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A. Diagram representing the dissociation of Sodium Lactate (NaLac, left) and Lactic Acid 
(LacAc, right) in aqueous solution.  
B. pH at room temperature of NaCl, NaLac and LacAc solutions in complete 
RPMI.  Horizontal dotted line: RPMI reference. 
C. Osmolality of NaCl and Sodium Lactate (NaLac) solutions in complete RPMI. Horizontal 
dotted line: RPMI reference. Vertical dotted line: osmolality of 40 mM NaCl/NaLac solution in 
RPMI. 
D. Effect of varying concentrations of NaCl, L-NaLactate, and L-NaPyruvate on OT-I CD8+ T 
cell number and GzmB expression 72 hours after activation with SIINFEKL in the presence 
of IL-2. Dotted line: naive (non-activated). 
E. Mouse CD8+ T cells were activated with anti-CD3/CD28 microbeads and IL-2 for 72 
hours in the presence of 40 mM Sodium Chloride (NaCl) or Sodium Lactate (NaLac). Effect 
of NaLac on cell size, cell number, and proliferation index,  
F. Effect of NaLac on intracellular expression of CTLA-4 and intranuclear expression of T-
bet. For (A) and (B) each pair represents an independent mouse donor (n=6-21),**** 
P<0.0001, ** P<0.01, two-tailed paired t test. 
G. Absolute cell number (left) and frequency (middle) of CD8+ T cells at each cell generation 
as determined by CFSE dilution (right). Mean and SEM of n=3 independent mouse donors. * 
P<0.001 repeated-measures two-way ANOVA with Sidak’s multiple comparison test. 
H. Flow cytometry histograms showing fluorescence intensity of CTLA-4, ICOS, T-bet, 
Eomes, CD62L, CD27, CD25, PD-1 and 4-1BB at each cell division (G0-G6) 72 hours after 
activation with 40 mM NaCl (blue line) or 40 mM NaLac (red line). 
I. Median fluorescence intensity (MFI) at each cell generation summarizing data shown in 
(D). Mean and SEM of n=3-6 independent mouse donors. * P <0.001 repeated-measures 
two-way ANOVA with Sidak’s multiple comparison test. 
J. Cell number (mean and SEM) of mouse CD8+ T cells activated in the presence of 
interleukin-2 (IL-2) and different timings of exposure to 40 mM NaCl or NaLac (grey and red 
area). Cells were stimulated at days 0 and 7 (arrow). n=3 independent mouse donors, **** P 
<0.0001 repeated-measures two-way ANOVA with Dunnet’s multiple comparison test, 
comparing to no lactate treatment (filled blue circles). 
K. Ranked Log2 fold change of median fluorescence intensity of surface, cytoplasmic and 
nuclear CD8+ T cell differentiation proteins 7 days after activation in the presence of Sodium 
Lactate (NaLac) vs NaCl. Thick horizontal lines: median fold change. Thin horizontal lines: 
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individual mouse donors. Vertical line: range. Grey area: range between 2-fold increase and 
2-fold decrease. n=3 

L. As described in K but analysis at day 3 after treatment with NaCl/NaLac. n=3-12. 
M. As described in K but analysis at day 7, 4 days after withdrawal of NaCl/NaLac. n=3 

N. Mouse OVA-specific OT-I CD8+ T cells were activated with anti-CD3/CD28 microbeads 
and IL-2 for 72 hours in the presence of 40 mM Sodium Chloride (NaCl) or Sodium Lactate 
(NaLac). To measure cytotoxicity after activation OT-I cells were washed and counted before 
being co-cultured with a 1:1 mix of the thymoma cell line EL4 and a variant expressing OVA 
and GFP (EL4-GFP-OVA) for 24 hours. A constant number of EL4/EL4-GFP-OVA cells was 
co-cultured with an increasing number of OT-I cells (OT-I to EL4 ratio ranging from 1:50 to 
20:1). Specific cytotoxicity was measured by flow cytometry by gating on EL4 cells (CD8-
negative, SSC- and FSC-high) and measuring the frequency of the GFP-positive peak 
(OVA-positive, target peak) relative to the GFP-negative (OVA-negative, reference peak). 
EL4-GFP-OVA to EL4 ratio was normalised to that of cultures where no OT-I cells were 
added (0% cytotoxicity). Plots are flow cytometry histograms pre-gated on EL4 events and 
show GFP fluorescence peaks for 3 individual OT-I donors at varying OT-I to EL4 ratios. 
GFP high peak = EL4-GFP-OVA, GFP low peak = EL4. Numbers represent frequency of 
each peak.   
O. Experimental layout. Naïve CD8+ T cells were purified from whole blood of 9 healthy 

human donors and activated for 4 days with anti-CD3/CD28 beads, IL-2 and either 40 mM 

Sodium Chloride (NaCl) or 40 mM Sodium Lactate (NaLac). At day 4 activation beads were 

removed and cells washed and counted followed by phenotypic analysis by flow cytometry. 

Remaining CD8+ T cells were left in culture with IL-2 without further addition of NaCl or 

NaLac. Cell number and flow cytometry analysis were also performed at days 7 and 14. 

P.  Cumulative cell number and median fluorescence intensity (MFI) of CD8+ T cell 

differentiation markers CD45RA, CD45RO and CD62L and frequency of CCR7-negative and 

GzmB-positive cells at days 4, 7 and 14. Left plots show paired data for individual donors at 

each time point (n=9 for cell number, n=4 for phenotypic markers). Right plots show mean 

and SEM over time for each parameter (grey/red shaded area = exposure to NaCl or 

NaLac). * P>0.05, two-tailed ratio paired t-test. 
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Supplementary Figure 3. Sodium lactate enhances the ex vivo 

production of therapeutic CD8+ T cells 

 
A. Layout of retroviral vector encoding a polycistronic peptide composed of the surface 
transduction marker Thy-1.1 and the TCR chains (V𝛼2 and V𝛽5)  of the anti-OVA OT-I TCR. 

Elements are connected by self-cleaving picornavirus 2A sequences (P2A). LTR: retroviral 
long terminal repeats. 
B. Gating strategy to identify transduced CD8+ T cells in ex vivo culture. FSC-A, FSC-W: 
forward scatter area and width respectively; SSC-A: side scatter area; live/dead: near infra 
red live dead stain. 
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C. Gating strategy to identify transduced CD8+ T cells in mouse peripheral blood 7 days 

after injection. CD45.2 and CD45.1: congenic markers for identification of endogenous and 

adoptively transferred immune cells, respectively. 

 

Supplementary Figure 4. Lactate is utilized as a fuel by CD8+ T 

cells and alters the metabolic landscape 
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A. 15 µg of CD8+ T cell protein extracts from 0, 6, 12, 24, 48, and 72 hours post-activation 
were probed with antibodies against MCT1, MCT4, GzmB and PPIB (cyclophilin B).  
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B. Protein (normalised to total protein stain; TPS) and mRNA (normalised to HPRT) levels of 
MCT1, MCT4 and GzmB over time since activation. 
C. CD8+ T cells were activated for 72 hours in the presence of the MCT1 inhibitor AZD3985. 
40 mM Sodium Lactate (NaLac) or plain media were used. A non-linear fit ([Inhibitor] vs. 
response -- Variable slope (four parameters)) was used to determine IC50. Grey area = 
range of untreated controls. 
D. Sugar Phosphate and GC-MS quantification of key metabolites in CD8+ T cells 72 hours 
after activation in the presence of 40 mM NaCl or Sodium Lactate (NaLac). Thick vertical 
lines: median amount of metabolite per 106 cells. Thin vertical lines: individual mouse donors 
(n=4). Horizontal line: range. Metabolites are ranked from highest to lowest frequent in 
control (NaCl)-treated cells. 
E. Same dataset shown in A but expressed as Log2 fold change of metabolite quantity 
(NaLac vs NaCl). Thick vertical lines: median fold change. Thin vertical lines: individual 
mouse donors (n=4). Horizontal line: range. Grey area: range between 2-fold increase and 
2-fold decrease.Metabolites are ranked from most upregulated to most downregulated in 
NaLac-treated cells. ** P<0.01, * P<0.05, two-tailed ratio paired t test. 
F. Same dataset and presentation as in B but grouping metabolites by pathway 

G. Pyruvate levels determined by a chemiluminescent assay. Each pair represents an 
independent mouse donor (n=7). ** P<0.01, two-tailed paired t-test. 
H. Mouse CD8+ T cells were activated for 72 hours in the presence of 11.1 mM [U-
13C6]Glucose and 40 mM NaCl (blue circles), or 11.1 mM [U-13C6]Glucose and 40 mM NaLac 

(red squares), or 11.1 mM Glucose and 40 mM [U-13C3]NaLac (green squares). Proportion of 

metabolites in which at least one carbon is labelled (m>0) ranked from most to least labelled 

by [U-13C3]NaLac. n=4 independent mouse donors. *, 𝛼, 𝛽 P<0.001, two-way ANOVA with 

Tukey’s multiple comparison test. 

 

Supplementary Figure 5. Daily administration of Sodium Lactate 

delays tumour growth. 

 
A. Peripheral blood lactate concentration (as measured with Accutrend® Plus) following a 
single dose of 2 g/kg Sodium Lactate (NaLac) administered i.p in FVB or C57BL/6J mice. 
B. Daily doses of PBS or 3 g/kg NaLac were administered i.p to FVB mice for 12 days before 
subcutaneous inoculation with with the breast cancer cell line I3TC. Injections were 
continued throughout the experiment. Graphs show tumour volume (mean and SEM) over 
time. * P <0.05, Log-rank (Mantel-Cox) survival test. 
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