.
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damage.38 The role of P2RX7 for memory CD8+ T cell survival raises an interesting conundrum: these cells rely on consistent eATP signaling,

yet the release of ATP from tissue damage is likely absent after the pathogen is gone. In this work, we investigated the role of Panx1 in the

development of antigen-specific CD8+ T cell responses to viral infection. We found that Panx1 favors both the expansion of effector CD8+

T cells and the survival of memory CD8+ T cells. Our data suggest that Panx1 promotes effector CD8+ T cells through a two-step process:

following TCR priming, Panx1-mediated eATP export promotes initial CD8+ T cell activation in a P2RX4-dependent way. At a later stage,

eATP is insufficient to restore activation; Panx1-mediated activation leads to the accumulation of extracellular lactate, which is subsequently

recycled into saturated phosphatidylinositol biosynthesis. In contrast, memory CD8+ T cells require Panx1 for survival through eATP export

and subsequent sensing of it via P2RX7. The overarching role of Panx1 for CD8+ T cells is evidenced by its importance in promoting optimal

control of melanoma tumors by CD8+ T cells, as well as the induction of CD8+ T-cell-mediated graft-versus-host disease.

RESULTS

T-cell-specific Panx1 promotes effector CD8+ T cell accumulation

We first sought to define how Panx1 affects CD8+ T cell effector responses (gating strategy in Figure S1). Panx1mRNA levels are expressed by

antigen-specific CD8+ T cells (Figures 1A and S2A). These channels are functional in CD8+ T cells, as ATP export was significantly decreased—

and intracellular ATP levels are concomitantly increased—when Panx1 is inhibited by trovafloxacin, an antibiotic with known Panx1-blocking

function22 (Figure S2B). Panx1 can promote nucleotide export in apoptotic cells upon triggering by Caspase 3.22 However, we did not find

increased To-Pro3 uptake in WT CD8+ T cells in comparison to CD8+ T cells deficient for Panx1 (Panx1-KO) (Figure S2C), suggesting that

Panx1 primarily drives metabolite export from healthy CD8+ T cells. Importantly, T-cell-specific knockout of Panx1 does not affect CD8+

T cell thymic development (Figure S2D) or steady-state peripheral accumulation (Figure S2E).

Despite its presence in naive CD8+ T cells, Panx1 mRNA and protein expression levels are increased in effector CD8+ T cells (Figures 1B,

1C, S2F, and S2G). Given its inhibitory role, we used Trovafloxacin treatment of lymphocytic choriomeningitis virus (LCMV)-infected mice
iScience 27, 110290, July 19, 2024 3
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Figure 2. Panx1 controls the intracellular metabolism of effector CD8+ T cells

(A and B) Naive CD4-Cre and CD4-Cre Panx1fl/fl CD8+ T cells were analyzed for mitochondrial function.

(A) Measurements of oxygen consumption rate (OCR) levels after sequential addition of oligomycin, FCCP, and rotenone/antimycin A (top right); average OCR

values at spare respiratory capacity (bottom right, SRC; see STAR Methods) are shown.

(B) MitoTracker Green (Mito Green) and TMRE; representative histograms are shown above, whereas average gMFI values are shown below.

(C and D) CD4-Cre or CD4-Cre Panx1fl/fl CD8+ T cells were activated in vitro (anti-CD3/CD28 + IL-2) for up to 72 h.

(C) Mito Green and TMRE average gMFI levels at 3 h (top) and 72 h (bottom) after activation are shown.

(D) Measurements of extracellular acidification rate (ECAR) levels after addition of oligomycin (top left); measurements of oxygen consumption rate (OCR) levels

after sequential addition of oligomycin, FCCP, and rotenone/antimycin A (top right); average ECAR values at baseline (bottom left), average OCR values at

baseline (bottom middle), and spare respiratory capacity (bottom right, SRC; see STAR Methods) are shown.

(E) Heatmap showing expression of genes from the glycolysis pathway in 72-h-activated CD8+ T cells; expression in memory-like CD8+ T cells (with additional IL-

15 treatment; more on Figure 6) are shown in comparison.

(F and H) CD4-Cre or CD4-Cre Panx1fl/fl CD8+ T cells were activated in vitro (anti-CD3/CD28 + IL-2) for 72 h, then further polarized into effector-like cells with IL-2

for additional 72 h.

ll
OPEN ACCESS

4 iScience 27, 110290, July 19, 2024

iScience
Article



Figure 2. Continued

(F) Experimental design.

(G) Measurements of extracellular acidification rate (ECAR) levels from effector-like CD8+ T cells after sequential addition of glucose, oligomycin, and 2-DG (top

left); in the top right, kinetics of OCR values. On the bottom, average baseline ECAR andOCR values and the ratios between ECAR andOCR values from effector-

like CD8+ T cells are shown, respectively.

(H) Average Mito Green and TMRE gMFI values for effector-like CD8+ T cells.

(I) CD4-Cre and CD4-Cre Panx1fl/fl P14 cells were transferred into C57BL/6 mice infected with LCMV-Arm. At day 7 post-infection, TE P14 cells were sorted. ECAR

and OCR kinetics (top), ECAR values (bottom left), OCR values (bottom center), and ECAR/OCR ratios (bottom right) from sorted TE gp33+ CD8+ T cells are

shown.

(A–D, F–I) Data from two to three independent experiments; n = 4–21 per experimental group.

(E) Data from 2 to 3 biological replicates per experimental group (from n = 5–8 mice per group). ns: not significant (p > 0.05); *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001; unpaired t test (A–D, F–I).

See also Figure S5.
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(previously transferred with LCMV gp33-TCR transgenic CD8+ P14 cells) to test how Panx1 blockade affects the effector expansion of CD8+

T cells. At 1 week post-infection, we observed significantly decreased numbers of splenic P14 cells (Figure S3A). Since multiple other immune

and non-immune cells can express Panx1 (Figure S3B), we used T-cell-specific KO systems to test the CD8+ T-cell-specific role of Panx1.

LCMV-infected T-cell-specific Panx1-KO (CD4-Cre Panx1fl/fl) mice had significantly decreased numbers of spleen effector gp33-specific

CD8+ T cells (Figure 1D, left). Both KLRG1+CD127� terminal effector (TE) and CD127+KLRG1� memory precursor (MP) numbers were lower

in CD4-Cre Panx1fl/fl mice (Figure 1D, right). Similar results were found using alternative experimental systems: 1:1 WT:CD4-Cre Panx1fl/fl

mixed bone marrow chimeras infected with LCMV (Figures 1E–1G), CRISPR-Cas9 deletion of Panx1 in P14 cells (sgPanx1; Figures S4A and

S4B), and infection of WT versus CD4-Cre Panx1fl/fl with influenza (Figure S4C)—despite no differences in the lung accumulation of influ-

enza-specific CD8+ T cells being observed (Figure S4D).

We next measured which aspects of effector CD8+ T cell function rely on Panx1 expression. RNA sequencing (RNA-seq) analysis of wild-

type (WT) versus Panx1-KO CD8+ T cells activated in vitro for 72 h showed decreased expression of many genes associated with the T cell

receptor (TCR) signaling pathway in Panx1-KOCD8+ T cells (Figure 1H). Indeed, Panx1-KOCD8+ T cells displayed reducedproliferation in vivo

(Figures 1I and 1J). In addition to proliferation defects, Panx1-KO CD8+ T cells from LCMV-infected mice expressed reduced levels of

activation markers such as CD69 or CD44 (Figure 1K). In vitro proliferative capacity (Figures 1L and 1M); expression of CD69, CD44, or

CD25 (Figure 1M); and production of interferon gamma (IFN-g) (Figure 1N) by Panx1-KO CD8+ T cells were also impaired.

Panx1 acts as a release channel for metabolites such as eATP. Our data show that Panx1-KO affects effector CD8+ T cell activation at a

populational level, making it hard to distinguish between paracrine versus autocrine roles for Panx1. To discern between these two possibil-

ities, we used 1:1 WT:Panx1-KO cocultures of CD8+ T cells in in vitro activation assays (Figure S4E). As shown in Figure S4F, despite some

paracrine rescue, the expression of CD69 and proliferation of Panx1-KO CD8+ T cells were still significantly lower than WT CD8+ T cells,

even in 1:1 coculture. These results, which agree with our 1:1 mixed bone marrow chimeras, suggest a dominant autocrine role for Panx1

for effector CD8+ T cells, despite some paracrine effects.

Panx1 is recruited to the immunological synapse after T cell priming.28 Therefore, Panx1 may promote the activation of CD8+ T cells in a

TCR-dependent manner. Indeed, upregulation of TCR downstream signaling molecule Nur77 is significantly impaired in the presence of tro-

vafloxacin (Panx1i) (Figure 1O). Additionally, no defects in early CD8+ T cell activation were observed in Panx1-KO CD8+ T cells upon short-

term stimulation with PMA and Ionomycin, which bypass the TCR signaling pathway (Figure 1P), further indicating a TCR-dependent role for

Panx1. Finally, wemeasured if Panx1-KOwould affect effector CD8+ T cell survival. As shown in Figure 1Q, Panx1-KOeffector CD8+ T cells had

increased percentages of FLICA+ (PI+) apoptotic cells. Overall, our results show that Panx1 is necessary for the effector CD8+ T cell prolifer-

ation, activation, and resistance to apoptosis in response to acute viral infection.

Panx1 regulates the intracellular metabolism of effector CD8+ T cells

Because the activation and effector differentiation of CD8+ T cells require sequential metabolic adaptations, we investigated how Panx1 con-

trols the intracellular metabolism of CD8+ T cells. Naive Panx1-KOCD8+ T cells showed no defects inmitochondrial respiration, mitochondrial

mass, or membrane potential (Figures 2A and 2B). However, as early as 3 h after stimulation and following early defects in activation, Panx1

deficiency negatively affectedmitochondrial mass andmembrane potential (Figure 2C, top), leading to sustained defects up to 72h post-acti-

vation (Figure 2C, bottom). After 72 h of activation, Panx1-KOCD8+ T cells displayed reduced engagement of bioenergetic pathways needed

for initial CD8+ T cell activation39: aerobic glycolysis and mitochondrial respiration (Figure 2D). Similar defects in mitochondrial mass and

membrane potential were observed in Panx1-KO CD8+ T cells at early time points in vivo (Figure S5A).

Following initial activation, effector CD8+ T cells must shift their metabolism toward preferential usage of aerobic glycolysis for terminal

effector differentiation.40 In-vitro-activated CD8+ T cells for 72 h displayed profound defects in mRNA expression of genes associated with

aerobic glycolysis (Figure 2E). To understand how Panx1 regulates the metabolism of CD8+ T cells at this late activation stage, we used pro-

longed exposure of in-vitro-activated CD8+ T cells to interleukin-2 (IL-2), mimicking effector-like conditions41 (Figure 2F). Effector-like CD8+

T cells exhibited reduced engagement of aerobic glycolysis but showed nodefects inmitochondrial respiration,mass, ormembrane potential

(Figures 2G and 2H). To determine if Panx1 specifically affects the aerobic glycolysis of late effector CD8+ T cells, we sorted TE P14 cells from

LCMV-infected mice (WT versus T cell-Panx1-KO) for extracellular flux analyses. Panx1-KO TE cells showed reduced glycolysis but normal
iScience 27, 110290, July 19, 2024 5



A

D E F

G I

J K

L

H

M

O

N

CB

ll
OPEN ACCESS

6 iScience 27, 110290, July 19, 2024

iScience
Article



Figure 3. Panx1 controls the activation of effector CD8+ T cells through export of eATP and late extracellular lactate accumulation

(A) WT Nur77-GFP CD8+ T cells were activated in the presence of PBS or Panx1i, with the addition of vehicle or eATP. Nur77-GFP representative histograms (left)

and average Nur77-GFP+ percentages (right) are shown.

(B and C) CD4-Cre or CD4-Cre Panx1fl/fl CD8+ T cells were activated in vitro (anti-CD3/CD28 + IL-2) for up to 48 h, with the addition of vehicle or eATP at either the

beginning of cultures (B) or at 20 h after activation (C).

(B) Average percentages of CD69+ cells at 3 h after activation.

(C) Average percentages of CD44+ and CD69+ cells at 24 h after activation (left); average percentages of CellTracer Violet� cells (CTV % divided) at 48 h after

activation (right).

(D) CD4-Cre or CD4-Cre Panx1fl/fl effector-like CD8+ T cells (with prolonged exposure to IL-2) were incubated in the presence or absence of eATP; average

percentages of CD69+ cells and of ECAR values are shown.

(E) WT (CD4-Cre) or Panx1-KO (CD4-Cre Panx1fl/fl) effector-like and memory-like CD8+ T cell cultures were harvested, and intracellular lysates and supernatants

were submitted for untargeted metabolomics (GC-MS) analysis. Enrichment analysis showing pathways preferentially represented in the metabolites from the

supernatants of WT effector-like CD8+ T cells (WT > Panx1-KO). Levels (arbitrary units [AU]) of l-lactate in the supernatants (left) and intracellular lysates (right) of

effector-likeWT and Panx1-KO CD8+ T cells are shown below. (F–G) CD4-Cre or CD4-Cre Panx1fl/fl CD8+ T cells were activated in vitro (anti-CD3/CD28 + IL-2) for

72 h, and l-lactate measurements (mM) were done.

(F) Intracellular lactate levels.

(G) Extracellular lactate levels, in the presence or absence of inhibitors for MCT1 (SR13800) and MCT4 (VB124).

(H) Average percentages of IFNg+ CD8+ T cells at 72 h after activation, with addition of sodium lactate +/� MCT1i.

(I) Representative histograms (left) and average percentages of CTV% divided and CD69+ cells at 48 h after activation, with addition of vehicle, MCT1i, MCT4i, or

MCT1/MCT4i.

(G–K) CD4-Cre or CD4-Cre Panx1fl/fl CD8+ T cells were activated in vitro (anti-CD3/CD28 + IL-2) for up to 72 h, in the presence of the indicated metabolites or

inhibitors.

(J) Average percentages of CD44+ and CD69+ cells after 24 h of activation (left) and of CTV % divided cells at 48 h after activation (right), with the addition of

vehicle or sodium lactate.

(K) ECAR and OCR kinetics (left) and average baseline values (right) at 72 h after activation, with the addition of vehicle or sodium lactate.

(L) Average percentages of CD69+ cells at 48 h after activation, with addition or sodium lactate +/� oligomycin.

(M) CD4-Cre or CD4-Cre Panx1fl/fl effector-like CD8+ T cells were incubated in the presence or absence of sodium lactate (right); average percentages of CD69+

cells and of ECAR values are shown.

(N) WT Nur77-GFP CD8+ T cells were activated in the presence of PBS or Panx1i, with the addition of vehicle or sodium lactate; average percentages of Nur77-

GFP+ cells (left), CD69+ cells (center), or CD44+ cells (right) are shown.

(O) WT (CD4-Cre) or Panx1-KO (CD4-Cre Panx1fl/fl) P14 cells (CD45.2+) were transferred into LCMV-infected WT CD45.1+ mice. Some mice were treated with

sodium lactate between days 1 and 3 post-infection, and spleen P14 cells were analyzed at day 7 post-infection. Flow cytometry plots showing expression of

CD127 and KLRG1 (left) and the average numbers of TE, MP, and DN P14 cells per spleen (right) are shown.

(A–D, F–O) Data from two to three independent experiments; n = 3–14 per experimental group.

(E) Data from three biological replicates per experimental group (from n = 3 mice per group). ns: not significant (p > 0.05); *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001; one-way ANOVA with Tukey’s post-test (A–D, F–O) unpaired t test (E), two-way ANOVA with Bonferroni’s post-test (M).

See also Figures S5 and S6.
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mitochondrial respiration (Figure 2I). These results indicate that Panx1 plays a dominant role in promoting themetabolic adaptations required

for initial CD8+ T cell activation (energetic metabolism increase) and effector CD8+ T cell full differentiation (induction of aerobic glycolysis).
Panx1-KO defects in effector CD8+ T cells can be rescued by exogenous eATP and sodium lactate

Both 72-h-activated (Figure S2B) and IL-2-induced effector-like CD8+ T cells (Figure S5B) export ATP via Panx1. Due to this well-established

role of Panx1 and previous evidence in vitro,31,42 we hypothesized that exogenous eATP could rescue the activation defects of Panx1-KO

CD8+ T cells. Early (3 h post-stimulation) activation defects are significantly restored: Nur77, CD69, CD25, and CD44 upregulation in

Panx1-KOCD8+ T cells are all significantly restored by eATP addition to cultures (Figures 3A, 3B, and S5C). Consistent with a previous study,42

the eATP rescue of Panx1-KO activation is abolished in the presence of 5-BDBD, a P2RX4 inhibitor (Figure S5C). Indeed, P2RX4 deletion in

CD8+ T cells phenocopied the defects in effector CD8+ T cell expansion observed in Panx1 deficiency (Figure S5D). In contrast, P2RX7 dele-

tion did not affect the in vitro activation of CD8+ T cells (Figure S5E).

In contrast, activation defects observed in Panx1-KOat 24 h or later post-stimulation could not be restoredby exogenous eATP (Figure 3C).

Exogenous eATP also failed to rescue Panx1-KO defects in IL-2-induced effector-like CD8+ T cells (Figure 3D). These results suggest that

other metabolites may be needed to restore the activation of Panx1-deficient CD8+ T cells. To investigate further, we used untargeted me-

tabolomics to identify the intracellular and extracellular metabolites affected by Panx1-KO in effector-like andmemory-like (IL-15-stimulated;

further details below) CD8+ T cells (Figures S5F and S5G). We found >250 extracellular metabolites with decreased levels in effector-like

Panx1-KO supernatants and >300 in memory-like Panx1-KO supernatants (top 100 of each depicted in Figure S5H). Among the metabolites

decreased in Panx1-KO effector-like CD8+ T cell supernatants, we found amino acids, fatty acids, andmetabolites from the glycolysis pathway

(Figure 3E). One of thesemetabolites, lactate, has recently been suggested to promote effector CD8+ T cell activation,43–45 despite past con-

trary evidence.46 The accumulation of extracellular lactate is likely to be a consequence of decreased early activation in Panx1-KO CD8+

T cells, as intracellular lactate levels are also diminished (Figure 3F), and both intracellular and extracellular lactate levels in WT versus

Panx1-KO CD8+ T cells are highly dependent on MCT1 and MCT4, the canonical lactate transporters (Figures 3F and 3G); mRNA expression
iScience 27, 110290, July 19, 2024 7
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Figure 4. Panx1 promotes carbon source uptake and leads to maintenance of lipid rafts in activated CD8+ T cells

(A) Levels (arbitrary units– [AU]) of pyruvate, malate, aspartate, and citrate in the intracellular lysates of effector-likeWT (CD4-Cre) or Panx1-KO (CD4-Cre Panx1fl/fl)

CD8+ T cells from untargeted metabolomics are shown.

(B and C) CD4-Cre and CD4-Cre Panx1fl/fl CD8+ T cells were activated in vitro (anti-CD3/CD28 + IL-2) for 72 h; in the last 12 h, either 13C-Glucose (B) or 13C-Lactate

(C) were substituted into the cultures for metabolite carbon tracing.

(B) Percentages of 13C-Glucose incorporation into citrate, isocitrate, a-ketoglutarate, and alanine.

(C) Percentages of 13C-Lactate incorporation into citrate and isocitrate.

(D) Top enriched intracellular pathways in WT effector-like CD8+ T cells (compared to Panx1-KO), depicted from the untargeted metabolomics from (A).

(E) Levels (AU) of total PIs in CD4-Cre versus CD4-Cre Panx1fl/fl effector-like CD8+ T cells; polyunsaturated (two or more double bonds) or saturated (one or less

double bonds) PIs are depicted in white and gray, respectively. In the right, levels (AU) of PIP(34:1) in CD4-Cre versus CD4-Cre Panx1fl/fl effector-like CD8+ T cells.

(F) CD4-Cre andCD4-Cre Panx1fl/fl CD8+ T cells were activated in vitro (anti-CD3/CD28 + IL-2) in the presence or not of sodium lactate. Representative histograms

(left) and average gMFI values (right) for cholera toxin B are shown.
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Figure 4. Continued

(G) CD4-Cre and CD4-Cre Panx1fl/fl CD8+ T cells were activated in vitro (anti-CD3/CD28 + IL-2) in the presence or not of BSA-conjugated oleic acid. Average

percentages of IFNg+ CD8+ T cells are shown.

(H) CD4-Cre and CD4-Cre Panx1fl/fl CD8+ T cells were activated in vitro (anti-CD3/CD28 + IL-2) in the presence or not of sodium lactate and/or the CDIPT inhibitor

inostamycin (CDIPTi). Average percentages of IFNg+ CD8+ T cells are shown.

(I) RNA expression levels (AU) of the indicated PLCg-MAPK signaling pathway genes in CD4-Cre and CD4-Cre Panx1fl/fl CD8+ T cells after 72 h of activation.

(J) CD4-Cre andCD4-Cre Panx1fl/fl CD8+ T cells were activated in vitro (anti-CD3/CD28 + IL-2) in the presence or not of sodium lactate. Representative histograms

(left) and average gMFI values (right) for phosphorylated ERK1/2 (pERK1/2) are shown.

(K) CD4-Cre and CD4-Cre Panx1fl/fl CD8+ T cells were activated in vitro (anti-CD3/CD28 + IL-2) in the presence or not of sodium lactate. Average gMFI values for

Glut1 are shown.

(L and M) CD4-Cre and CD4-Cre Panx1fl/fl CD8+ T cells were activated in vitro (anti-CD3/CD28 + IL-2) in the presence or not of additional Glucose.

(L) Average percentages of IFNg+ CD8+ T cells are shown.

(M) ECAR kinetics, OCR kinetics, baseline ECAR, and SRC OCR values are respectively shown.

(A–E, I) Data from two to three biological replicates per experimental group (from n = 3 mice per group).

(F–H, J–M) Data from two to three independent experiments; n = 4–7 per experimental group. ns: not significant (p > 0.05); *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001; unpaired t test (A, E, I), one-way ANOVA with Tukey’s post-test (F–H, J–M).

See also Figure S5, Data S1.
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of MCT4 (Slc16a3), but notMCT1 (Slc16a1), was affected in Panx1-KO-activated CD8+ T cells (Figure S5I). Blockade ofMCT1 andMCT4 signif-

icantly affected WT, but not Panx1-KO CD8+ T cell proliferation and expression of CD69 (Figures 3H and 3I), further suggesting that Panx1

promotes CD8+ T cell activation through indirect induction of extracellular lactate accumulation.

We then tested whether exogenous lactate would rescue the activation and proliferation of Panx1-KOCD8+ T cells. Sodium lactate (a pH-

neutral lactate salt) significantly rescued Panx1-KO CD8+ T cell proliferation and activation (Figure 3J). Sodium lactate also significantly

restored the glycolysis and mitochondrial respiration of activated Panx1-KO CD8+ T cells (Figure 3K). The restoring effects of sodium lactate

are abolished when the OXPHOS inhibitor oligomycin is concomitantly present (Figure 3L). Effector-like defects in CD69 expression and

glycolysis were restored by exogenous sodium lactate (Figure 3M). In contrast, early (3 h post-stimulation) activation defects of Panx1-KO

could not be restored by sodium lactate (Figure 3N). Finally, sodium lactate treatment significantly rescued the effector expansion of

Panx1-KO P14 cells in LCMV-infected mice (Figures 3O and S6). These findings indicate that Panx1 promotes the early activation and full

effector differentiation of CD8+ T cells through export of eATP and indirect control of lactate accumulation.

Panx1 amplifies the consumption of carbon sources for full effector CD8+ T cell differentiation

We found that Panx1-KOCD8+ T cells have an overall defect in bioenergetic metabolism after activation. Indeed, the accumulation of several

TCA cycle metabolites is diminished in effector-like CD8+ T cells (Figure 4A). Because consumption of carbon sources is necessary for the

engagement of such pathways, we used carbon (13C) tracing metabolomics to measure the incorporation of glucose (Figure 4B; Data S1)

or lactate (Figure 4C; Data S1). Compared to WT CD8+ T cells, Panx1-KO cells had decreased glucose incorporation of a-ketoglutarate, a

rate-determining intermediate of the TCA cycle fundamental for energetic metabolism.47 In contrast, lactate incorporation into citrate was

decreased in Panx1-KO. Citrate, although a TCA cycle intermediate, can be shuttled out of the mitochondria and serve as a substrate for fatty

acid synthesis,48 which is crucial for the full activation of effector CD8+ T cells.49

In screenings to identify additional metabolites (among the ones depicted in Figure S5H) that rescue Panx1-KOCD8+ T cell activation (Fig-

ure S5J), among the few other candidates found was hydroxylauric acid, a medium-chain fatty acid.50 Medium-chain fatty acids are used by

CD8+ T cells for fatty acid biosynthesis. Intracellular phospholipid biosynthesis metabolites were sharply decreased in Panx1-KO effector-like

CD8+ T cells (Figure 4D), including phosphatidylinositol (PIs) (Figures 4E and S5K). PIs compose the immunological synapse,51 and saturated

(i.e., with less than two double bonds) phosphatidylinositol phosphates (PIPs) compose lipid rafts found during late activation, to sustain

effector function.49 Panx1-KO effector-like CD8+ T cells had specific defects in saturated PIs (Figures 4E and S5K) and decreased lipid raft

formation as depicted by cholera toxin B (CTB) staining (Figure 4F)—which can be restored by sodium lactate, in an MCT-1-dependent

way (Figure S5L). Additionally, oleic acid, a PI biosynthesis-forming medium-chain fatty acid,49 had decreased intracellular levels in Panx1-

KO CD8+ T cells (Figure S5M)—possibly as a consequence from impaired initial activation and engagement of bioenergetic metabolism.

Exogenous oleic acid partially (but not completely) restored Panx1-KO CD8+ T cell activation (Figure 4G), suggesting that Panx1-mediated

accumulation of this fatty acid plays a role in effector CD8+ T cell activation. The restoring effects of sodium lactate for Panx1-KO CD8+ T cell

activation were abolished when an inhibitor of CDIPT, the enzyme that catalyzes the biosynthesis of saturated fatty acids, is present

(Figures 4H and S5N). Saturated PI biosynthesis leads to activation of the MAP-kinase (MAPK) signaling pathway to sustain CD8+ T cell acti-

vation and effector function.49 RNAexpression of severalMAPKpathway genes is decreased in Panx1-KOeffector-like CD8+ T cells (Figure 4I),

and phosphorylated ERK1/2 levels are diminished in Panx1-KO CD8+ T cells—which is restored in the presence of sodium lactate (Figure 4J).

Therefore, the Panx1-induced effects of sodium lactate are associated with saturated PI generation and formation of lipid rafts.

Because of the Panx1 effects on glycolysis and the Panx1-dependent incorporation of glucose into the TCA cycle, we investigated how

Panx1-mediated activation could be dependent of exogenous glucose. Glut1 expression is diminished in Panx1-KO in-vitro-activated

CD8+ T cells, which was restored by exogenous sodium lactate (Figure 4K). Exogenous glucose addition to in vitro cultures led to minor

but statistically significant increases in IFN-g production, glycolysis, and mitochondrial respiration (Figures 4L and 4M). These results suggest

that Panx1 promotes the full effector differentiation of CD8+ T cells through an increase in the consumption of carbon sources.
iScience 27, 110290, July 19, 2024 9
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Figure 5. Panx1 promotes the long-term establishment of memory CD8+ T cells

(A and B) CD4-Cre or CD4-Cre Panx1fl/fl mice were infected with LCMV-Arm, and gp33+ CD8+ T cells were tracked over time. Numbers of total, TCM and LLEC

spleen gp33+ CD8+ T cells at day 42 post-infection are shown in (A), while the numbers of SI IEL gp33+ CD8+ T cells at day 42 post-infection are shown in (B).

(C and D) A 1:1 mix of bone marrow cells from CD4-Cre (WT; CD45.1+) and CD4-Cre Panx1fl/fl (Panx1-KO; CD45.2+) mice was transferred into lethally irradiated

C57BL/6 mice (CD45.1/2+). After two months, BM chimeric mice were infected with LCMV-Arm. The red dotted lines show the Panx1-KO:WT ratios after two

months of reconstitution. Panx1-KO/WT ratios of TCM and LLEC gp33+ spleen CD8+ T cells over time post-infection are shown in (C). In (D), the Panx1-KO/

WT ratios of SI IEL, Salivary gland, and kidney TRM gp33+ spleen CD8+ T cells over time post-infection are shown.

(E–I) Recipient C57BL/6 mice (CD45.1+) were adoptively transferred with a 1:1 mix of P14 ERT2-Cre LSL-YFP Panx1+/+ (WT; CD45.1/2+) and P14 ERT2-Cre LSL-YFP

Panx1fl/fl (CD45.2+) cells, then infected with LCMV-Arm. Infected mice were treated with vehicle or tamoxifen (Tx) at the indicated time intervals.

(E) Experimental design.

(F) Panx1fl/fl/Panx1+/+ P14 cell ratios in the blood over time post-infection, in mice treated with vehicle or Tx between days 28–35 (d28-35) post-infection.

Treatment periods is indicated by the blue shaded box.

(G) Representative flow cytometry plots showing the distribution of spleen TCM, TEM and LLEC Panx1+/+ and Panx1fl/fl P14 cells frommice treatedwith Tx d28-35 at

63days post-infection.

(H) Panx1fl/fl/Panx1+/+ ratios of spleen TCM, TEM and LLEC P14 cells from mice treated with vehicle or Tx d28-35, at 63days post-infection.
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Figure 5. Continued

(I) Panx1fl/fl/Panx1+/+ P14 cell ratios in SG and SI IEL at day 63 post-infection, in mice treated with Tx between days 28–35.

(A–D, F–I) Data from three independent experiments; n = 6–12 per time point per experimental group. ns: not significant (p > 0.05); *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001; one-way ANOVA with Tukey’s post-test (A, H, I), Unpaired t test (B), two-way ANOVA with Bonferroni’s post-test (C, D, F).

See also Figure S7.
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Panx1 is crucial for the survival of memory CD8+ T cells

Panx1 mRNA is also found in memory CD8+ T cell subsets (Figures 1A and S2A). We also investigated how Panx1 affects memory CD8+ T cell

establishment (gating strategies in Figure S1). T-cell-specific Panx1-KO resulted in significantly decreased numbers of circulating memory

(Figure 5A) and small intestine intraepithelial (SI-IEL) tissue-resident memory (TRM; Figure 5B) gp33-specific CD8+ T cells. Similar defects

were observed in 1:1 WT:Panx1-KO mixed bone marrow chimeras (Figures 5C and 5D). To test whether memory CD8+ T cell survival is spe-

cifically regulated by Panx1, we used a tamoxifen-inducible KO system (Figure 5E). Tamoxifen-induced Panx1 ablation during the effector

stage affected both the accumulation of effector CD8+ T cells and the establishment of memory CD8+ T cells (Figure S7). Panx1-KO after

memory establishment resulted in a steady decline of CD8+ T cell numbers (Figure 5F). The decrease in memory CD8+ T cell numbers

with late Panx1 ablation was true for all subsets of circulating memory, although the most pronounced decline was in central memory

(TCM) cells (Figures 5G and 5H). Late Panx1-KO also led to a decrease in TRM cells, except for the SI-IEL compartment (Figure 5I). These results

highlight a crucial role for Panx1 specifically for the long-term survival of memory CD8+ T cells.
Panx1 promotes memory CD8+ T cell survival through the eATP receptor P2RX7 and the AMPK metabolic pathway

Panx1 is canonically described as an ATP exporter and has been linked with activation of the eATP receptor P2RX7.20,23–27,32,52 We had pre-

viously found a crucial role for P2RX7 in the induction of memory CD8+ T cells.32,34,37 To test if Panx1 regulates memory CD8+ T cells through

P2RX7, we used CRISPR-Cas953 to induce Panx1-KO in WT and P2RX7-KO P14 cells, thus generating double-knockout (DKO) CD8+ T cells

(Figure 6A). Upon adoptive transfer and LCMV infection, we observed similar P14 TCM cell numbers between Panx1-KO, P2RX7-KO and

DKO groups—all lower than WT P14 TCM cells (Figure 6B). These data suggest that Panx1 may regulate TCM cell establishment through

P2RX7. LLEC P14 cell numbers were further diminished in DKO cells if compared to either single-KO, suggesting a non-redundant role of

Panx1 and P2RX7 for this subset (Figure 6B, right). P2RX7 promotes memory CD8+ T cell differentiation through promotion of mitochondrial

respiration.32 Panx1-KOmirrored this phenotype, with sortedMP cells displaying reducedmitochondrial respiration compared toWT TE cells

(Figure 6C). To better understand how Panx1 regulates the mitochondrial metabolism of memory-phenotype CD8+ T cells, we used pro-

longed IL-15 stimulation of in-vitro-activated cells to generate memory-like conditions41 (Figure 6D). Panx1-KOmemory-like CD8+ T cells dis-

played reduced mitochondrial respiration and no defects on glycolysis, leading to increased ECAR/OCR ratios (Figure 6E). The Panx1-KO

memory-like defects in mitochondrial respiration and homeostasis were significantly restored by exogenous eATP, and this rescue effect

was blocked by the P2RX7 inhibitor A-438079 (Figures 6F and 6G). Panx1 also induced the extracellular accumulation of lactate in mem-

ory-like CD8+ T cells (Figure S5G), but sodium lactate could not restore the mitochondrial defects of Panx1-KO memory-like CD8+ T cells

(Figure 6H). These data suggest Panx1 promotes the mitochondrial fitness of memory-phenotype CD8+ T cells through induction of eATP

accumulation and activation of P2RX7.

We have previously established that P2RX7 promotesmemoryCD8+ T cells partly through activation of theAMPKpathway.32 AMPK can be

triggered, among other signals, by increased AMP-to-ATP ratios.54,55 Since Panx1 blockade promoted increased intracellular ATP (Fig-

ure S2B), we monitored activation of the AMPK pathway in Panx1-KO memory CD8+ T cells. Panx1-KO led to decreased phosphorylation

of the downstream AMPK target acetyl-CoA-carboxylase (pACC) in memory CD8+ T cells, especially TCM cells (Figure 6I). In addition,

Panx1-KO memory-like CD8+ T cells had reduced mRNA expression of several genes associated with the AMPK pathway (Figure 6J). This

suggests a connection between Panx1 promotion of memory CD8+ T cells and activation of the AMPK pathway. To test whether Panx1 pro-

motes memory CD8+ T cells through AMPK, we cotransferred WT and Panx1-KO P14 cells into LCMV-infected mice that were treated with

AICAR, an AMPK pathway agonist. The Panx1-KO/WT P14 cell ratios at thememory phase were significantly increased in AICAR-treatedmice

(Figures 6K and 6L), suggesting a preferential rescue of Panx1-KO memory CD8+ T cell generation by forced AMPK activation. Moreover,

Panx1-KO memory-like CD8+ T cells cultured in the presence of AICAR displayed increased mitochondrial function (Figures 6M and 6N).

Our results indicate that Panx1 promotes the mitochondrial fitness and long-term establishment of memory CD8+ T cells through accumu-

lation of eATP, induction of P2RX7 activation, and promotion of the AMPK signaling pathway.
Panx1 deficiency hinders tumor control or graft-versus-host disease induced by CD8+ T cells

Given the importance of CD8+ T cell responses in controlling solid tumors,56–58 we assessed the role of Panx1 in CD8+ T-cell-mediated mel-

anoma control. To circumvent any non-CD8+ T-cell-specific effects of Panx1, we used an adoptive cell therapy (ACT)model previously used by

our group.59,60 In-vitro-activated Panx1-KO P14 cells showed defects in limiting B16-gp33 tumor growth and fail to promote survival of B16-

gp33 tumor-bearingmice compared to activatedWT P14 cells (Figures 7A–7C). We next evaluated the numbers and phenotype of adoptively

transferred WT and Panx1-KO P14 cells in tumor-bearing mice through cotransfer experiments. We observed a significant underrepresenta-

tion of Panx1-KO P14 cells infiltrating B16 tumors, with no differences detected in draining lymph nodes or spleen (Figure 7D). Among tumor-

infiltrating P14 cells, Panx1-KO cells exhibited increased signs of mitochondrial dysfunction such as depolarized mitochondria, as well as
iScience 27, 110290, July 19, 2024 11
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Figure 6. Panx1 promotes memory CD8+ T cell maintenance through eATP export and activation of the AMPK pathway

(A and B) WT (CD4-Cre) or P2RX7-KO (CD4-Cre P2rx7fl/fl) P14 cells (CD45.2+) were in vitro activated for 24 h, then electroporated with the Cas9 protein combined

with sgRNAs for Cd4 (sgCd4; control) or Panx1 (sgPanx1; Panx1-KO). After 48 h of resting with IL-2, P14 cells were transferred into recipient mice (CD45.1+)

infected with LCMV-Arm.

(A) Experimental design.

(B) Numbers of total spleen P14 cells (left), spleen TCM P14 cells (middle), and spleen LLEC P14 cells (right) at day 42 post-infection.

(C) CD4-Cre andCD4-Cre Panx1fl/fl P14 cells were transferred into C57BL/6mice infected with LCMV-Arm. At day 7 post-infection, MP P14 cells were sorted. OCR

kinetics (left), average baseline OCR values (middle), and average SRC OCR values (right) are shown.

(D–H) CD4-Cre or CD4-Cre Panx1fl/fl CD8+ T cells were activated in vitro (anti-CD3/CD28 + IL-2) for 72 h, then further polarized intomemory-like cells with IL-15 for

additional 72 h.

(D) Experimental design.

(E) In the left, OCR kinetics for both groups are shown. In the right, average baseline OCR values, average SRC OCR values, and average ECAR/OCR ratios are

shown.

(F) OCR kinetics (left) and average baseline OCR values (right) are shown for memory-like cells with additional treatment with eATP +/� A-438079.

(G) Average TMRE gMFI values for memory-like cells with additional treatment with eATP +/� A-438079.

(H) OCR kinetics (left) and average TMRE gMFI values for memory-like cells with additional treatment with sodium lactate.

(I) CD4-Cre or CD4-Cre Panx1fl/fl mice were infected with LCMV-Arm and analyzed at 60 days post-infection. Histograms showing pACC staining (top) and

average pACC gMFI values (bottom) are shown for memory gp33+ CD8+ T cells.

(J) Heatmap showing expression of genes from the AMPK and FOXO1pathways inmemory-like CD8+ T cells; expression in CD8+ T cells (with 72 h post-activation)

are shown in comparison.
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Figure 6. Continued

(K and L) CD4-Cre (WT; CD45.1/2+) or CD4-Cre Panx1fl/fl (Panx1-KO; CD45.2+) P14 cells were transferred into WT (CD45.1+) mice infected with LCMV-Arm;

between days 1 and 7 post-infection, mice were treated with AICAR.

(K) pACC expression in P14 cells.

(L) Panx1-KO/WT P14 cell ratios for spleen total (top) and TCM (bottom) cells are shown.

(M and N) CD4-Cre or CD4-Cre Panx1fl/fl CD8+ T cells were activated in vitro (anti-CD3/CD28 + IL-2), then polarized into memory-like cells, with additional

treatment with vehicle or AICAR.

(M) pACC expression in CD8+ T cells.

(N) Average TMRE gMFI values (left), OCR kinetics (middle), and average baseline OCR values (right) are shown.

(B and C, E–I, K–N) Data from two to three independent experiments; n = 4–13.

(J) Data from two to three biological replicates per experimental group (from n = 5–8 mice per group). ns: not significant (p > 0.05); *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001; one-way ANOVA with Tukey’s post-test (B, F–I, M and N), Unpaired t test (C, E, K, and L).
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decreased levels of mitochondrial mass or membrane potential (Figure 7E). These data suggest that expression of Panx1 is important for

CD8+ T cells to infiltrate tumors, maintain mitochondrial homeostasis, and perform optimal antitumor function.

Finally, we tested the biological relevance of Panx1 for CD8+ T cell disease-inducing responses using an experimental model of graft-

versus-host disease (GVHD). This model relies on the adoptive transfer of naive CD8+ T cells from C57BL/6 mice into MHC-mismatched

BALB/c mice61 (Figure 7F). Transfer of WT, but not CD4-Cre Panx1fl/fl, CD8+ T cells led to a precipitous weight loss in recipient BALB/c

mice (Figure 7G). These data indicate that Panx1 promotes CD8+ T cell responses that can cause deleterious effects, suggesting the potential

utility of Panx1 inhibition as a therapeutic target in these conditions.

DISCUSSION

Sensing of extracellular metabolites promotes CD8+ T cell metabolism, homeostasis, and function.62–64 The sources of thesemetabolites and

how they affect CD8+ T cell intracellular pathways are still not fully understood. Our work suggests that, through the action of Panx1, CD8+

T cells utilize eATP for their own sensing, promoting CD8+ T cell responses at the effector and at the memory stage. Additionally, we found

that Panx1, besides its well-known role as an eATP exporter,20 can regulate CD8+ T cell responses through indirect accumulation of extracel-

lular lactate. Both effector and memory-phenotype CD8+ T cells induce eATP and lactate extracellular accumulation via Panx1, ruling out dif-

ferential metabolite export as a reason why Panx1 controls effector andmemory CD8+ T cell establishment differently. Rather, the outcome of

the Panx1 role is dictated by the signaling pathways and specific requirements for effector or memory CD8+ T cells. In future studies, we will

investigate whether this phenomenon is generalizable for all metabolites exported via Panx1 or if certainmolecules are exported differentially

in effector versus memory CD8+ T cells.

We found a fundamental role of Panx1 in promoting effector CD8+ T cell responses. Consistent with previous reports, Panx1 controls the

early activation of CD8+ T cells through eATP export, in a TCR priming and P2RX4-dependent way.42,65 Unexpectedly, the role of Panx1 for the

late stages of CD8+ T cell activation was not rescued by eATP. Instead, our data suggest that Panx1-mediated accumulation of extracellular

lactate, likely as a byproduct of early glycolytic metabolism,66,67 promotes the complete effector CD8+ T cell differentiation. While lactate has

been considered immunosuppressive due to its coupling with acidosis,46,68 lactate-induced acidosis is primarily observed in hypoxic condi-

tions, such as in the tumor microenvironment.69 During T cell priming, lactate is present in a pH neutral condition, which is well tolerated by

cells.70 Our results indicate that Panx1-induced extracellular lactate can be recycled by CD8+ T cells viaMCT-1, leading to saturated PI biosyn-

thesis, lipid raft formation, induction of MAPK pathway activation, and reinforcement of the effector CD8+ T cell program. Our work provides

additional evidence that carbon sources induce the generation of optimal lipid raft structures for sustained CD8+ T cell activation.49 Despite a

minor role for glucose in our model, glucose-independent sources such as lactate can be relevant carbon sources for CD8+ T cell activation

and effector differentiation.43,44,66 Panx1, therefore,may serve as a ‘‘link’’ between these two concepts by indirectly inducing the accumulation

of an extracellular lactate pool, which in turn is utilized by activated CD8+ T cells to sustain its effector differentiation.

Panx1 also promotes the survival of memory CD8+ T cells. Our data suggest that Panx1 favors the homeostasis of memory CD8+ T cells

through the export of eATP, which is, in turn, sensed by P2RX7. These results are consistent with previous reports on in-vitro-stimulated

T cells31,52 and support our speculation that, during the memory phase, eATP levels are tightly regulated around the pericellular space of

memory CD8+ T cells.32,71 This processmay seem, at first, energetically futile: the export of ATPwould lead to a decrease in intracellular levels

and subsequent lower availability for energy-demanding processes. However, there are potential advantages to Panx1-induced eATP export.

For example, it would ensure constant engagement of P2RX7 to sustain Ca2+ influx and subsequent mitochondrial health.72 Indeed, Panx1-

KOmemory-phenotype CD8+ T cells display defective mitochondrial respiration. The exceptions were TRM cells forming in tissues where po-

tential alternative eATP sources are present: the SI-IEL, where eATP can be microbiota derived,37,73 and the influenza-infected lung, where

release of eATP by tissue damage may occur. Moreover, Panx1 export of ATP also impacts its intracellular levels,32 and we have previously

speculated the possible consequences of Panx1-mediated intracellular ATP decrease for CD8+ T cells.71 Promotion of theAMPKpathway due

to decreased intracellular ATP in an LKB-dependent pathway favors memory CD8+ T cell homeostasis,74 which we have shown to rely on

P2RX7.32 Here, we found that Panx1 promotes memory CD8+ T cells through AMPK induction. Panx1-mediated intracellular metabolite al-

terations could also have effects on lactate. Excess intracellular lactate can hinder T cell activation75; therefore, Panx1-mediated lactate export

can prevent this shutdown. We will investigate this possibility in the future, which would suggest Panx1 also acts as a ‘‘metabolite escape

valve’’ for effector or memory CD8+ T cells.
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Figure 7. Cell-specific Panx1 promotes antitumor CD8+ T cell responses and graft-versus-host disease in vivo

(A–E) WT (CD4-Cre) and Panx1-KO (CD4-Cre Panx1fl/fl) P14 cells were activated in vitro (a-CD3, a-CD28, IL-2, and IL-12) for 72 h. After this period, P14 cells were

transferred individually (A–C) or cotransferred (D and E) into B16.gp33 tumor-bearing mice. The tumor sizes and survival of individually transferred mice were

tracked over time post-tumor inoculation; the numbers and phenotype of transferred P14 cells were assessed at 20 days post-tumor inoculation in

cotransferred mice.

(A) Individual tumor growth values over time.

(B) Average tumor areas at day 14 post-tumor inoculation are shown.

(C) Survival curves of individually transferred mice over time.

(D) Average Panx1-KO/WT P14 cell number ratios in the indicated organs.

(E) Average values for Mito Green (MTG) gMFI (left), TMRE gMFI (middle), and percent of P14 cells with depolarized mitochondria (MTGhiTMRE�; right).
(F andG) In other experiments, BALB/cmice were lethally irradiated and reconstitutedwith BALB/c BM cells (no transfer), BM+ spleenCD8+ T cells fromCD4-Cre

mice (+ WT CD8), and BM + spleen CD8+ T cells from CD4-Cre Panx1fl/fl mice (+Panx1-KO CD8).

(F) Experimental design.

(G) Average survival values over time after cell transfer.

(A–G) Data from two to three independent experiments; n = 5–20 per experimental group. ns: not significant (p> 0.05); *p< 0.05, **p< 0.01, ***p< 0.001; Kaplan-

Meier Survival curve analysis (E), unpaired t test (F and G), one-way ANOVA with Tukey’s post-test (B), two-way ANOVA with Bonferroni’s post-test (G).
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CD8+ T-cell-specific Panx1 also promotes melanoma control. At first, these results conflict with human cancer data, which shows high

PANX1 gene expression linked with poor prognosis in multiple tumors,76 including melanoma.77 Our data, however, focus on the CD8+

T-cell-specific roles of Panx1. Indeed, a recent report has shown that PANX1 expression and CD8+ T cell abundance is linked to better prog-

nosis against stage III colorectal cancer.78Our ACT experiments suggest amodel where Panx1 expression specifically in CD8+ T cells promote

efficient tumor control. Because of the mitochondrial defects observed in intratumoral CD8+ T cells lacking Panx1, we speculate that, in the
14 iScience 27, 110290, July 19, 2024
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context of melanoma, the dominant role of Panx1 is to promote the longevity and homeostasis of tumor CD8+ T cells. Additional studies will

be necessary to further understand this mechanism.

Here, we demonstrated that CD8+ T cells need Panx1 channels for their proper activation, expansion, and survival into memory phase.

Beyond the classical nucleotide exporter role of Panx1, our results unveiled an unexpected link between expression of Panx1 and extracellular

accumulation of lactate, which is necessary for the effector differentiation of CD8+ T cells. Defining how Panx1 acts as an amplifier of CD8+

T cell responses will open new directions on our understanding of how adaptive immune cells interact with their surrounding milieu in

response to disease.Our data suggest that, at least in part, CD8+ T cells can use Panx1 to generate a favorable extracellularmicroenvironment

by recycling products of their own intracellular metabolic pathways.
Limitations of the study

There are still some gaps in the mechanistic understanding of the exact role of Panx1, parsing out the effects of lactate versus the effects of

eATP. For example, the interplay between Panx1, eATP, and lactate during CD8+ T cell activation may be multifactorial, making it hard to

isolate a singlemechanism. Another gap is on the definition of the role of eATP for the Panx1 effects in memory CD8+ T cells: our experiments

relied on in vitro systems, mostly due to technical feasibility—therefore, interpretation of these data needs to be done with caution. To

address these knowledge gaps, additional tools and experimental models will be necessary.

Our data suggest a role for Panx1-mediated eATP export at the early activation stage but not for the late effector CD8+ T cell differenti-

ation. Our experimental design involved the addition of exogenous eATP, which despite its efficiency has a very short half-life.79 Therefore,

using alternative systems to confirm that Panx1-mediated eATP export does not play a role in the late CD8+ T cell activation stages will be

necessary in future studies. Our results also indicate that Panx1 induces the accumulation of extracellular lactate, which is then recycled as a

carbon source, sustaining effector CD8+ T cell differentiation. We have not, however, tested if lactate is directly used as a carbon source for

saturated PI biosynthesis. Future experiments using carbon tracing of lactate will be needed to test this directly.

It is also unclear if the role of Panx1 for CD8+ T cell antitumor activity is related to eATP or lactate export.We recently reported that sensing

of eATP through P2RX7 promotes CD8+ T cell antitumor function and increasedmitochondrial homeostasis in the same adoptive cell transfer

model of melanoma,60 like what we observed for Panx1. Thus, Panx1 may serve as an eATP source in IL-12-treated CD8+ T cells, which in turn

are better equipped to withstand the tumor microenvironment. Extracellular lactate may not play a role in Panx1-induced CD8+ T cell anti-

tumor function, mainly because of the acidosis associated with its tumor extracellular accumulation.80 However, a possible role of pH-inde-

pendent lactate on promoting CD8+ T cell tumor control has been suggested recently.69Whether Panx1-mediated lactate export helps CD8+

T cell effector function against melanoma—perhaps together with eATP accumulation—remains to be defined.

Finally, the in vivo translational potential of our findings remains to be further explored. Our data on antitumor immunity and promotion of

GVHD suggest potential therapeutic applications. In future studies, wewill focus on the disease relevance of Panx1 expression by CD8+ T cells

and will generate novel strategies to either boost or inhibit CD8+ T cell immune responses through this pathway.
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Antibodies

PE H2-Db LCMV gp 33-41 tetramer NIH Tetramer Core Facility https://tetramer.yerkes.emory.edu/

APC H-2Db Influenza A NP 366-374 tetramer NIH Tetramer Core Facility https://tetramer.yerkes.emory.edu/

PerCP-Cy5.5 anti-mouse CD8a Biolegend Cat# 100734; RRID:AB_2075238

BUV395 anti-mouse CD8a BD Biosciences Cat# 563786; RRID:AB_2732919

BV785 anti-mouse/human CD44 Biolegend Cat# 103041; RRID:AB_11218802

BV711 anti-mouse/human KLRG1 Biolegend Cat# 138427; RRID:AB_2629721

APC anti-mouse CD127 BD Biosciences Cat# 135012; RRID:AB_1937216

vf450 anti-mouse CD45.1 Cytek/Tonbo Biosciences Cat# SKU 75-0451-U025; RRID:AB_2621947

FITC anti-mouse CD45.2 Biolegend Cat# 109806; RRID:AB_313443

Alexa Fluor 647 anti-mouse/human Ki-67 Biolegend Cat# 151206; RRID:AB_2566801

APC anti-mouse CD69 Biolegend Cat# 104514; RRID:AB_492843

PE anti-mouse CD69 Biolegend Cat# 104508; RRID:AB_313111

BV605 anti-mouse CD62L Biolegend Cat# 104437; RRID:AB_11125577

APC anti-mouse CD25 Biolegend Cat# 102012; RRID:AB_312861

PE/Cy7 anti-mouse IFN-y Biolegend Cat# 505809; RRID:AB_315403

PE anti-human/mouse phospho ERK1/2 Thr202/Tyr204 Biolegend Cat# 369505; RRID:AB_2629704

Purified anti-Tubulin Millipore Cat# 05-829; RRID:AB_310035

Purified anti-Panx1 Cell Signaling Technologies Cat# 91137S; RRID:AB_2800167

Secondary anti-mouse IgG LI-COR Cat# D30418-15

Secondary anti-rabbit IgG LI-COR Cat# D30926-05

Purified rabbit anti-Glut1 Cell Signaling Technologies Cat# 73015S; RRID:AB_3064908

FITC anti-rabbit antibody BD Biosciences Cat# 554020; RRID:AB_395212

PE/Cyanine7 anti-mouse CD69 Biolegend Cat# 104511; RRID:AB_493565

BV510 anti-mouse CD103 Biolegend Cat# 121423; RRID:AB_2562713

Purified rabbit anti-Phospho-Acetyl-CoA Carboxylase (Ser79) Cell Signaling Technologies Cat# 3661S; RRID:AB_330337

Purified anti-mouse CD3e BioXCell Cat# BE0002; RRID:AB_1107630

Purified anti-mouse CD28 BioXCell Cat# BE0015-1; RRID:AB_1107624

Anti-ARTC2.2 Treg-protector nanobody Biolegend Cat# 149802; RRID:AB_2565494

Bacterial and virus strains

LCMV, Armstrong Strain Stephen C. Jameson, PhD Grown in house

Influenza A PR8/34 Jie Sun, PhD Grown in house

Chemicals, peptides, and recombinant proteins

Ghost Dye Red 780 Tonbo Biosciences Cat#SKU 13-0865-T100

Recombinant murine IL-2 Thermo Fisher Scientific Cat# 212-12

Recombinant murine IL-15 Thermo Fisher Scientific Cat# 210-15

Recombinant murine IL-12 Thermo Fisher Scientific Cat# 210-12

ACK Lysing Buffer This paper Made in house

Collagenase Type IV Gibco Cat# 17104019

Collagenase Type I Sigma-Aldrich Cat# SCR103

RIPA Buffer Thermo Fisher Scientific Cat# FNN0021

TBS Intercept Blocking Buffer LI-COR Cat# 927-60001

(Continued on next page)

iScience 27, 110290, July 19, 2024 19

https://tetramer.yerkes.emory.edu/
https://tetramer.yerkes.emory.edu/


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Percoll Sigma-Aldrich Cat# P1644

RPMI 1640 Medium Gibco Cat# 11875093

CellTrace Violet Thermo Fisher Scientific Cat# C34557

PBS (Phosphate Buffered Saline) 1x Corning Cat# 21-040-CV

Fetal Bovine Serum Gibco Cat# A52567-01

HEPES Thermo Fisher Scientific Cat# 15630080

Penicillin-Streptomycin Thermo Fisher Scientific Cat# 15070063

L-glutamine Thermo Fisher Scientific Cat# 25030081

Glucose Sigma-Aldrich Cat# G8769

eBioscience Cell Stimulation Cocktail Thermo Fisher Scientific Cat# 00-4970-03

DNAse I from bovine pancreas Sigma-Aldrich Cat# D5025

Mitotracker Green Thermo Fisher Scientific Cat# M7514

TMRE BD Biosciences Cat# 564696

Trovafloxacin Sigma-Aldrich Cat# PZ0015

ATP Sigma-Aldrich Cat# A6419

SR13800 Tocris Cat# 5431

VB124 MedChem Express Cat# HY-139665

Sodium Lactate Sigma-Aldrich Cat# L7022

Oligomycin Sigma-Aldrich Cat# 75351

13C-Glucose Cambridge Isotopes Cat# CLM-1396-PK

13C-Sodium Lactate Cambridge Isotopes Cat# CLM-1579-N

Cholera Toxin B-Alexa Fluor 488 Thermo Fisher Scientific Cat# C34775

Oleic Acid-BSA Sigma-Aldrich Cat# O3008

Tamoxifen Sigma-Aldrich Cat# T5648

A-430879 Tocris Cat# 2972

5-BDBD Tocris Cat# 3579

To-Pro 3 Thermo Fisher Scientific Cat# T3605

Hydroxyectonine Sigma-Aldrich Cat# 70709

Gly-Phe Sigma-Aldrich Cat# G2752

N-Acetyl L-Tyrosin EEM Sigma-Aldrich Cat# A6751

Non-essential Amino Acids Thermo Fisher Scientific Cat# 11140050

4-Aminopyridine Sigma-Aldrich Cat# A78403

4-Imidazoleacetic acid Sigma-Aldrich Cat# 21991

5-Methylcytidine Sigma-Aldrich Cat# M4254

N4-Acetylcytidine MedChem Express Cat# HY-W019670

O-Acetylserine MedChem Express Cat# HY-101409

Cytosine Sigma-Aldrich Cat# C3506

C3MP Cayman Chemicals Cat# 33833

Hydroxylauric acid Sigma-Aldrich Cat# H3398

Sulfapyridine Santa Cruz Biotechnologies Cat# sc-219015

Alanine Sigma-Aldrich Cat# A7627

Arginine Sigma-Aldrich Cat# A5006

Asparagine Sigma-Aldrich Cat# A4159

Cysteine Sigma-Aldrich Cat# 168149

Gly-His Sigma-Aldrich Cat# G1627

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Glycine Thermo Fisher Scientific Cat# J62407.22

Guanosine Sigma-Aldrich Cat# G6752

Levulinic Acid Sigma-Aldrich Cat# A7793

Proline Sigma-Aldrich Cat# P5607

Serine Sigma-Aldrich Cat# S4311

Tyrosine Sigma-Aldrich Cat# T2006

Valine Sigma-Aldrich Cat# W344412

Ebselen Sigma-Aldrich Cat# E3520

ARL-67156 Tocris Cat# 1283

Critical commercial assays

EasySep Mouse CD8+ T cell isolation Kit StemCell Technologies Cat# 18953

Seahorse MitoStress Kit Agilent Cat# 103015-100

Seahorse Glycolysis Stress Kit Agilent Cat# 103020-100

ATP Determination Kit Thermo Fisher Scientific Cat# A22066

L-lactate Assay Kit Sigma-Aldrich Cat# MAK329

True Nuclear Transcription Factor Buffer Set Biolegend Cat# 424401

BD Cytofix/Cytoperm Plus BD Biosciences Cat# 554715

FMK/FLICA Caspase 3/7 detection kit Thermo Fisher Scientific Cat# V35118

P4 Nucleofection Kit Lonza Cat# V4XP-4032

RNA isolation RNeasy Kits QIAGEN Cat# 74004

Deposited data

scRNAseq of spleen effector CD8+ T cells

(d3, d7 after LCMV-Arm infection)

Kurd et al. (ref. 82) GEO: GSE131847

Raw and analyzed data - in vitro-activated CD8+ T cells This paper GEO: GSE217292

Raw and analyzed data - sorted TE and MP CD8+ T cells This paper GEO: GSE218643

Experimental models: Cell lines

B16.gp33 melanoma cell line Ananda Goldrath, PhD Grown in house

Experimental models: Organisms/strains

Mouse: C57BL/6 Charles River NCI Cat# 027

Mouse: C57BL/6 Jackson Laboratory Cat# 000664

Mouse: Nur77-GFP: C57BL/6-Tg(Nr4a1-EGFP/cre)820Khog/J Jackson Laboratory Cat# 016617

Mouse: BALB/c Jackson Laboratory Cat# 000651

Mouse: CD45.1: B6.SJL-Ptprca Pepcb/Boy Charles River NCI Cat# 494

Mouse: CD45.1: B6.SJL-Ptprca Pepcb/Boy Jackson Laboratory Cat# 002014

Mouse: P14 Tg Bred in house N/A

Mouse: Ubq-ERT2Cre: B6.Cg-Ndor1Tg(UBC-cre/ERT2)1Ejb/1J Jackson Laboratory Cat# 007001

Mouse: ROSA26 flox-STOP-flox-YFP:

B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/J

Jackson Laboratory Cat# 006148

Mouse: CD4-Cre: B6.Cg-Tg(Cd4-cre)1Cwi/BfluJ Jackson Laboratory Cat# 022071

Mouse: P2rx7flox/flox György Haskó - Columbia University Csóka et al.83

Mouse: Panx1flox/flox Kodi Ravichandran - Washington Univ. Poon et al.22

Oligonucleotides

sgRNA Cd4-1: CAACUCCUAGCUGUCAC Synthego N/A

sgRNA Cd4-2: UCUUCCCUUGAGUGACA Synthego N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

sgRNA Panx1-1: UCGCCAGGAGAAAGAAC Synthego N/A

sgRNA Panx1-2: AGUCUGGAAACCUCCCA Synthego N/A

Software and algorithms

FlowJo 10.7.1 BD Biosciences https://www.flowjo.com/

Prism 10 Graphpad Software https://www.graphpad.com/

Fiji Java 8 Image J https://github.com/imagej/ImageJ.git

Biorender Biorender https://Biorender.com

BGI N/A https://www.bgi.com/global/dr-tom/

R Studio The R Foundation https://rstudio-education.github.io/

hopr/starting.html

MetaboAnalyst 6.0 McGill University (Xia lab) https://www.metaboanalyst.ca/

MetaboAnalyst/ModuleView.xhtml
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Henrique Borges

da Silva (borgesdasilva.henrique@mayo.edu).

Materials availability

No new unique reagents were generated in this study.

Data and code availability

� The data that support the findings of this study are available from the corresponding authors on request.
� This paper does not report original code.

� All sequencing reads generated in this study and processed RNA expression matrices are deposited in NCBI’s GEO and are publicly

available as of the date of publication. The accession numbers GSE217292 and GSE218643 are listed in the key resources table.
� RNA expression data from the accession number GSE131847 from Kurd et al. (ref#82) was used in this paper.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Male and female 6- to 8-week-old adult BALB/c, C57BL/6 (B6) and B6.SJL (expressing the CD45.1 allele) mice were purchased from Jackson

and Charles River and were allowed to acclimate to our housing facilities for at least one week. CD4-Cre, Nur77-GFP, ERT2-Cre and R26-EYFP

(LSL-YFP) mice were obtained from Jackson Laboratories. P2rx7fl/fl mice were obtained from Drs. Gyorgy Hasko (Rutgers University) and Ma-

tyas Sandor (U-Wisconsin). Panx1fl/fl micewere obtained fromDr. Kodi Ravichandran (U-Virginia; nowWashingtonUniversity). LCMV-DbGP33-

specific TCR transgenic P14 mice were bred in-house at the University of Minnesota and then transferred to Mayo Clinic Arizona. P14 mice

were fully backcrossed to B6, CD4-Cre P2rx7fl/fl and CD4-Cre Panx1fl/fl mice, with introduction of CD45.1 and CD45.2 congenic markers for

identification. Animals weremaintained under specific-pathogen-free conditions atMayo Clinic Arizona and at the University of Minnesota. In

all experiments, mice were randomly assigned to experimental groups. All experimental procedures were approved by the institutional

animal care and use committee at Mayo Clinic Arizona (IACUC A00005542-20) and at the University of Minnesota (IACUC 1709-35136A).

Viral strains

LCMV (Armstrong strain) was maintained at�80�C until infection and diluted to 2x106 PFU/ml in PBS. Influenza (PR8 strain) was maintained at

�80�C and diluted to 7x104 PFU/ml in PBS at the time of infection studies.

METHOD DETAILS

Infection studies

WT (CD4-Cre, ERT2-Cre-LSL-YFP), CD4-Cre Panx1fl/fl, ERT2-Cre-LSL-YFP-Panx1fl/fl, and CD4-Cre P2rx7fl/fl P14 cells were adoptively trans-

ferred into naive wild-type mice, which were infected with LCMV-Armstrong (2 3 105 PFU, intraperitoneally (i.p.)). Sometimes, CD4-Cre or
22 iScience 27, 110290, July 19, 2024
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CD4-Cre Panx1fl/fl mice were infected with LCMV Armstrong. In other experiments, CD4-Cre or CD4-Cre Panx1fl/fl mice were infected with

Influenza-PR8 (1400 PFU, intranasally (i.n.)). In some experiments, LCMV-infected mice were treated with Trovafloxacin (4.2 mg x kg-1 mouse,

Sigma-Aldrich) or Sodium Lactate (1.68 g x kg-1 mouse, Sigma-Aldrich)69 between days 1-7 after infection.

Tumor inoculations

WT or CMV-Cre Panx1fl/fl mice were injected subcutaneously with 1.5 x 105 B16.F10 or 3 x 105 B16.F10.gp33 cells in the right flank. In some

experiments, after tumors became palpable (�7 days), tumor-bearingmice received 5 x 105 activated CD4-Cre or CD4-Cre Panx1fl/fl P14 cells

(or 2.5 x 105 of a 1:1 mix of these two P14 populations for co-transfer experiments). Tumor growth was monitored by measuring height and

width with calipers until mice reached an endpoint criterion of 144mm2 or ulceration.When indicated in the figures, tumor-bearingmice were

sacrificed for flow cytometry analysis.

Bone marrow chimeras

CD45.1/2+ WTmice were reconstituted with a 1:1 mixture of CD4-Cre (CD45.1+) and CD4-Cre Panx1fl/fl (Panx1-KO, CD45.2+) following lethal

irradiation (2 x 450 Rad). Two months following irradiation, mice were infected with LCMV-Armstrong.

GVHD mouse model

BALB/c mice were lethally irradiated (2 x 450 Rad) and reconstituted with either bone marrow cells from BALB/c or C57BL/6 mice. In the mice

transferred with C57BL/6 BM cells (1 x 107 cells), spleen CD8+ T cells from either CD4-Cre or CD4-Cre Panx1fl/fl mice were transferred together

(2 x 106 cells). Weight loss was monitored in recipient BALB/c mice for 7 days.

Administration of tamoxifen in mice

Tamoxifen (Sigma-Aldrich, diluted in Sunflower Oil) was administered to mice i.p. at a daily dose of 1 mg.37 Two different treatment periods

were used, in which Tamoxifen was given between days 1-4 or between days 28-35 after LCMV-Armstrong infection.

Primary cell cultures

Total CD8+ T cells or P14 cells were obtained from 6- to 8-week-old mice with a C57BL/6 background. Cells were cultured in complete RPMI

media: RPMI 1640 (Corning) supplemented with 10% Fetal Bovine Serum (Atlanta Biologicals), 100 U/ml penicillin/streptomycin (Thermo

Fisher Scientific) and 2 mM L-glutamine (Corning). All cells were cultured at 37�C in a humidified atmosphere containing 5% CO2.

In vitro activation of CD8+ T cells

P14 and/or polyclonal WT (CD4-Cre), WT Nur77-GFP, P2RX7-KO (CD4-Cre P2rx7fl/fl) or Panx1-KO (CD4-Cre Panx1fl/fl) CD8+ T cells were iso-

lated from naı̈vemice with theMouse CD8+ T cell isolation kit (Miltenyi Biotec). Cells were stimulated for 3h, 24h, 48h or 72h with plate-bound

aCD3 (10 mg/ml), plate-bound aCD28 (20 mg/ml) and soluble IL-2 (10 ng/ml). When indicated, ATP (50 mM, Sigma-Aldrich), Trovafloxacin

(Sigma-Aldrich, 10 mM), A-438079 (Tocris, 10 mM), 5-BDBD (Sigma-Aldrich, 10 mM), Sodium Lactate (1 mM, Sigma-Aldrich), VB-124 (10 mM,

Tocris), Oligomycin (1.39 nM, Agilent), BSA-conjugated Oleic Acid (100 mM, ThermoFisher), Inostamycin (0.2 mg/ml, Cayman Chemical),

Glucose (Sigma-Aldrich, 1 mM) or SR13800 (10 mM, Cayman Chemical) were added to the cultures at the beginning of activation. In screening

experiments, multiple other compounds were added to the cultures, or in alternative their respective vehicles. In some experiments, after 72h

of activation, CD8+ T cells were incubated for an additional 72h with either recombinant IL-2 (10 ng/ml) or IL-15 (10 ng/ml). In some exper-

iments, CD4-Cre or CD4-Cre Panx1fl/fl CD8+ T cells were activated in vitro for 3h with PMA and Ionomycin (Cell Stimulation Cocktail,

ThermoFisher).

Western blot

The indicated CD8+ T cells were lysed in RIPA buffer supplemented with 1 mM PMSF and protease/phosphatase inhibitors. Cell lysates were

then sonicated, and protein concentration measured using colorimetric BCA assay. Aliquots of 25 mg of protein were run on 4-12% gradient

agarose gels and transferred to nitrocellulose membranes using a Trans-Blot Turbo system. Membranes with transferred proteins were

blocked for 30 minutes at room temperature with TBS, then stained with primary rabbit anti-Pannexin-1 (Cell Signaling Technologies) at

1/1000 dilution or mouse anti-Tubulin (Millipore) at 1/3000 dilution, at 4�C, overnight with rotation. After washing, membranes were stained

with secondary anti-rabbit or anti-mouse antibodies (1/15000 dilution, 1h at room temperature). After washing, membranes were imaged us-

ing a LICOR Odyseey DLx system.

Flow cytometry

Lymphocytes were isolated from tissues including thymus, spleen, inguinal lymph nodes, cervical lymph nodes, blood, small intestine

epithelium (SI IEL), salivary glands (SG), tumors, lungs and kidneys.32,37,60 In summary, organs were removed and cut in small pieces into Er-

lenmeyer flasks containing 30 mL of 0.5 mg/ml Collagenase type I solution (tumor, kidney, and SG), 0.5 mg/ml Collagenase type IV (lung) or

0.15 mg/ml Dithioerythritol (SI IEL). Following this period, lymphocytes were isolated by 44/67% Percoll gradient isolation. During isolation of
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lymphocytes from non-lymphoid tissues, in all experiments, 50 mg of Treg-Protector (anti-ARTC2.2) nanobodies (BioLegend) were injected i.v.

30 minutes prior to mouse sacrifice.35 Direct ex vivo staining and intracellular staining were performed as described.32 To identify LCMV-spe-

cific or Flu-specific CD8+ T cells, tetramers were obtained from the Yerkes NIH Tetramer Core: Db-gp33 and Db-NP-flu tetramers conjugated

with APC- or PE-Streptavidin were used. For detection of vascular-associated lymphocytes in non-lymphoid organs, in vivo i.v. injection of

PerCP-Cy5.5-conjugated CD8a antibody was performed.81 Among LCMV- or Flu-specific CD8+ T cells, the following markers were used

to distinguish these respective populations: naı̈ve (CD44-CD62L+), Tcm (CD44+CD62L+), Tem (CD44+CD62L-CD127+), LLEC (CD44+-

CD62L-CD127-KLRG1hi), Trm (i.v.CD8a-CD69+/�CD103hi/int/lo), MPs (CD127+KLRG1-), TEs (CD127-KLRG1+). Adoptively transferred P14 cells

and LCMV-specific CD8+ T cells in mixed bone marrow chimeras were identified using a combination of CD45.1 and CD45.2 monoclonal an-

tibodies. In some experiments, To-Pro 3 (Sigma-Aldrich) was added right before flow cytometry.22 From in vitro-activated CD8+ T cells, we

used antibodies for CD44, CD69, CD25; in some experiments, CD8+ T cells were stained with Cell Trace Violet (Life Technologies) according

tomanufacturer’s instructions, for tracking of proliferation cycles. In all flow cytometry experiments, Live/DeadNear-IR was used to distinguish

between live and dead cells. Intracellular detection of Ki-67 and IFNgwas done as described before.32 Formitochondrial mass andmembrane

potential measurements, cells were incubatedwithMitoGreen (ThermoFisher Scientific) andMitotracker Deep Red (Thermo Fisher Scientific)

or TMRE (Cell Signaling Technology) simultaneously for 15 min at 37�C prior to staining. For intracellular detection of phosphorylated Acetyl-

CoA Carboxylase (pACC; Cell Signaling Technology) or phosphorylated ERK1/2 (pERK1/2; Biolegend), cells were stained with surface

markers then fixed with Paraformaldehyde 1%, permeabilized with 90% Methanol and stained with pACC or pERK1/2-PE for 20 min at

room temperature. A secondary antibody (Alexa Fluor 647 anti-rabbit IgG) was used for detection of pACC. Alexa Fluor 488-conjugated

Cholera Toxin B was used for detection of lipid rafts and stained as described in.49 Nur77 was detected as GFP signal from Nur77-GFP cells

via flow cytometry. Apoptosis (cleaved Caspase 3/7) measurements were done using the FMK-FLICA-Caspase 3/7 Kit (+ PI staining; Thermo

Fisher Scientific) following the manufacturer instructions. Flow cytometric analyses were performed on FACS Symphony or LSR Fortessa (BD

Biosciences) and data was analyzed using FlowJo software (Treestar).

Cell sorting

Cell sorting was performed on a FACS Aria III device (BD Biosciences). RNA-seq analysis experiments were performed onWT (CD4-Cre) and

Panx1-KO (CD4-Cre Panx1fl/fl) TE (KLRG1+CD127-) andMP (KLRG1�CD127+) P14 cells sorted frommice 7 days post-LCMV infection. The pop-

ulation purity after cell sorting was > 98% in all experiments.

Intracellular and extracellular ATP measurements

Intracellular ATP concentrations were measured by using the ATP determination kit (Life Technologies). To assess the levels of extracellular

ATP, WT CD8+ T cells were activated in vitro as described above, and further incubated with IL-2 for 24h; IL-2 incubation cultures were per-

formed in Transwells (Corning). After 24 h of IL-2 incubation, the transwells were transferred to new wells and the plates were centrifuged at

50 rpm for 1 min. The supernatant below the transwells was quantified for ATP concentration as described above. In all transwells, a combi-

nation of the plasmamembrane ATPase inhibitor Ebselen (30 mM; Cayman Chemical) and the ecto-ATPase inhibitor ARL 67156 trisodium salt

hydrate (100 mM; Sigma-Aldrich) was added 1 h before evaluation, to inhibit ATPase activity.32 In some samples, Trovafloxacin (10 mM) was

added 24 h before assessment.

CRISPR-Cas9 experiments

Cas9/RNP nucleofection of P14 cells was performed.53 Briefly, WT (CD4-Cre) and CD4-Cre P2rx7fl/fl P14 cells were isolated and activated as

described above. After 24h of activation, single guide RNAs (sgRNA) for either Cd4 (sgCd4), Panx1 (sgPanx1) or P2rx4 (sgP2rx4) and Cas9

protein were pre-complexed at room temperature for at least 10 mins. Following this, 1-10 million of pre-activated P14 cells were resus-

pended in 20 ml of P4 Nucleofection Buffer (Lonza). This cell suspension was then mixed with sgRNA/Cas9 and then incubated at room tem-

perature for 2mins. The P14 cell/Cas9/RNPmixes were transferred toNucleofection cuvette strips (4D-Nucleofector X kit S; Lonza). Cells were

electroporated using a 4D nucleofector (4D-Nucleofector Core Unit; Lonza). After nucleofection, prewarmed complete RPMI was used to

transfer transfected P14 cells in 96-well plates. After 2h, P14 cells were cultured in 24-well plates in complete RPMI for 48 h, before transfer

into recipient mice.

RNA-seq and bioinformatics analyses

WT (CD4-Cre) or CD4-Cre Panx1fl/fl P14 cells were in vitro activated for 72h (‘‘effector-like’’) or activated and subsequently treated with recom-

binant IL-15 (‘‘memory-like’’). In another experiment, CD4-Cre or CD4-Cre Panx1fl/fl TE orMP cells were sorted frommice infected with LCMV-

Arm (7 days p.i.). These cells were homogenized usingQIAshredder columns (Qiagen), and RNAwas extracted using the RNeasy PlusMini Kit

(Qiagen) following the manufacturer’s instructions. Library preparation and RNA-seq (BGI-Seq platform, PE 100-bp paired-end read length)

was done by BGI Americas. RNA-seq reads were mapped, and raw count matrix was generated. DEG analysis was done using DESeq2, and

genes with greater than twofold changes and false discovery rate <0.05 were considered for gene cluster analysis. BGI provided customized

analysis of DEGs, principal component analysis plots, and Pathway analyses between groups. Some heatmaps were generated using the

Morpheus software (Broad Institute; https://software.broadinstitute.org/morpheus/). Some RNA-seq expression value counts were collected

from the public database ImmGen (immgen.org), and from previous RNA-seq analysis performed by our group.32,34 These RNA-seq analyses
24 iScience 27, 110290, July 19, 2024
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can be accessed at GEOOmnibus with the accession numbers GSE217292 and GSE218643. Analysis of single-cell RNA-seq from spleen P14

cells from days 3 or 7 after LCMV-Arm infection82 (GSE131847) was done using R Studio.
Extracellular flux analyses

In the indicated naı̈ve, in vitro-activated or ex vivo-sorted CD8+ T cell populations, OCR and ECAR values were measured using a 96-well XF

Extracellular flux analyzer, following manufacturer instructions (Agilent). Spare respiratory capacity (SRC) was defined as the subtraction be-

tween the maximum OCR values and the baseline OCR values.32,37
Metabolomics analyses

For untargeted metabolomics, the indicated in vitro-activated CD8+ T cell populations were isolated. We separated cell pellets and super-

natants and sent them to the Mayo Clinic Metabolomics Core Laboratory for Liquid Chromatography-Mass Spectrometry (LC-MS) metabo-

lome assessments. Primary analyses and comparisons of differentially expressed metabolites (DEMs) were done by the Metabolomics Core.

Pathway enrichment analyses of DEMs were done using the MetaboAnalyst tool. Heatmaps of the top-100 DEMs for each comparison were

generated using the Morpheus software. For targetedmetabolomics analyses, in vitro-activated CD8+ T cells will be cultured for the final 12h

of activation with 13C-Glucose (Cambridge Isotopes) or 13C-Sodium Lactate (Cambridge Isotopes). We separated cell pellets and sent them

to the Mayo Clinic Metabolomics Core Laboratory for metabolome assessments of the TCA cycle.
L-lactate detection assays

When indicated, the supernatants from in vitro-activated CD8+ T cell populations or serum from LCMV-infected mice were collected, and the

concentrations of extracellular L-lactate were measured using the L-Lactate Assay Kit (Sigma-Aldrich), following the manufacturer’s

instructions.
QUANTIFICATION AND STATISTICAL ANALYSIS

Details on statistics used can be found in figure legends. Data were subjected to the Kolmogorov-Smirnov test to assess normality of samples.

Statistical differences were calculated by using unpaired two-tailed Student’s t-test, one-way ANOVA with Tukey post-test, two-way ANOVA

with Bonferroni’s post-test, or Kaplan-Meier survival curve analysis. All experiments were analyzed using Prism 10 (GraphPad Software).

Graphical data was shown as mean values with error bars indicating the SD. P values of < 0.05 (*), < 0.01 (*), < 0.001 (***) or < 0.0001

(****) indicated significant differences between groups.
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