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Significance

Rapidly proliferating cells switch 
from oxidative phosphorylation 
to aerobic glycolysis, dramatically 
increasing glucose catabolism. 
The MCT1 transporter is involved 
in the extrusion of lactic acid, the 
end product of glycolysis, from  
T cells after activation. Our study 
shows that limited expansion of 
virus-specific MCT1-deficient 
CD8+ T cells prevents the 
development of T cell memory, 
normally required for the control 
of γ-herpesvirus reactivation 
during latency. Instead, 
uncontrolled viral replication 
induced functional exhaustion  
of MCT1-deficient CD8+ T cells, a 
condition commonly associated 
with chronic infections. Thus, 
lactate export is essential for  
the development of protective 
memory T cells required to 
prevent viral latency from turning 
into chronic infection.
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Lactate–proton symporter monocarboxylate transporter 1 (MCT1) facilitates lactic acid 
export from T cells. Here, we report that MCT1 is mandatory for the development 
of virus-specific CD8+ T cell memory. MCT1-deficient T cells were exposed to acute 
pneumovirus (pneumonia virus of mice, PVM) or persistent γ-herpesvirus (Murid her-
pesvirus 4, MuHV-4) infection. MCT1 was required for the expansion of virus-specific 
CD8+ T cells and the control of virus replication in the acute phase of infection. This 
situation prevented the subsequent development of virus-specific T cell memory, a 
necessary step in containing virus reactivation during γ-herpesvirus latency. Instead, 
persistent active infection drove virus-specific CD8+ T cells toward functional exhaus-
tion, a phenotype typically seen in chronic viral infections. Mechanistically, MCT1 
deficiency sequentially impaired lactic acid efflux from activated CD8+ T cells, caused 
an intracellular acidification inhibiting glycolysis, disrupted nucleotide synthesis in the 
upstream pentose phosphate pathway, and halted cell proliferation which, ultimately, 
promoted functional CD8+ T cell exhaustion instead of memory development. Taken 
together, our data demonstrate that MCT1 expression is mandatory for inducing T cell 
memory and controlling viral infection by CD8+ T cells.

T cell memory development | T cell exhaustion | lactate transport |  
monocarboxylate transporters (MCTs) | virus latency

By eliminating infected cells, T cells are key players in controlling viral infection. However, 
when host immune responses fail to control virus replication, persistent exposure to viral 
antigens induces functional exhaustion in T cells, characterized by failing effector functions 
and reduced proliferative potential (1). Exhausted T cells (Tex) are distinct in terms of 
molecular signatures, including overexpression of inhibitory receptors, altered cytokine 
signaling, and dysregulated metabolism (2–4). The reactivation of Tex can be induced by 
blocking cell surface inhibitory receptors (1). Recent studies indicate, however, that Tex 
ability to respond to treatment depends largely on their stage of development which is 
tightly controlled by the combined activity of transcription factors (2, 5). This is how 
self-replicating TCF1+ Tex progenitors give rise to an intermediate TCF1− Tbethi Tex 
subpopulation capable of reacquiring some effector-like functions after inhibitory receptor 
blockade (2, 5). These cells, however, ultimately develop into short-lived terminally 
exhausted Tbet− TOX+ Tex, poorly responding to therapies aimed at restoring T cell 
function (2, 5).

Immune exhaustion is not the only mechanism that allows viruses to evade T cells. 
Herpesviruses and in particular γ-herpesviruses have coevolved with their host for many 
years in such a way as to establish a prevalent persistent infection in humans. This persistence 
throughout life is linked to different mechanisms, including escape from neutralizing specific 
antibodies, the development of immunomodulatory responses, and the establishment of 
latency (6–8). Latency is intimately associated with the development of an effective and 
long-lasting cytotoxic response mediated by T lymphocytes (9). The phenotype of 
antigen-specific T cells in γ-herpesvirus infections is effector-memory-like, characterized 
by low expression levels of CD62L and CD127. In contrast to Tex, KLRG1 is highly 
expressed, whereas the expression of inhibitory receptors, such as PD-1, is low (10–12). 
Potential causes of persistent viral infection to elicit either T cell–controlled viral latency 
or long-lasting viral replication that maintains T cell exhaustion are unclear. Nevertheless, 
available evidence indicates that strong viral replication in the onset of infection promotes 
virus persistence and drives T cell exhaustion (13), while early vigorous expansion of 
virus-specific T cells is needed to promote virus latency (14–16). Moreover, sustained 
antigen expression maintains T cell exhaustion (17, 18), whereas intermittent viral repli­
cation with limited periods of antigen presence retains functional T cells with the capacity 
to impose virus latency (19).
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Upon activation, T cells shift toward a metabolism characterized 
by increased glucose metabolism in order to sustain proliferation 
and effector functions (20). Since activated T lymphocytes engage 
in glycolysis, they must release lactate, which is facilitated by 
proton-linked monocarboxylate transporters (MCTs) (21). MCTs 
are, however, passive transporters, antagonized by the high levels 
of lactic acid found in glycolytic tissues (21). The high affinity for 
lactate displayed by MCT1 makes it a very valuable transporter 
in situations where the lactate gradient across the plasma mem­
brane is low. On the one hand, the observation that pharmaco­
logical inhibition (22) of MCT1 limits proliferation in T cells 
suggests that lactate extrusion through MCT1 is essential for  
T cell expansion triggered by antigen recognition. On the other 
hand, MCT1-mediated lactate uptake was shown to be required 
for the function of T regulatory cells present in the tumor microen­
vironment (23, 24). Moreover, lactate oxidation was recently 
shown to reduce glucose contribution to the TCA in CD8+ T cells 
responding to Listeria infection (25). Thus, under particular cir­
cumstances, extracellular lactate may represent a source of fuel in 
T cells where it is converted by LDH to pyruvate (25).

In the present study, T cell–specific deletion of the MCT1/
Slc16a1 gene was used to investigate how modulating lactate trans­
port in virus-specific T cells could affect infection. We show that 
MCT1 deficiency in T cells prevented the development of a pro­
tective immunity against acute viral infection, identifying lactate 
transport by MCT1 as a critical factor for T cell–mediated anti­
viral responses. More surprising was the observation, in a mouse 
model of γ-herpesvirus latent infection, that the absence of MCT1 

in T cells was associated with increased frequencies of viral reac­
tivation episodes and the emergence of functional exhaustion 
among virus-specific CD8+ T cells.

Results

MCT1 Expression Is Required for Optimal Proliferation of CD8+  
T Cells. In order to address the role of MCT1/Slc16a1 gene in T cells 
upon in vitro and in vivo activation, we used B6.Slc16a1fl/fl.CD4Cre 
mice. With regard to their subpopulations of thymocytes and resting 
peripheral CD4+ and CD8+ T lymphocytes, B6.Slc16a1fl/fl.CD4Cre 
mice (KO mice) were not different from B6.Slc16a1fl/fl mice (WT) 
or B6 mice (SI Appendix, Fig.  S1). As previously reported (26), 
MCT1 expression was up-regulated early after stimulation in 
WT T cells (Fig. 1A). However, failure to express MCT1 in KO  
T cells (Fig. 1B and SI Appendix, Fig. S2A) was not compensated 
by increased expression of MCT4 (Fig.  1C and SI  Appendix, 
Fig. S2B), the other MCT isoforms expressed by mouse T cells 
(26). As expected, activated KO CD8+ T cells showed limited 
proliferation (Fig. 1D). In contrast, their capacity to produce IFNγ 
after activation was unaffected by the loss of MCT1 (Fig. 1E and 
SI Appendix, Fig. S3). Likewise, their expression of other effector 
genes such as those for perforin and granzyme B was not modified 
(SI Appendix, Fig. S4 A and B). Unlike CD8+ T cells, the proliferative 
capacity of CD4+ T lymphocytes was only marginally modified by 
the loss of MCT1 expression (SI Appendix, Fig. S2C), confirming 
previous observations that only CD8+ T cell proliferation depends 
on MCT1 expression (22, 27). The capacity of CD4+ T cells to 

Fig. 1.   MCT1 expression is required for optimal proliferation of activated CD8+ T cells. (A) Mct1 mRNA expression in spleen CD4+ and CD8+ T cells isolated from 
B6 mice and stimulated with anti-CD3/CD28 antibodies for the indicated time points. n = 5 to 8 mice per group. (B) Mct1 mRNA expression in spleen CD8+ T cells 
isolated from KO, WT, and B6 mice and stimulated with anti-CD3/CD28 antibodies for 72 h. n = 5 mice per group. **P < 0.01. (C) Mct4 mRNA expression in spleen 
CD8+ T cells isolated from KO and WT mice and stimulated with anti-CD3/CD28 antibodies for the indicated time points. n = 4 to 12 mice per group. (D) Flow 
cytometry analysis of CFSE-stained KO and WT spleen cells after 72-h in vitro stimulation with soluble anti-CD3 antibodies. Percent within viable CD8+ TcRα,β+ cells 
from individual mice is shown for each cell cycle. n = 5 mice per group. **P < 0.01; *P < 0.05. (E) Flow cytometry analysis of purified KO and WT CD8+ T cells for 
their capacity to produce IFNγ after stimulation for 72 h with anti-CD3/CD28 antibodies. n = 7 to 8 mice per group. (F) Percent of viable KO and WT CD8+ TcRα,β+ 
spleen cells after 72 h of culture alone, with IL-7 or stimulated as in (A). n = 5 mice per group. **P < 0.01. (G) Flow cytometry analysis of CFSE-stained spleen cells 
stimulated by anti-CD3 antibodies for 72 h in the presence of MCT1 inhibitor AR-C155858 or carrier (DMSO) alone. Percent within viable CD8+ TcRα,β+ cells from 
individual mice is shown for each cell cycle. n = 3 mice per group. **P < 0.01; *P < 0.05.
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differentiate into Th subsets was also unaffected by the lack of MCT1 
expression (SI Appendix, Fig. S5). As indicated in Fig. 1F, reduced 
proliferation of KO CD8+ T cells was not the result of poorer cell 
viability. Moreover, adding IL-7, a major cytokine for the survival 
of resting T cells, equally protected unstimulated WT and KO T 
cells against cell death (Fig. 1F). Whereas AR-C155858, a specific 
MCT1 inhibitor (22), significantly inhibited the proliferation of 
activated WT CD8+ T cells, it did not impact that of KO CD8+ 
T cells, demonstrating that inhibition of proliferation was a direct 
consequence of MCT1 deficiency (Fig. 1G). Taken together, these 
results demonstrate that MCT1 expression is required for optimal 
proliferation of activated CD8+ T cells, whereas it appears to be 
optional for activated CD4+ T cells.

MCT1 Expression Potentiates CD8+ T Cells for the Control of Viral 
Acute Infection. The immune outcome of viral infection largely 
depends on the ability of T cells to proliferate (28). To interrogate 
the importance of MCT1 expression in antiviral T cell responses, 
we first analyzed MCT1-deficient CD8+ T cells for their capacity 
to respond to acute infection by pneumonia virus of mice (PVM) 
(Fig. 2A). Unlike γ-herpesviruses, PVM causes a silent infection 
in immunocompetent mice, and CD8+ T cells play a prominent 
role in eradicating PVM infections (29–31). MCT1 deficiency in 
T cells resulted in a sharp increase in sensitivity to PVM infection 
as evidenced by increased weight loss and poorer survival in KO 
mice (Fig. 2 B and C). Strikingly, after 8 d, very few PVM-specific 
CD8+ T cells were detected in the lung, mediastinal lymph nodes 
(MLN), or spleen of infected KO mice, contrasting with the 
strong expansion of PVM-specific WT CD8+ T cells (Fig. 2D 
and SI Appendix, Fig. S6). Conversely, the viral load in the lungs 
of KO mice was two to three times higher than that of WT mice 
(Fig. 2E). Taken together, these results demonstrated that, due to 
their limited proliferation after activation, CD8+ T cells lacking 
MCT1 expression were unable to participate in the control of 
acute PVM infection. As a result, the relative numbers of CD8+ T 
cells in the lungs of infected mice that expressed effector proteins 
such as IFNγ and granzyme B were also low (Fig. 2F).

As mentioned in the introduction, early control of viral replica­
tion is a prerequisite for promoting viral latency, and virus-specific 
CD8+ T cells play an important role in controlling the acute phase 
of infection by murid herpesvirus 4 (MuHV-4) in the mouse (32). 
Since lack of MCT1 expression inhibited CD8+ T cells for con­
trolling early PVM infection, how this might affect the primary 
response toward MuHV-4 was investigated. Unlike in the PVM 
infection model, reduced survival was not seen in KO mice infected 
with MuHV-4, although slight weight loss was noticed (Fig. 2 G–I). 
At day 8 postinfection, however, the numbers of MuHV-4-specific 
MCT1-deficient CD8+ T cells present in infected mice were very 
low (Fig. 2J and SI Appendix, Fig. S6). This situation was inversely 
correlated with the higher viral load present in the lungs of KO 
mice (Fig. 2K). Thus, similar to what was observed with acute PMV 
infection, low number of MuHV-4-specific MCT1-deficient CD8+ 
T cells was correlated with high viral replication. Specific differ­
ences, however, were observed. Unlike their PVM-specific coun­
terparts, MuHV-4-specific MCT1-deficient CD8+ T cells retained 
most of their effector function, with a normal expression of gran­
zyme B and a slight decrease in the production of IFNγ (Fig. 2L).  
Taken together, these results demonstrated that MCT1 expression 
by virus-specific CD8+ T cells is required for controlling the acute 
phase in MuHV-4 infection.

Because the use of CD4-Cre deletes MCT1 expression in CD8+ 
T cells as well as in CD4+ T cells, it was possible that the limited 
expansion of virus-specific MCT1-deficient CD8+ T cells was not 
cell intrinsic but originated from a skewed expansion or 

differentiation of CD4+ T cells that would limit their auxiliary 
activity toward CD8+ T cells. To address this question, we generated 
bone marrow (BM) chimera in irradiated hosts by cotransferring 
an equal mix of BM cells from T cell conditional Slc16a1 KO and 
congenic WT controls (Fig. 3 A and B). After MuHV-4 infection, 
lung T cells were assessed for their ability to proliferate, their acti­
vation status, and specific antiviral response. As depicted in Fig. 3C, 
the number of both CD8+ and CD4+ T cells present in the lung 
increased after infection. However, whereas the proportion of lung 
WT vs. KO T cells was similar in uninfected controls, it was sig­
nificantly increased in MuHV-4-infected recipients (Fig. 3D). 
Analysis of T cell expansion by the mean of Ki67 expression indi­
cated that pulmonary MCT1-deficient CD8+ T cells proliferated 
less than WT CD8+ T cells (Fig. 3E). This difference was, however, 
not seen among CD4+ T cells (Fig. 3E). Moreover, after infection, 
activated MCT1-deficient CD8+ T cells, as defined by their expres­
sion of the surface activation markers CD44, Ly6C, and CD69, 
were less present than WT cells in the lung of infected mice (Fig. 3 
F–H). In contrast, while KO CD4+ T cells displayed a slight reduc­
tion of proliferation (Fig. 3E), we did not observe any difference 
in the proportion of activated cells between WT and KO engrafted 
CD4+ T cells (Fig. 3 F–H). These observations supported the fact 
that lack of MCT1 expression primarily affects CD8+ T cell pro­
liferation in a cell-intrinsic manner. Accordingly, MuHV-4-specific 
as well as IFNγ-producing MCT1-deficient CD8+ T cells were less 
present in the lung of infected recipients (Fig. 3 I–K). Interestingly, 
activation and proliferation of NKT cells, which also lack MCT1 
in these CD4-Cre mice, were not affected by the loss of MCT1 
expression (SI Appendix, Fig. S7).

MCT1 Expression in T Cells Is Required for Induction and Long-
Term Maintenance of Viral Latency. Expansion of virus-specific 
T cells early upon infection is required to promote MuHV-4 
latency (32). In infected mice, MuHV-4 replication peaks in the 
lungs on day 7 postinfection and becomes undetectable by the 
time viral latency is established (33). As shown in Fig. 4 B and 
C, viral replication, as assessed by luciferase activity (34), was 
robust in the lungs of KO mice at day 7, confirming that MCT1-
deficient T cells did not control acute infection. However, analysis 
of luciferase activity 4 mo later revealed sustained viral replication 
in several organs of KO mice while, as expected, it was absent in 
WT animals (Fig. 4 B and C). The expression of viral luciferase 
in KO mice was correlated with the detection of a high number 
of MuHV-4 genome copies in the lungs and spleens of KO mice 
(Fig. 4D). Taken together, these observations demonstrated that 
MCT1 expression by CD8+ T cells is necessary for controlling viral 
replication and the fine regulation between lytic cycle and latency.

MCT1 Expression in CD8+ T Cells Prevents Viral Latency from 
Turning into Chronic Infection. Contrary to what is seen during 
viral latency, sustained antigenic stimulation drives functional 
exhaustion in CD8+ T cells during chronic viral infection (17). 
Since MuHV-4 replication was strong all along the experiment 
in KO mice (Fig. 4 B and C), we examined virus-specific MCT1- 
deficient CD8+ T lymphocytes for possible phenotypic modi­
fications associated with exhaustion. At day 30, MCT1-deficient 
CD8+ T cells isolated from the lungs and spleen of infected mice 
exhibited a low capacity to produce IFNγ, consistent with an 
exhaustion phenotype (SI Appendix, Fig. S8 A and B). This was 
correlated with a higher number of viral genome copies in the 
lungs (SI Appendix, Fig. S8C). However, contrary to what was 
observed in the acute phase, the relative number of virus-specific 
CD8+ KO T cells was twice as high as that of WT CD8+ T cells 
in the lungs and spleen of infected mice (SI Appendix, Fig. S8D). 
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Fig. 2.   MCT1 expression is required for CD8+ T cells to control acute viral infection. (A) Protocol of PVM infection and experimental timeline. (B) Percent of initial 
body weight of MCT1-deficient (KO) and WT mice after intratracheal infection with PVM. n = 6 mice per group. ***P < 0.0001; *P < 0.05. (C) Percent of survival of 
KO and WT mice after intratracheal infection with PVM. n = 6 mice per group. **P < 0.01. (D) Relative numbers of virus-specific cells among CD44+ CD62L− CD8+ 
T cells in the lung, spleen, and MLN of PVM-infected KO and WT mice. n = 6 mice per group. ****P < 0.0001; ***P < 0.001. (E) Virus copy numbers detected in the 
lung of PVM-infected KO and WT mice. n = 6 mice per group. ***P < 0.001. (F) Relative numbers of granzyme B+ and IFNγ+ cells among CD44+ CD62L− CD8+ T cells 
in the lung of PVM-infected KO and WT mice. n = 6 mice per group. ****P < 0.0001; ***P < 0.001. (G) Protocol of MuHV-4 infection and experimental timeline. 
(H) Percent of initial body weight of MCT1-deficient (KO) and WT mice after intratracheal infection with MuHV-4. n = 6 mice per group. (I) Percent of survival of 
KO and WT mice after intratracheal infection with MuHV-4. n = 6 mice per group. (J) Relative numbers of virus-specific cells among CD44+ CD62L− CD8+ T cells in 
the lung, spleen, and MLN of MuHV-4-infected KO and WT mice. n = 6 mice per group. ***P < 0.001; **P < 0.01. (K) Virus copy numbers detected in the lung of 
MuHV-4-infected KO and WT mice. n = 6 mice per group. ***P < 0.001. (L) Relative numbers of granzyme B+ and IFNγ+ cells among CD44+ CD62L− CD8+ T cells in 
the lung of MuHV-4-infected KO and WT mice. n = 6 mice per group. **P < 0.01.
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Unlike most WT CD8+ T cells, about 10 to 20% of KO CD8+ T 
cells isolated from the lung and spleen of infected mice expressed 
PD1 (SI Appendix, Fig. S8 E–G). Moreover, most of the cells were 
PD1high CD69high (SI Appendix, Fig. S8 E–G), a phenotype that 
characterizes terminally exhausted Tex (2). Taken together these 
observations suggested that continuous higher viral replication was 
responsible for the persistence of MCT1-deficient CD8+ Tex. At 
120 d after infection, MuHV-4-specific CD8+ T cells were three 

to four times more abundant in the lungs and spleen of KO mice 
than in those of WT counterparts (Fig. 4E). In addition, beside 
PD1 (Fig. 4 F and G), other exhaustion markers, such as CD101 
(5), TIM-3 (35) and nuclear factor TOX (36–38) were found 
expressed by MCT1-deficient CD8+ T cells isolated from infected 
KO mice (Fig. 4 H and I), demonstrating that these cells were 
indeed functionally exhausted. Moreover, as observed after 30 d, 
many of the CD8+ T cells, mostly from the lung, were PD-1high 

Fig. 3.   The limited expansion of virus-specific MCT1-deficient CD8+ T cells is cell intrinsic. (A) Experimental layout. (B) Control of engraftment of donor CD8+ 
and CD4+ T cells respective from WT (CD45.1) and MCT1 KO (CD45.2) compartments in the blood 6 wk post-reconstitution. (C) Total lung CD8+ and CD4+ T cells 
at day 8 post-MuHV-4 infection. (D) Control of engraftment of donors CD8+ and CD4+ T cells respective from WT (CD45.1) and MCT1 KO (CD45.2) compartments 
in the lungs 8 d postinfection. (E–H) Percentages of donor lung CD8+ and CD4+ T cells expressing Ki67 (E), CD44 (F), Ly6C (G), and CD69 (H) activation markers at 
day 8 p.i. (I) Percentages of donor CD8+ T cells recognizing DbORF6487-495 and KbORF61524-531 MuHV-4-specific epitopes among CD44+ CD62L− CD8+ T cells in the 
lung. Lines linked paired measurements in the CD45.1 and CD45.2 compartments within individual mice. (J and K) Percentages (J) and FACS plots (K) of donor 
IFNγ-expressing lung CD8 T cells. Lines linked the differences between the CD45.1 and CD45.2 compartments within individuals. Data were analyzed by the 
two-tailed paired t test (ns: not significant, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). Error bars represent SEM.
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Fig. 4.   MCT1 expression by CD8+ T cells is required to promote viral latency. (A) Protocol of MuHV-4 infection and experimental timeline used to study viral 
latency. (B) In vivo imaging of viral replication by luciferase-transgenic MuHV-4 after injection of D-luciferin and capture of photon emission at 7 and 111 d 
postinfection. (C) Time course of viral replication visualized by in vivo imaging as in (B). n = 5 mice per group. **P < 0.01; *P < 0.05. (D) Virus copy numbers detected 
in the lung of MuHV-4-infected KO and WT mice 120 d after infection. n = 5 mice per group. *P < 0.01. (E) Relative numbers of virus-specific cells among CD44+ 
CD62L− CD8+ T cells in the lung and spleen of MuHV-4-infected KO and WT mice 120 d after infection. n = 5 mice per group. **P < 0.01. (F) Expression of PD-1 
and CD69 by CD44+ CD62L− CD8+ T cells in the lung and spleen of MuHV-4-infected KO and WT mice. n = 5 mice per group. **P < 0.01; *P < 0.05. (G) Expression 
of PD-1 and CD69 by tetramer-positive CD8+ T cells in the lung of MuHV-4-infected KO and WT mice. n = 5 mice per group. ****P < 0.0001. (H) Expression of 
CD101, TIM-3, KLRG1, and TOX by CD44+ CD62L- CD8+ T cells in the lung of MuHV-4-infected KO and WT mice. n = 5 mice per group. ***P < 0.001; **P < 0.01;  
*P < 0.05. (I) Expression of CD101, TIM-3, KLRG1, and TOX by CD44+ CD62L− CD8+ T cells in the spleen of MuHV-4-infected KO and WT mice. n = 5 mice per group. 
***P < 0.001; **P < 0.01; *P < 0.05.
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and coexpressed CD69, a phenotype consistent with terminal 
exhaustion (2) (Fig. 4 F and G). On the contrary, CD8+ T cells 
isolated from the lungs and spleen of infected WT mice were 
predominantly KLRG1high, a feature of late-differentiated effector 
memory CD8+ T cells (11, 39) (Fig. 4 H and I). Thus, MCT1 
expression by virus-specific CD8+ T cells is required for silencing 
viral replication that characterizes MuHV-4 latency.

Altered Glycolytic Metabolism in Activated MCT1-Deficient T Cells. 
The cause of the limited proliferation observed in activated MCT1-
deficient CD8+ T cells was investigated. Consistent with glycolysis 
being a major metabolic pathway for proliferation, lactate, the end 
product of glycolysis, was less present in cultures of activated MCT1-
deficient CD8+ T cells (Fig. 5A). Accordingly, since MCT-mediated 
lactate transport across cell membranes is carried out by diffusional 
cotransport with protons, the culture medium of activated KO T 
cells was less acidic than that of WT counterparts (Fig. 5B). The 
observation that activated CD8+ KO T cells were more stained 
by the cytoplasmic pH indicator pHrodo also supported the idea 
that lack of MCT1 expression limited lactate export (Fig.  5C). 
Glycolytic activities of KO and WT CD8+ T cells were assessed 
by their extracellular acidification rate (ECAR). Unstimulated 
CD8+ T cells showed negligible ECAR (Fig. 5D), regardless of the 
MCT1 expression status. However, after 48 h activation, KO T cells 
displayed systematically lower basal ECAR of their WT counterparts 
(Fig. 5D). The maximum glycolytic capacity displayed by WT T 
cells after the addition of oligomycin doubled that of KO T cells 
(Fig. 5D), demonstrating that KO T cells were less glycolytic than 
WT T cells. After 72 h, maximum ECARs displayed by KO and 
WT T cells were almost identical, suggesting that the late increased 
expression of MCT4 that we observed after activation restored 
partially their glycolytic capacity (Fig. 5D). However, basal ECAR 
of KO T cells at that time point was still below that of WT T cells 
(Fig. 5D). The lycolytic activity of T cells can also be assessed by 
analyzing mRNA translation levels by puromycin incorporation 
upon blockade of different metabolic pathways (Fig. 5 E and F and 
SI Appendix, Fig. S9) (40). Using immunofluorescence to detect 
puromycin incorporation levels, the basal metabolism of the cells can 
be measured at the single-cell level by flow cytometry (SI Appendix, 
Fig. S9). As shown in Fig. 5G, unstimulated or anti-CD3-stimulated 
KO and WT CD8+ T cells could not be differentiated based on the 
levels of their basal metabolism. After the addition of oligomycin, 
which blocks oxidative phosphorylation (OXPHOS) and causes  
T cells to use only glycolysis for protein synthesis, the glycolytic 
capacity of KO and WT CD8+ T cells can be calculated as a 
percentage of the basal cellular metabolism (Fig. 5F). Unstimulated, 
both types of cells exhibited low levels of glycolytic capacity 
(Fig.  5H). After stimulation, these increased rapidly (Fig.  5H). 
The increase was, however, much greater in WT T cells, reaching 
a level twice that of KO T cells after 48 h of stimulation (Fig. 5H). 
Blocking the entry of glucose using 2-DG allowed the evaluation 
of the dependence of T cells on both glucose and on amino acids 
and fatty acids (Fig. 5 I and J). As depicted in Fig. 5I, both types 
of cells relied mostly on glucose for their metabolism. However, 
glucose dependence was more marked in WT T cells than in KO T 
cells after stimulation (Fig. 5I). On the contrary, the dependence on 
amino acids and/or fatty acids as an energy source for biosynthesis 
increased after stimulation in KO T cells whereas it decreased in WT 
cells (Fig. 5J). Taken together, these results supported the notion 
that, after stimulation, KO CD8+ T cells were delayed relative to 
WT CD8+ T cells in their initiation of glycolysis. On the contrary, 
activated KO T cells appeared to rely more on amino acid (AAO) 
and fatty acid (FAO) oxidation, suggesting that OXPHOS might 
be used to compensate a deficient glycolysis.

Metabolomic analysis by LC/MS-MS revealed, however, that, 
despite lower glycolysis, activated MCT1-deficient CD8+ T cells 
accumulated glycolytic intermediates, including glucose 6-phosphate, 
dihydroxyacetone phosphate, glyceraldehyde 3-phosphate, pyruvate 
and lactate, as well as sedoheptulose 7-phosphate from the pentose 
phosphate pathway (Fig. 6 A–C). Phosphoenolpyruvate (PEP) was 
also builded up in MCT1-deficient T cells (2.85-fold), although 
this difference did not reach significance. It is known that glycolytic 
intermediates accumulate intracellularly in cancer cells following 
pharmacological inhibition of lactate export (41, 42). However, this 
situation is usually accompanied by a marked reduction of products 
of the ATP-generating arm of glycolysis, including PEP and pyruvate 
(41, 42). This was clearly not the case for KO T cells since both 
intermediates accumulated in stimulated MCT1-deficient CD8+  
T cells (Fig. 6 B and C and SI Appendix, Table S1). Pathway anal­
ysis confirmed that the pentose phosphate pathway and glycolysis 
were the most significantly disrupted by the absence of MCT1 
(Fig. 6D). Targeted LC-MS analysis also indicated that KO and 
WT T cells could not be differentiated based on the amount of 
glucose they contained (Fig. 6E). This was confirmed by analyzing 
the incorporation of the fluorescent glucose derivative 2-Deoxy- 
D-glucose (2-DG) (SI Appendix, Fig. S4G). Moreover, the upreg­
ulation of glucose transporter GLUT1 mRNA expression after 
activation was equivalent in activated WT and KO T cells, mak­
ing it unlikely that lower glucose uptake would be responsible for 
the reduced proliferation of activated KO T cells (SI Appendix, 
Fig. S4C). Expression of glycolytic enzymes, known to increase 
in T cells following activation (43), was also not different between 
activated KO and WT CD8+ T cells (SI Appendix, Fig. S4 D–F). 
Taken together, these results supported the notion that the 
decreased glycolytic activity observed in activated CD8+ KO T 
cells was not caused by a lower expression of glycolytic enzymes 
or glucose transporters but rather by a negative feedback loop 
mediated by accumulating glucose-derived metabolites.

MCT1 Expression Is Required for Nucleotide Synthesis in 
Activated CD8+ T Cells. Compared to the situation in WT T cells, 
a significant accumulation of cis-aconitate as well as maintained 
levels of citrate and α-ketoglutarate (αKG) were observed in 
MCT1-deficient T cells after activation (Fig. 6 E and F). This 
contrasted with four-carbon intermediates, succinate, fumarate, 
and malate, which were strongly depleted (Fig. 6 E and F). This 
implies that glucose-derived pyruvate was oxidized, but that 
oxidation stopped at the step leading to αKG. Interestingly, 
though glutamine levels were unchanged, glutamate was strongly 
depleted in activated MCT1-deficient CD8+ T cells (Fig. 6 E and 
F). These observations supported the idea that the decarboxylation 
of glutamate to succinate by the GABA (gamma-amino-butyrate) 
shunt of the glutamine pathway could be specifically implemented 
in KO CD8+ T cells to maintain cellular energy production when 
αKG dehydrogenase complex (KGDH) was inhibited (44). KGDH 
is particularly sensitive to inhibition when the energy load, or [ATP]/
[ADP] ratio, is high (45, 46). Interestingly, cellular energy load 
was higher in activated MCT1-deficient CD8+ T cells (Fig. 6G). 
This did not result from increased ATP production. Both KO and 
WT CD8+ T cells saw their ATP levels dropping sharply after 12 
h of stimulation, highlighting an intense use of ATP during the 
initial steps of cellular proliferation (Fig. 6H). This was followed 
by a stage where ATP synthesis would exceed its use, allowing 
the reconstitution of cellular energy reserve (Fig. 6H). Both KO 
and WT T cells exhibited similar kinetics of ATP reconstitution 
(Fig. 6H). Accordingly, LC-MS analysis confirmed that MCT1 
deficiency did not deplete the overall ATP levels in CD8+ T cells 
after stimulation (Fig. 6 F and I). Taken together, these results 
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indicated that lack of MCT1 expression did not temper the ability 
of T cells to produce ATP after stimulation. Remarkably, however, 
the higher global cellular energy charge observed in KO CD8+ 
T cells appeared to be caused by reduced levels of nucleoside 
mono- and biphosphates in KO T cells, including IMP, AMP, 
ADP, CMP, CDP, GMP, GDP, UMP and UDP (Fig. 6 F and I). 
This reduction appeared to be transient, as indicated by analysis 
of the metabolome at a later time point (72 h) after stimulation 
(SI  Appendix, Fig.  S10). Taken together, these observations 
supported the idea that activated MCT1-deficient CD8+ T 

cells maintain ATP at the expense of nucleotide synthesis and 
that limited glycolysis prevented cells from replenishing their 
nucleoside pools.

NAD+ and NADP+ levels detected by LC-MS were also strongly 
decreased in activated CD8+ KO T cells (Fig. 6J). Direct quantifi­
cation by a colorimetric assay highlighted the deficiency in total 
intracellular NAD (Fig. 6K). Nucleoside depletion has been shown 
to stimulate cell cycle arrest and DNA repair (47, 48), and NAD+ 
is consumed by several enzymes involved in these processes such as 
sirtuins, which are NAD+-dependent protein deacetylases, or poly 

Fig. 5.   Low level of glycolysis in activated MCT1-deficient CD8+ T cells. (A) Dosage of lactate present in culture supernatants of spleen CD8+ T cells from KO and 
WT mice and stimulated with anti-CD3/CD28 antibodies for 48 h or 72 h. n = 3 to 9 mice per group. **P < 0.01; *P < 0.05. (B) Extracellular pH of culture medium 
after 72 h anti-CD3/CD28-mediated stimulation of CD8+ T cells from KO and WT mice. n = 8 mice per group. **P < 0.01. (C) Cytoplasmic acidity was assessed 
by staining KO and WT CD8+ T cells with pHRodo before and after stimulation with anti-CD3/CD28 antibodies and rIL-2 for 48 h and 72 h. n = 5 mice per group 
**P < 0.01. (D) Extracellular acidification rate (ECAR) of CD8+ T cells purified from the spleen of KO and WT mice and stimulated with anti-CD3/CD28 antibodies 
for 48 h or 72 h. Data shown are representative of three independent experiments. (E) Translation (puromycin incorporation) assessment in KO and WT CD8+ 
T cells stimulated as in (E). Puromycin incorporation was assessed by measuring the MFI of staining carried out with Alexa Fluor-conjugated anti-puromycin 
antibodies. CO: control incorporation without inhibitors; DG: incorporation after inhibition by 2-DG; O: incorporation after inhibition with oligomycin; DGO: 
incorporation after inhibition with both 2-DG and oligomycin. n = 4 mice per group. ****P < 0.0001; ***P < 0.001. (F) Basal metabolism, glycolytic capacity, glucose 
dependence, and AAO and FAO dependence of WT CD8+ T cells stimulated for 17 h with anti-CD3/CD28 antibodies and rIL-2 were calculated according to the 
formula presented in Materials and Methods. (G) Basal metabolism of ex vivo KO or WT CD8+ T cells or stimulated for 17 h or 48 h with anti-CD3/CD28 antibodies 
and rIL-2. n = 4 mice per group. (H) Glycolytic capacity of ex vivo KO or WT CD8+ T cells or stimulated for 17 h or 48 h with anti-CD3/CD28 antibodies and rIL-2.  
n = 4 mice per group. **P < 0.01. (I) Glucose dependence of ex vivo KO or WT CD8+ T cells or stimulated for 17 h or 48 h with anti-CD3/CD28 antibodies and 
rIL-2. n = 4 mice per group. **P < 0.01; *P < 0.05. (J) Fatty acid (FA) and amino acid dependence of ex vivo KO or WT CD8+ T cells or stimulated for 17 h or 48 h 
with anti-CD3/CD28 antibodies and rIL-2. n = 4 mice per group. **P < 0.01.

http://www.pnas.org/lookup/doi/10.1073/pnas.2306763121#supplementary-materials
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Fig. 6.   Low level of glycolysis in activated MCT1-deficient CD8+ T cells disrupts nucleotide synthesis and increases sensitivity to energy stress. (A) Partial least 
squares-discriminant analysis (PLS-DA). Cross-validated PLS-DA score plot for comparison of the global metabolite profiles (LC/MS-MS) of purified CD8+ T cells 
from KO mice (n = 4 mice, △) and WT mice (n = 4 mice, ) stimulated for 48 h with anti-CD3/CD28 antibodies and rIL-2. (B) Volcano plot of the differentially 
present metabolites (LC/MS-MS) in 48 h-stimulated KO and WT CD8+ T cells. FC = fold changes (KO/WT). Red spots represent metabolites more present in 
purified CD8+ T cells from KO mice (n = 4 mice); blue spots are metabolites more present in purified CD8+ T cells from WT mice. (C) Two-way hierarchical 
clustering heatmap of metabolomic data (LC/MS-MS) for the 30 metabolites the most differentially present in 48-h activated KO and WT CD8+ T cells. Each 
column shows the metabolic pattern of individual mice in the MCT1-deficient group (KO) and the control group (WT). Glycolysis intermediates are in red and 
indicated by an asterisk. (D) KEGG pathway analyses for the metabolites the most differentially present in 48-h activated KO and WT CD8+ T cells. (E) Comparison 
of LC/MS-MS peak intensity of selected metabolites from glycolysis and TCA cycle isolated between 48-h activated KO and WT CD8+ T cells. n = 4 mice per 
group. ***P < 0.001; **P < 0.01. (F) Log2(KO/WT) analysis for targeted metabolites (LC/MS-MS) in glycolysis, TCA cycle, and nucleotide synthesis between 
48-h-stimulated KO and WT CD8+ T cells. (G) Energy charge in 48 h-stimulated KO and WT CD8+ T cells was calculated according to the formula presented in 
Materials and Methods. n = 4 mice per group. **P < 0.01. (H) Amounts of ATP detected in KO and WT CD8+ T cells, ex vivo or stimulated for the indicated times 
with anti-CD3/CD28 antibodies and recombinant IL-2. n = 4 mice per group. (I) Comparison of LC/MS-MS peak intensity of AMP, ADP et ATP between 48-h 
activated KO and WT CD8+ T cells. n = 4 mice per group. **P < 0.01; *P < 0.05. (J) Comparison of LC/MS-MS peak intensity of NAD+, NADP+, and nicotinamide 
between 48-h- and 72-h activated KO and WT CD8+ T cells. n = 4 mice per group. ***P < 0.001; **P < 0.01. (K) Total NAD quantified in 72-h activated KO and 
WT CD8+ T cells. n = 4 mice per group. **P < 0.01. (L) Percent of viable KO and WT CD8+ T cells stimulated for 72 h with anti-CD3/CD28 antibodies and rIL-2 
in the presence of metformin. n = 4 mice per group. **P < 0.01; *P < 0.05.
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(ADP-ribose) polymerases (PARP), which consume NAD+ for the 
synthesis of poly(ADP-ribose) (49, 50). Extensive NAD+ consump­
tion was also supported by the accumulation of nicotinamide in 
activated MCT1-deficient CD8+ T cells (Fig. 6J). Therefore, we 
reasoned that if KO T cells were limited in their capacity to maintain 
NAD levels, they should be more sensitive to energy stress induced 
by pharmacological inhibition of mitochondrial complex I. As dis­
played in Fig. 6L, T cell viability decreased in cultures of WT T cells 
containing metformin, known to inhibit complex I of the respiratory 
chain (51). Remarkably, metformin-induced cell death was signifi­
cantly increased in activated KO CD8+ T cells, which was expected 
since NAD abundance was limited in these cells (Fig. 6L).

Discussion

The main observation reported here is that expression of the lactate 
transporter MCT1 is required for T cell proliferation induced by 
antigen recognition. It is also shown that limited antigen-driven 
expansion prevents virus-specific MCT1-deficient CD8+ T cells 
to ensure protective immunity toward acute viral infection. More 
importantly, our results demonstrate the critical importance of 
MCT1 for the control of viral replication by T cells and the selec­
tion of the mechanism responsible for maintaining persistent 
MuHV-4 infection. It is well known that the dose of virus to 
which virus-specific CD8+ T cells are exposed determines whether 
this leads to normal function, reversible functional exhaustion, or 
terminal exhaustion in T cells (13). Our results show that increased 
viral replication caused by the failure of MCT1-deficient T cells 
to expand following activation creates the necessary conditions 
for the induction of functional exhaustion among MuHV-4-
specific CD8+ T cells. Conversely, they demonstrate that a com­
petent immune control of infection is required for the maintenance 
of long-term viral latency. In light of this, we can consider several 
scenarios that might explain the differences in T cell functionality 
that lead to either chronic virus replication or viral latency. From 
the initial work of several groups, we know that the initial stage 
of MuHV-4 replication in lung epithelial cells is controlled by 
cytotoxic CD8+ T cells (52, 53). It is also known from experimen­
tal evidence that the abundance and availability of viral antigen 
defines the extent of T cell exhaustion (17). Failure to limit viral 
replication by MCT1-deficient CD8+ T cells increases the amount 
of antigens available to stimulate T cells and thus induces func­
tional exhaustion. Immune exhaustion is typically set up by RNA 
virus infections, where IFN-dependent silencing of DNA tran­
scription cannot limit antigen expression (54). Rapid replication 
leading to functional exhaustion is then achieved to evade cyto­
toxic T cells and establish chronic infection. Since, in our study, 
MCT1-deficient MuHV-4-specific CD8+ Tex cells displayed a 
deficit in IFNγ production, it is reasonable to assume that IFN-
dependent antigen transcriptional repression is decreased in 
MuHV-4-infected KO mice, preventing the induction of viral 
latency but maintaining T cell exhaustion. Thus, our study shows 
that MuHV-4 infection in mice whose T cells are deficient for 
MCT1 offers a unique model for comparing the mechanisms 
responsible for persistent viral latency or chronic infection leading 
to functional exhaustion of virus-specific CD8+ T cells.

Unlike what was observed for MuHV-4 infection, the inability 
of MCT1-deficient CD8+ T lymphocytes to control PVM infec­
tion did not lead to chronic infection characterized by the persis­
tence of virus-specific exhausted CD8+ T cells. Although T cells 
are known to have no apparent impact on the outcome of acute 
lethal PVM infection, both CD4+ and CD8+ T cells are required 
for virus clearance in response to sublethal PVM infection (30). 
The observation made by others that pulmonary PVM-specific 

CD8+ T cells displayed a deficit in their capacity to produce proin­
flammatory cytokines such as IFNγ has suggested that PVM may 
severely impair the functionality of CD8+ effector T cells (55). 
Our results indicate that limited expansion of MCT1-deficient 
CD8+ T cells could add to the capacity of PMV to inhibit T cell 
effector function as shown by their poorer ability to produce IFNγ 
than WT CD8+ T cells. The molecular mechanism used by PVM 
to inhibit the function CD8+ T cells remains elusive. Whether it 
involves the induction of functional exhaustion among T cells is 
unknown.

We also report that MCT1 is required for optimal glycolytic 
activity in dividing T cells. Moreover, while reduced glycolysis is 
observed in activated MCT1-deficient T cells, this situation does 
not lead to cellular energy depletion. We observed, however, that 
lack of MCT1 expression leads to the depletion of mono- and 
diphosphate nucleosides and subsequently renders T cells more 
susceptible to energy stress. The synthesis of purine and pyrimidine 
nucleotides is necessary for T cell proliferation, but each regulates 
the cell cycle differently. Purines were shown to control both the 
transition from G(1) to S phase and progression through S phase, 
while pyrimidines would only control progression from early to 
middle S phase (56). Interestingly, the alteration of T lymphocyte 
glycolytic activity linked to inhibition of proliferation by PD1 
checkpoint was recently shown to involve a block of de novo nucle­
oside phosphate synthesis (48). These results confirm that limited 
nucleotide synthesis is a consequence of glycolysis inhibition in 
activated T cells. Though this situation certainly impacts T cell 
proliferation, it appears to have a limited effect on cellular energy 
homeostasis, since normal levels of NTPs, and ATP in particular, 
were found in activated MCT1-deficient CD8+ T cells. Thus, a 
limited glycolytic activity coupled to the need to maintain cellular 
energy causes the specific depletion of mono- and diphosphate 
nucleosides. This conclusion is also supported by the observation 
that the partial restoration of glycolysis in MCT1-deficient T cells, 
which correlates with the late increase in MCT4 expression, 
appears to restore the production of nucleosides.

As mentioned earlier, MCT1-mediated lactate transport in 
T cells appears to depend directly on the difference in concen­
tration of lactate on either side of the cell plasma membrane. 
Recently, MCT1 was shown to be responsible for lactate intake 
and oxidation by Tregs in low-glucose/high-lactate environment 
such as solid tumors (23, 24). Moreover, MCT1 and down­
stream lactate signaling in Tregs can confer resistance to anti- 
PD1 therapy and would be a marker of poor prognosis in hepa­
tocellular carcinoma (57). Initial experimental studies, however, 
described MCT1 as an indispensable transporter for the extrac­
tion of lactate from human activated T lymphocytes, pharma­
cological inhibition of MCT1 activity limiting cell proliferation 
(22). Likewise, a recent study by Macchi et al. (27) confirmed 
our observation that targeted silencing of MCT1 limited CD8+ 
T cell proliferation while it had little impact on that of CD4+ 
T cells. Although this study reached the same conclusions as 
our study on the importance of lactate extraction by MCT1 for 
the proliferation of CD8+ T cells, major differences were 
observed regarding the metabolic consequences of MCT1 defi­
ciency. While just like us glycolysis inhibition and compensation 
by increased oxidative phosphorylation were observed by 
Macchi et al. in activated MCT1-deficient CD8+ T cells, the 
accumulation of glycolytic intermediates, however, was not seen. 
This discrepancy may be due to the different experimental pro­
tocols used in the two studies. Whereas we focused our attention 
more specifically on the early stages of T cell activation (48 h 
after activation), Macchi and his colleagues only analyzed the 
changes observed later (96 h), at time points where MCT4 is 
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presumed to play a major role in lactate extraction. This could 
explain why accumulation of glycolytic metabolites was not 
observed in their study.

MCTs are important for cancer cell proliferation, survival, 
and metastasis. Specific MCT1 inhibitors have been developed 
as potential antitumor agents, and one of them (AZD3965) 
is in phase I clinical trials for advanced cancers (58). In this 
context, our results indicate that a therapy based on the inhi­
bition of MCT1 could have deleterious effects on the gener­
ation of antitumor immunity. On the contrary, our findings 
open up opportunities to better understand how T cell metab­
olism is at the heart of immune responses and could therefore 
be the target for the development of therapies, especially in 
immunopathologies where an exacerbated T cell response causes  
the disease.

Materials and Methods

Additional methods are provided in SI Appendix.
Briefly, mouse T cells were made deficient for MCT1 expression by crossing 

B6.Slc16a1fl/fl mice with B6.CD4Cre mice. Proliferative capacity and energy metab-
olism of MCT1-deficient T cells were analyzed after activation with immobilized 
anti-CD3 and soluble anti-CD28. rIL-2 was also added to CD8+ T cell cultures. 

MCT1-deficient T cells were analyzed in vivo for their capacity to respond to infection 
with pneumonia virus of mice (PVM) or gamma herpesvirus MuHV-4.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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