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Abstract 22 

Reducing calorie intake without malnutrition limits tumor progression but the underlying 23 

mechanisms are poorly understood. Here we show that dietary restriction (DR) 24 

suppresses tumor growth by enhancing CD8+ T cell-mediated anti-tumor immunity. DR 25 

reshapes CD8+ T cell differentiation within the tumor microenvironment (TME), 26 

promoting the development of effector T cell subsets while limiting the accumulation of 27 

exhausted T (Tex) cells, and synergizes with anti-PD1 immunotherapy to restrict tumor 28 

growth. Mechanistically, DR enhances CD8+ T cell metabolic fitness through increased 29 

ketone body oxidation (ketolysis), which boosts mitochondrial membrane potential and 30 

fuels tricarboxylic acid (TCA) cycle-dependent pathways essential for T cell function. T 31 

cells deficient for ketolysis exhibit reduced mitochondrial function, increased exhaustion, 32 

and fail to control tumor growth under DR conditions. Our findings reveal a critical role 33 

for the immune system in mediating the anti-tumor effects of DR, highlighting nutritional 34 

modulation of CD8+ T cell fate in the TME as a critical determinant of anti-tumor 35 

immunity. 36 

 37 

 38 
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Main Text 40 

Introduction 41 

The balance between cancer cell proliferation and anti-tumor functions of the immune 42 

system influences tumor growth (1). Immune checkpoint inhibitors (ICIs) have 43 

revolutionized the treatment landscape for various malignancies in part by promoting 44 

the expansion of CD8+ T cell subsets critical for controlling tumor progression (2). Given 45 

their central role in mediating anti-tumor immunity, CD8+ T cells are often the target of 46 

immune evasion and suppression mechanisms. Chronic exposure to tumor antigens 47 

and inflammatory conditions in the tumor microenvironment (TME) can lead to CD8+ T 48 

cell dysfunction (also known as exhaustion), a terminally differentiated state 49 

characterized by reduced proliferative capacity and the expression of inhibitory 50 

receptors (i.e., PD1, LAG3, TIM3) that limit T cell effector function (3, 4). The 51 

accumulation of exhausted T (Tex) cells in tumors is driven by the transcription factor 52 

Thymocyte Selection-Associated High Mobility Group Box (TOX) and is reinforced 53 

through epigenetic programming (5–8), this ultimately limits the ability of CD8⁺ T cells to 54 

control tumor growth. Understanding mechanisms that drive CD8⁺ T cell fate decisions 55 

in the TME is critical for developing new approaches to counter T cell dysfunction and 56 

overcome ICI resistance during tumor progression. 57 

T cell dysfunction is also influenced by environmental conditions in the TME that 58 

impact T cell metabolism (9, 10). CD8⁺ T cells rely on glycolysis and oxidative 59 

phosphorylation (OXPHOS) to fuel their proliferation and effector function (11–13). 60 

Chronic antigen stimulation, hypoxic stress, and PD1 signaling all promote metabolic 61 

and mitochondrial derangements in CD8+ T cells that precede their dysfunction (14–17). 62 
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Conversely, CD8+ T cell effector function is enhanced by exposure to nutrients that fuel 63 

mitochondrial oxidative metabolism and acetyl-CoA levels, including ketone bodies 64 

(KBs) and acetate (18–20). Nutrient levels in the TME are highly influenced by diet (21). 65 

Thus, using dietary strategies that modulate metabolic conditions in the TME has the 66 

potential to stimulate robust anti-tumor immunity, either in isolation or in combination 67 

with ICI treatments, via metabolic enhancement of CD8+ T cell function.  68 

Dietary restriction (DR), a regimen that reduces caloric intake without 69 

malnutrition, extends lifespan in mammals and delays the onset of age-related diseases 70 

including cancer (22–26). Dietary interventions that limit tumor growth¾such as DR, 71 

fasting-mimicking diets, or low glycemic diets¾are presumed to act by altering the 72 

levels of hormone (i.e., insulin, IGF-1) and/or metabolites (i.e., glucose) in the TME (27–73 

30). However, DR also exerts major effects on immune function (31). Despite lower 74 

calorie intake, DR enhances both primary and memory T cell responses to bacterial 75 

infection in mice (32, 33). Similarly, a 30% reduction in calorie intake is sufficient to 76 

boost the proliferation and effector function of human T cells (34). Yet, the contribution 77 

of the immune system to the anti-tumor effects of DR are unknown. Here, we show that 78 

DR-driven changes in ketone body (KB) metabolism reshape CD8+ T fate in the TME to 79 

control tumor growth. 80 

 81 

Results 82 

Dietary restriction (DR) enhances T cell-mediated anti-tumor immunity  83 

To explore how the immune system contributes to the anti-tumor effects of DR, we 84 

examined tumor growth in immunocompetent mice using an established model of DR 85 
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where daily food availability is reduced by 50% with no change to nutritional content 86 

(Table S1) (33). C57BL/6J mice were fed either ad libitum (AL) or subjected to 50% DR 87 

for 7 days prior to establishment of subcutaneous syngeneic tumor allografts (Fig. 1a). 88 

Immune profiling revealed no change in CD4+ T cell and NK cell populations but 89 

increased numbers of CD8+ T cells, eosinophils, and neutrophils in the spleen of DR-90 

conditioned mice compared to AL-fed controls after 1 week on the diet (Table S2). Mice 91 

on the DR regimen displayed normal levels of physical activity (Fig. S1a) but consumed 92 

50% less food and water on average (Fig. 1b, S1b), resulting in a ~15-20% loss in body 93 

weight compared to AL-fed animals (Fig. 1c, S1c). Despite this weight loss, syngeneic 94 

melanoma (B16) and breast cancer (E0771) tumors grew more slowly in mice adapted 95 

to DR, corresponding to a 30-80% extension in tumor-free survival (Fig. 1d-e). These 96 

results from DR are comparable to the delay in tumor growth observed in animals fed a 97 

fasting-mimicking diet (FMD) (35). To interrogate the involvement of the immune system 98 

in the anti-tumor effects of DR, we first assessed B16 melanoma tumor growth in Rag2-/- 99 

mice that lack mature T and B cells. Strikingly, the delay in tumor growth promoted by 100 

DR was lost in Rag2-deficient animals (Fig. 1f). Similarly, there was no difference in 101 

B16 tumor growth in athymic nude mice (that lack mature T cells) fed AL versus the DR 102 

diet (Fig. S2a). Finally, depleting CD8+ T cells accelerated B16 tumor growth under AL 103 

conditions but also eliminated the tumor-delaying effects of DR (Fig. 1g, S2b). 104 

Together, these data establish that DR limits tumor growth by promoting anti-tumor 105 

CD8+ T cell responses. 106 

To determine how DR impacts immune cells in the TME, we performed cellular 107 

indexing of transcriptomes and epitopes coupled to next generation sequencing (CITE-108 
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seq) on live CD45+ cells sorted from B16 tumors from AL- or DR-fed mice. This analysis 109 

identified several cell clusters that categorized into three main groups: myeloid cells, T 110 

cells, and NK cells (Fig. 1h, S3a-b; Table S3). The proportion of tumor-infiltrating T 111 

cells (of CD45+ cells) increased under DR, marked by an increase in Gzmb+ CD8+ T 112 

effector (Teff) cells (Fig 1h, S3c). Histological analysis confirmed this increase in CD8+ 113 

T cell infiltration into B16 tumors under DR conditions (Fig. 1i, S3d). The proportion of 114 

myeloid cells in B16 tumors also changed in DR-fed mice, marked by a decrease in the 115 

proportion of immunosuppressive C1q+ tumor-associated macrophages (TAM) and an 116 

expansion of Ly6C+ inflammatory monocytes (Fig 1h, S3e). While recent work suggests 117 

that DR can boost natural killer (NK) cell-mediated anti-tumor immunity (36), tumor-118 

infiltrating NK cell populations were similar between dietary conditions (Fig. 1h). 119 

 Overcoming resistance to immune checkpoint inhibitors (ICIs) is a major 120 

challenge for cancer treatment. Given that DR enhances T cell-mediated control of 121 

tumor growth, we tested the efficacy of combining DR with anti-PD1 immunotherapy in 122 

mice bearing B16 melanoma tumors, which display resistance to PD1 blockade (37). Ad 123 

libitum or DR-fed C57BL/6 mice were administered anti-PD1 or IgG control antibodies 124 

beginning once tumors were palpable (~7 days post implantation). DR synergized with 125 

anti-PD1 treatment, significantly extending the tumor-free survival of animals over anti-126 

PD1 treatment (under AL feeding) or DR treatment alone (Fig. 1j). Strikingly, ~15% of 127 

animals treated with DR plus anti-PD1 immunotherapy remained tumor-free after 80 128 

days (Fig. 1j). Thus, DR enhances the efficacy of ICI treatment even in tumors 129 

refractory to conventional immunotherapies. 130 

 131 
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Dietary restriction reduces T cell dysfunction in the tumor microenvironment 132 

Our data point to DR affecting CD8+ T cell populations in the tumor microenvironment 133 

(TME). Thus, we used our CITE-seq datasets to characterize how DR impacts CD8+ 134 

tumor infiltrating lymphocyte (TIL) populations. Cell clusters were classified based on 135 

gene features, gene density, antibody-derived tags (ADTs), and MSigDB pathway 136 

analysis (Fig. S4a). Cellular indexing of both protein epitopes and transcriptional 137 

profiling revealed two major CD8+ TIL populations in B16 tumors based on gene 138 

expression for Tox, a key transcriptional regulator of T cell exhaustion (5, 6) (Fig. 2a). 139 

The ToxLow population consisted of five main subclusters including two Mki67+ 140 

proliferating Teff cell populations (Prolif1 and Prolif2), two progenitor exhausted T cell 141 

populations (TexProg1, TexProg2), an intermediate exhausted (TexInt) population, and a 142 

small naïve-like cell population (Fig. 2a, Fig. S4a-c). ToxHigh CD8+ T cells displayed 143 

elevated transcript levels for inhibitory receptor genes (Lag3+Havcr2+Pcdc1+), but 144 

clustered into two distinct groups: a conventional terminally exhausted (TexTerm) 145 

population and a proliferating (Mki67+) effector-like exhausted population (TexEff) (Fig. 146 

2a-b, Fig. S4a-c) (3). Fast Gene Set Enrichment Analysis (FGSEA) identified the TexEff 147 

cluster as having the most effector-like properties, including enrichment for immune 148 

response and cell cycle genes (Fig. 2b). TexEff cells also displayed increased 149 

expression of genes encoding effector molecules (i.e., Ifng, Tnfa, and Gzmb) (Fig. 2b), 150 

despite elevated expression of transcripts encoding Tox and inhibitory receptors (i.e., 151 

Pdcd1, Lag3, Havcr2) (Fig. S4a). 152 

Single cell hashtagging strategies allowed us to track CD8+ TIL populations in 153 

B16 tumors from either AL- or DR-fed mice. Analysis of CD8+ TIL populations revealed 154 
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two major trends induced by DR feeding. First, for the ToxLow CD8+ TIL subset we 155 

observed an expansion in proliferating effector T cell populations (Prolif1, Prolif2) and a 156 

decrease in TexInt cells in animals conditioned to DR (Fig. 2c-d). Second, the type of 157 

ToxHigh Tex cells found in tumors was highly dependent on diet. Tumors from AL-fed 158 

mice contained more terminally exhausted (TexTerm) CD8+ T cells, while tumors from DR 159 

mice contained a greater proportion of effector-like cells (TexEff) (Fig. 2c-d). To 160 

determine whether the diet-induced changes in Tex cell populations reflect differences 161 

in CD8+ T cell differentiation, we employed RNA velocity analysis, a computational 162 

method that infers cellular differentiation trajectories based on the abundance of spliced 163 

and unspliced mRNA in single cells (38). Under AL conditions, RNA velocity pseudotime 164 

(overlaid with velocity vectors) showed a directional flow away from the proliferating 165 

effector population towards TexInt and ultimately TexTerm populations (Fig. 2e). In 166 

contrast, under DR the direction of CD8+ T cell differentiation culminated in the effector-167 

like TexEff population (Fig. 2e). This change in differentiation trajectory corresponded to 168 

a major shift in the ratio of effector to terminally exhausted T cell populations in B16 169 

tumors, moving from an equal effector to terminally exhausted ratio under AL-fed 170 

conditions to a 4:1 ratio under DR (Fig. S5a).  Collectively, these results indicate that 171 

DR triggers a major shift in CD8+ TIL fate away from terminal exhaustion towards a 172 

more effector-like state that favors tumor control. 173 

 We next used flow cytometry to characterize the impact of DR on CD8 T cell 174 

function within the TME. Consistent with our CITE-seq analysis, the number of CD8+ 175 

TexTerm cells¾as determined by reduced TOX and inhibitory receptor (PD1+TIM3+) 176 

expression¾decreased significantly in tumors from DR-conditioned animals compared 177 
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to AL-fed mice 14 days post-tumor implantation (Fig. 2f). Using conventional markers 178 

for terminally-exhausted (LY108-TIM3+) versus progenitor exhausted (LY108+TIM3-) 179 

cells (2), the majority of PD1+ CD8 TIL in B16 tumors from DR-fed mice were progenitor 180 

exhausted or an intermediate phenotype (LY108+TIM3+) (Fig. S5b) (2). In addition, the 181 

percentage of effector CD8+ T cells (PD1lowTOXlow) was significantly increased under 182 

DR (Fig. 2f, S5c) and these cells displayed increased features of stemness 183 

(LY108/SLAMF6 expression, Fig. S5d) and cytotoxic function (Granzyme B production, 184 

Fig. S5e). TOX-expressing CD8+ TILs from DR-fed mice displayed increased 185 

expression of stemness markers (LY108/SLAMF6) and effector molecules (Granzyme 186 

B), while showing reduced features of terminal exhaustion (i.e., lower PD1 and TOX 187 

expression) compared to AL-fed controls (Fig. 2g). Thus, DR both enhances the 188 

function and number of effector CD8+ T cells in the TME and promotes the accumulation 189 

of TOX+ CD8+ T cells that are more stem-like, less exhausted, and functionally active.  190 

Proliferative Tex cells expressing LY108/SLAMF6 are highly responsive to ICI 191 

therapy (2, 39, 40). Given that DR synergizes with anti-PD1 treatment to slow tumor 192 

growth (Fig. 1j), we investigated the impact of DR on anti-tumor CD8+ T cell populations 193 

following ICI treatment. B16 tumor-bearing C57BL/6J mice subjected to DR were 194 

administered either anti-PD1 or control IgG antibodies 7 days post-tumor implantation, 195 

and CD8+ TIL phenotypes analyzed after 14 days of treatment (Fig. S6). Anti-PD1 ICI 196 

therapy resulted in a ~3-fold decrease in TOX+PD1+ CD8+ TIL frequency (Fig. 2h). 197 

Moreover, TOX-expressing CD8+ TILs were more functional following anti-PD1 198 

treatment, marked by lower TOX expression and increased polyfunctionality (i.e., IFN-199 

g+TNF-a+ and Granzyme B+ T cells) (Fig. 2i). Thus, anti-PD1 treatment amplifies the 200 
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effects of dietary restriction on CD8+ T cell fate within the TME, favoring the expansion 201 

of CD8+ Teff and TexEff cells. 202 

 203 

Dietary restriction enhances CD8+ T cell metabolic fitness via ketone body 204 

metabolism 205 

CD8+ T cells are capable of metabolizing a diverse set of metabolic substrates to fuel 206 

their growth and function (18, 41, 42). Given the impact of DR on CD8+ T cell fate in the 207 

TME, we assessed whether DR alters the metabolic programming of CD8+ TIL subsets 208 

that are important for tumor control. We first conducted metabolism-focused Gene Set 209 

Enrichment Analysis (GSEA) on our CITE-seq datasets to define the metabolic features 210 

of CD8+ TIL subsets. This analysis revealed two distinct metabolically active CD8+ TIL 211 

populations in B16 tumors. CD8+ T cells with effector properties (Prolif1, TexEff) 212 

displayed the highest glycolytic signature (Fig. 3a), consistent with their high 213 

proliferative rate (Fig. 2a-b). Notably, TexEff cells¾which preferentially expand in tumors 214 

under DR (Fig. 2c-d)¾displayed the highest OXPHOS signature of all CD8+ TIL 215 

subsets (Fig. 3a). Together, these results indicate that the most metabolically active 216 

CD8+ TIL subsets are the effector populations enhanced by DR treatment. 217 

To evaluate how DR impacts CD8+ Teff cell metabolism, we used a model of 218 

Listeria monocytogenes (Lm) infection that elicits robust CD8+ Teff cell responses in 219 

vivo (18, 43, 44). Thy1.1+ OT-I T cell receptor (TCR) transgenic CD8+ T cells were 220 

transferred into AL or DR-fed mice, followed by infection with attenuated Listeria 221 

expressing ovalbumin (LmOVA), and splenocytes extracted 7 days post infection (dpi) 222 

for functional analysis (Fig. S7a). While OT-I CD8+ T cells expanded less in DR-fed 223 
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mice (Fig. S7b-d), they displayed increased effector function, characterized by both an 224 

increase in the percentage of IFN-g-producing T cells (Fig. S7e-f) and higher IFN-g 225 

protein production on a per-cell basis (Fig. S7g). OT-I T cells from DR-treated animals 226 

also displayed a ~2-fold increase in Granzyme B production (Fig. S7h). Metabolically, 227 

OT-I Teff cells from DR mice displayed increased rates of oxygen consumption (Fig. 228 

3b) and extracellular acidification (Fig S8a), corresponding to increased rates of ATP 229 

production from both OXPHOS and glycolysis compared to CD8+ T cells from AL-fed 230 

animals (Fig. 3c, S8b-c). Consistent with increased mitochondrial metabolism, steady 231 

state levels of TCA cycle-derived metabolites were elevated in DR-conditioned OT-I Teff 232 

cells (Fig. 3d, S8d). In addition, both OT-I Teff cells responding to Listeria infection and 233 

CD8+ TILs isolated from B16 tumors displayed increased mitochondrial membrane 234 

potential under DR conditions compared to CD8+ T cells from AL-fed mice (Fig. 3e). 235 

Together, these data indicate that DR boosts CD8+ Teff cell bioenergetics, promoting 236 

increased mitochondrial metabolism and OXPHOS. 237 

Dietary modifications that alter systemic metabolism in mice can impact nutrient 238 

availability in the TME (21, 27, 45). Thus, we hypothesized that DR impacts CD8+ T cell 239 

metabolism in part by altering the availability of specific nutrients in vivo. Indirect 240 

calorimetry revealed that mice conditioned to DR displayed a significant decrease in 241 

their respiratory exchange ratio (RER) during the fasted¾but not the fed¾state (Fig. 242 

S8e), indicating increased lipid oxidation in DR-fed mice. We next used mass 243 

spectrometry to profile diet-induced alterations in lipid and metabolite abundance in B16 244 

tumors. We observed a general decrease in fatty acid and lipid abundance in DR 245 

tumors compared to AL-fed controls (Fig. 3f, S8f, Tables S5-6). This change in tumor 246 
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lipid abundance is consistent with lipid mobilization from adipose tissue and a decrease 247 

in respiratory exchange rate (RER) favoring oxidation triggered by DR (27, 33) (Fig. 248 

S8e). In contrast, only a small number of metabolites were enriched in tumors from DR-249 

treated mice, including increased abundance of the ketone β-hydroxybutyrate (βOHB) 250 

(Fig. 3f). Elevated βOHB levels were observed in both tumors and serum from DR mice 251 

compared to AL-fed mice (Fig. 3g).  252 

The increase in circulating and intra-tumoral bOHB levels under DR was notable 253 

given recent evidence linking ketone body (KB) metabolism to enhanced T cell effector 254 

function (19, 46). Using Seahorse bioenergetic analysis and 13C-labeled metabolic 255 

tracers, we found a striking difference in βOHB utilization by CD8+ Teff cells based on 256 

diet. First, augmenting DR-conditioned OT-I Teff cells with bOHB further increased their 257 

maximal oxygen consumption rate (Fig. 3h). This change corresponds to a ~4-fold 258 

increase in maximal oxidative ATP production capacity compared to Teff cells from AL-259 

fed animals (Fig. 3h-i, S8h-g). Next, we cultured OT-I Teff cells from LmOVA-infected 260 

mice ex vivo in physiologic medium (VIM) (18) containing fully-labeled [13C6]-glucose 261 

and partially labelled [2,4-13C2]-βOHB. In this strategy, breakdown of [13C6]-glucose 262 

generates M+2 labeled TCA cycle intermediates whereas [2,4-13C2]-βOHB generates 263 

M+1 labeled intermediates (Fig. 3j), which thereby allowed us to directly compare the 264 

contribution of each fuel type to TCA cycle metabolism (19). We observed a small but 265 

significant increase in [13C6]-glucose-derived citrate (M+2) in DR-conditioned CD8+ Teff 266 

cells (Fig. 3k, Table S7); however, citrate labeling from [2,4-13C2]-βOHB (M+1) doubled 267 

in CD8+ Teff cells from DR compared to AL-fed mice (Fig. 3l). DR-conditioned OT-I Teff 268 

cells also displayed a lower ratio of [2,4-13C2]-βOHB-labeled malate to citrate (Fig. 3m), 269 
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indicative of increased export of mitochondrial citrate to the cytosol (47). Consistent with 270 

these observations, steady state acetyl-CoA levels were 2-fold higher in CD8+ Teff cells 271 

from DR mice relative to T cells from AL-fed controls (Fig. 3n). Thus, DR increases both 272 

systemic bOHB availability and its utilization by CD8+ T cells. 273 

 274 

Ketone bodies fuel anti-tumor immunity under dietary restriction 275 

One of the defining features of CD8+ TILs from DR tumors is the expansion of 276 

proliferating TOX+ Tex cells with effector-like properties (TexEff cells, Fig. 2c-d). To 277 

better understand the metabolic properties of these cells, we analyzed transcriptional 278 

profiles of CD8+ TIL subsets from human tumors. Similar to CD8+ TILs from mouse 279 

tumors (Fig. 2), we identified CD8+ effector T (Teff) cells and two exhausted (Tex) cell 280 

clusters in TILs from human tumors (Fig. 4a). The dysfunctional or exhausted-like (Tex)  281 

cell populations were distinguished from each other by the expression of the 282 

proliferation marker MKI67 (TexEff versus TexTerm, Fig. S8i). TexEff cells from human 283 

tumors most closely associated with TexEff cluster of cells from mouse TILs (Fig. 2a). 284 

Notably, both human Teff and TexEff cells displayed significant increases in transcript 285 

levels for bOHB dehydrogenase (BDH1), which encodes the rate-limiting enzyme 286 

required for bOHB breakdown (Fig. 4b). Interestingly, proliferating TexEff cells (human 287 

TIL) displayed the highest ketone body metabolism gene signature of all human TIL 288 

subsets (Fig. 4c), driven by increased expression of BDH1 and 3-oxoacid CoA-289 

transferase 1 (OXCT1), which converts bOHB to acetoacetate (AcAc) (Fig. 4b).   290 

 In light of these findings, we assessed the metabolism of CD8+ T cells exposed 291 

to chronic antigenic stimulation that limits their self-renewal capacity and promotes 292 
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terminal differentiation (Fig. S9a) (17). Chronic stimulation of in vitro-activated CD8+ T 293 

cells with anti-CD3 and -CD28 antibodies promotes several features of T cell exhaustion 294 

including increased expression of TOX and inhibitory receptors (i.e., PD1, TIM3) (Fig. 295 

S9b), as well as reduced polyfunctionality (Fig. S9c) compared to activated CD8+ T 296 

cells maintained in IL-2 (acute stimulation). Surprisingly, chronically stimulated CD8+ T 297 

cells displayed increased abundance of TCA cycle intermediates compared to acutely 298 

stimulated controls (Fig. 4d). This increase in TCA cycle intermediates was similar to 299 

DR-conditioned CD8+ T cells (Fig. 3d), leading us to hypothesize that chronic antigen 300 

exposure may promote increased KB utilization. Using 13C-bOHB as a metabolic tracer, 301 

we found that chronically stimulated CD8+ T cells displayed increased bOHB uptake 302 

(Fig. 4e, Table S8) as well as higher bOHB oxidation in the TCA cycle as determined 303 

by increased levels of 13C-bOHB-derived citrate and malate compared to controls (Fig. 304 

4f, Table S8). Chronically stimulated CD8+ T cells also displayed a reduced malate-to-305 

citrate ratio (Fig. 4g, Table S8). This suggested a net export of bOHB-derived citrate to 306 

the cytosol, similar to our observations for DR-conditioned T cells (Fig. 3m). 307 

Collectively, these data suggest that chronic antigen exposure stimulates increased 308 

bOHB uptake and metabolism by CD8+ T cells. 309 

 Next, we assessed the contribution of bOHB metabolism by T cells to the anti-310 

tumor effects of DR. To test this, we generated mice with T cell-specific deletion of the 311 

enzymes required to process KBs, bOHB dehydrogenase 1 (BDH1) and succinyl-312 

CoA:3-ketoacid CoA transferase (SCOT; encoded by Oxct1), by crossing Cd4Cre 313 

transgenic mice to mice with floxed alleles targeting the Bdh1 and Oxct1 genes 314 

(Bdh1fl/flOxct1fl/flCd4-Cre, Fig. S10a). BDH1 mediates the conversion of bOHB to 315 
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acetoacetate (AcAc), while SCOT converts AcAc to acetoacetyl-CoA, ultimately leading 316 

to the production of acetyl-CoA destined for the TCA cycle (Fig. S10b). Double 317 

knockout (DKO) T cells (from Bdh1fl/flOxct1fl/flCd4-Cre mice) lacking both BDH1 and 318 

SCOT were confirmed by immunoblot (Fig. 4h). Seahorse analysis of control (WT, from 319 

Cre-negative Bdh1fl/flOxct1fl/fl mice) or DKO OT-I CD8+ T cells isolated from LmOVA-320 

infected mice demonstrated that loss of BDH1 and SCOT reversed the boost in 321 

OXPHOS induced by DR feeding (Fig. 4i, Fig. S10c-d). Consistent with these 322 

observations, DKO CD8+ OT-I cells isolated from DR-fed mice displayed a significant 323 

reduction in 13C-bOHB labeling of TCA cycle intermediates (i.e., citrate, malate) 324 

compared to controls (Fig. 4j). TMRM staining also revealed that the DR-induced 325 

increase in mitochondrial membrane potential was blunted in DKO CD8+ T cells (Fig. 326 

4k). Together, these data indicate that T cell-intrinsic ketolysis is responsible for 327 

maintaining T cell mitochondrial function and bioenergetic capacity under DR. 328 

 Finally, we assessed the contribution of T cell-intrinsic ketolysis to the anti-tumor 329 

effects of DR by challenging control (WT) or DKO mice with syngeneic tumors. We 330 

observed no difference in B16 melanoma tumor growth between DKO and control mice 331 

under AL conditions; however, tumor growth was accelerated in DKO mice specifically 332 

under DR conditions (Fig. 4l). Analysis of CD8+ TIL from these mice revealed increases 333 

in the accumulation of PD1+TOX+ Tex cells in the tumors of DR-fed DKO mice 334 

compared to control animals (Fig. 4m). Furthermore, these DKO CD8+ TIL maintained 335 

high TOX levels even under DR feeding conditions (Fig. 4n). Together, these data link 336 

T cell-intrinsic ketolysis to the anti-tumor effects of DR, with ketolysis deficient T cells 337 

displaying increased features of exhaustion (i.e., TOX expression) in the TME.  338 
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  339 

Discussion 340 

The tumor suppressive effects of reduced calorie intake have long been presumed to 341 

act directly on cancer cells. Here, we demonstrate that dietary restriction (DR) works 342 

more broadly to limit tumor growth by stimulating CD8+ T cell anti-tumor immunity. We 343 

show that DR alters CD8+ T cell fate in the TME, promoting the expansion of tumor-344 

controlling effector (Teff-like and TexEff) cells while limiting terminal T cell exhaustion. 345 

Moreover, DR enhances CD8+ T cell anti-tumor immunity by increasing circulating KB 346 

levels, which in turn enhance TCA cycle metabolism and mitochondrial bioenergetics of 347 

CD8+ T cells. T cells that cannot metabolize KBs display metabolic deficits, undergo 348 

premature exhaustion, and fail to control tumor growth under DR conditions, identifying 349 

T cell-intrinsic ketolysis as a central mechanism for the anti-tumor effects of DR. These 350 

findings, along with our previous research identifying ketolysis as a regulator of CD8+ T 351 

cell cytolytic function (19, 46), suggest that DR regulates a nutrient-sensitive checkpoint 352 

within the TME¾mediated by ketones¾that promotes the expansion of tumor-353 

controlling effector (Teff-like and TexEff) T cells over terminal exhaustion, thereby 354 

improving tumor control. Overall, our study highlights how altering systemic nutrient 355 

availability through diet can influence CD8+ T cell fate within tumors to limit cancer 356 

progression. 357 

bOHB is preferentially oxidized over glucose for ATP production in CD8+ T cells 358 

and boosts T cell effector responses (21, 48). Our data indicate that bOHB uptake and 359 

oxidation is a metabolic feature of T cells exposed to chronic stimulation. Increased 360 

BDH1 expression in CD8+ T cells, which we observed in TILs from human tumors, 361 
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facilitates greater bOHB oxidation in TIL as they infiltrate solid tumors. Many tumors are 362 

nutrient-poor (19). By increasing KB availability approximately fourfold compared to ad 363 

libitum-fed conditions, DR boosts the available bOHB supply in the TME, fueling the 364 

TCA cycle to meet the oxidative demands of CD8+ TIL. Consistent with this, CD8+ T 365 

cells adapted to DR were found to display increased mitochondrial membrane potential 366 

and oxidative ATP production. This metabolic advantage promotes the expansion of 367 

TexEff cells, which retain proliferative capacity and effector function, over TexTerm cells 368 

with high inhibitory receptor expression and diminished functionality. These metabolic 369 

advantages are lost in ketolysis-deficient (DKO) T cells, contributing to their premature 370 

exhaustion. Thus, DR aligns systemic nutrient supply with the metabolic needs of T 371 

cells at the tissue level.  372 

A critical metabolic fate of bOHB oxidation in CD8+ T cells is acetyl-CoA, the 373 

levels of which double under DR-fed conditions. We have shown that bOHB is the major 374 

substrate for acetyl-CoA production in CD8+ T cells under physiologic conditions (49, 375 

50). The role of acetyl-CoA extends beyond biosynthetic growth (i.e., de novo 376 

lipogenesis) and energy production: it is the rate-limiting substrate for histone 377 

acetylation reactions that regulate T cell differentiation and effector function (20). Our 378 

results here argue that nutritional regulation of KB metabolism is a critical determinant 379 

of CD8⁺ T cell fate in the TME, shifting differentiation between terminally exhausted 380 

(TexTerm) and effector-like (TexEff) states. Consistent with this, pantothenate/Coenzyme 381 

A (CoA) increases CD8⁺ T cell differentiation towards effector lineages to enhance 382 

tumor control (51–53). We speculate that, under DR, bOHB-dependent changes in 383 

acetyl-CoA levels drive changes in T cell epigenetic programming favoring effector 384 
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responses over exhaustion. Thus, dietary interventions or therapeutics that boost 385 

acetyl-CoA production in T cells may improve anti-tumor immunity similar to DR. 386 

  The mammalian immune system evolved under cyclical periods of feast and 387 

famine. Immune challenges such as infection further impact systemic nutrient 388 

availability by disrupting feeding behaviors and remodeling host metabolism (54, 55). 389 

Mobilizing stored energy from adipose tissue into KB production provides the host with 390 

a versatile fuel to maintain acetyl-CoA production under conditions of metabolic stress 391 

(56). In this vein, we speculate that T cells evolved the use of ketolysis to buffer against 392 

metabolic perturbations that negatively impact T cell bioenergetics and function. Our 393 

findings reveal the potential of exploiting this system through nutritional interventions 394 

that enhance anti-tumor immunity. PD1 blockade amplifies the anti-tumor effects of DR 395 

by promoting the expansion of effector T cells (Teff and TexEff cells) to limit tumor 396 

growth, highlighting the potential of enhancing the efficacy of immunotherapies through 397 

nutritional intervention. Employing DR in clinical settings may face challenges regarding 398 

feasibility due to patient health and compliance. However, combining ICIs with 399 

pharmacological agents that reduce appetite and food intake, such as GLP-1 agonists 400 

like semaglutide (i.e., Ozempic), may mimic some metabolic effects of DR without 401 

necessitating strict dietary regimens (57). Our findings also have potential implications 402 

for adoptive T cell therapies, including chimeric antigen receptor (CAR) T-cell therapy. 403 

The metabolic state of T cells prior to infusion is critical for their persistence, 404 

functionality, and anti-tumor efficacy in patients (45). Exposing CAR T cells to a DR-like 405 

environment during expansion or enhancing their capacity to oxidize KBs may improve 406 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 15, 2024. ; https://doi.org/10.1101/2024.11.14.621733doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.14.621733
http://creativecommons.org/licenses/by-nc-nd/4.0/


their metabolic fitness and resistance to terminal exhaustion in vivo, thereby increasing 407 

their therapeutic efficacy.  408 

One caveat of this work is that the chow used is relatively low-fat (15% of 409 

calories from fat) compared to the standard western diet. High-fed feeding antagonizes 410 

anti-tumor T cell responses (58); thus, it is crucial to dissect the impact of macronutrient 411 

content, particularly carbohydrate and fats (19), on the anti-tumor effects of DR. 412 

Understanding how dietary interventions such as DR impact T cell metabolism and 413 

differentiation fate in the TME may lead to evidence-based nutritional guidelines that 414 

complement and enhance cancer immunotherapy efforts.  415 

  416 
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Figure Legends 777 
 778 
Figure. 1. Dietary restriction enhances T cell-mediated anti-tumor immunity.   779 
A) Schematic representation of dietary interventions and tumor experiment design.  780 
B) Daily food intake (grams) of mice on ad libitum (AL) or dietary restriction (DR) 781 
feeding regimens. Data represent the mean ± SEM (n = 6 mice/group).  782 
C) Weight loss (% change from baseline) of mice after 1 week of feeding on AL or DR 783 
diets. Data represents the mean ± SEM (2 weeks, n = 12 mice/group).  784 
D-E) Growth of (D) B16 melanoma or (E) EO771 breast cancer cells in C57BL/6 mice 785 
fed an AL or DR diet. Left, Kaplan-Meier plots comparing tumor onset (tumor volume 786 
≥250 mm³) between AL and DR groups. Right, spaghetti plots of individual tumor 787 
volumes growth curves over time. The darker lines indicate the average tumor growth 788 
for each diet group over time post tumor injection (PTI). B16, n=16-20 mice/group; 789 
EO771, n=15 mice/group. Statistical significance was assessed by long-rank test.  790 
F) Kaplan-Meier plot comparing tumor onset in B16 tumor-bearing wild-type (WT) and 791 
Rag2-/- mice on an AL or DR diet. Statistical significance was assessed by log-rank test 792 
(n=5 mice/group).  793 
G) Kaplan-Meier plot comparing time-to-humane endpoint in CD8+ T cell-depleted mice 794 
fed an AL and DR diet. Mice were treated with control (IgG) or CD8⁺ T cell depleting 795 
(Anti-CD8) antibodies prior to tumor cell implantation. Statistical significance was 796 
assessed by log-rank test (n = 4-8 mice/group, endpoint = 1500mm3).  797 
H) Weighted nearest neighbor Uniform Manifold Approximation and Projection 798 
(wnnUMAP) of 45,455 CD45⁺ tumor-infiltrating cells (AL and DR combined) from B16 799 
melanoma tumors (left; n = 4 mice/diet). Right, Breakdown of immune cell populations 800 
from all CD45+ cells (top) or CD3+ T cells (bottom).  801 
I) Histology of B16 tumors from AL- or DR-fed 14 days post tumor implantation. Left, 802 
immunohistochemical staining for CD8⁺ T cells and H&E staining of representative 803 
tumor sections. Right, quantification of positive CD8+ staining per tumor section 804 
(DAB/mm2). Data represent the mean ± SEM (n = 3 mice/group).  805 
J) Kaplan-Meier plot comparing B16 melanoma tumor onset in AL- or DR-fed mice that 806 
received anti-PD1 or IgG control antibodies by i.p. injection (200 µg/dose). Antibody 807 
treatment was administered every 3 days for a total of 5 injections, beginning 7 days 808 
PTI (n = 11-20 mice/group).  Statistical significance was assessed by log-rank test with 809 
Bonferroni correction.  810 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 811 
 812 
Fig. 2. Dietary restriction reduces T cell dysfunction in the tumor 813 
microenvironment.   814 
A) Weighted nearest neighbor UMAP (wnnUMAP) of 7,005 activated (CD44+) CD8⁺ 815 
tumor-infiltrating lymphocytes (TILs) from B16 melanoma tumors (combined AL and DR) 816 
(n = 4). Legend indicates unique T cell clusters called based on RNA expression and 817 
antibody-derived tags (ADTs). T cell clusters with high and low Tox expression are 818 
highlighted by circles. 819 
B) Overlay of wnnUMAP for activated CD8+ TIL from (A) and MSigDB gene expression 820 
signatures for effector-like Tex cells (TexEff), Cell Cycle, and GO Immune Response 821 
pathways for TILs isolated from B16 tumors (combined AL and DR). Joint density plot 822 
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indicates the highest combined expression/cell of Ifng, Tnfa, and Gzmb among 823 
activated CD8⁺ T cells from B16 tumors.  824 
C) wnnUMAP of activated CD8⁺ TILs divided by dietary conditions (AL: 3,348 cells, DR: 825 
3,657 cells). Prominent CD8⁺ T cell clusters are indicated.  826 
D) Stacked bar graphs showing the percentage of CD8⁺ T cell populations divided by 827 
Tox expression (ToxLow versus ToxHigh).  828 
E) RNA velocity plots inferring cellular differentiation trajectory for CD8⁺ T cells 829 
infiltrating B16 tumors from AL- or DR-fed mice. Trajectories were derived from the 830 
dynamical prediction model scVelo, with representative directionality for T cells under 831 
each diet shown in inset.  832 
F) PD1 and TOX expression in B16 tumor-infiltrating CD8⁺ T cells isolated from AL or 833 
DR mice 14 days PTI. Top, representative flow cytometry plots for PD1 versus TOX 834 
expression. Bottom, bar graphs showing the percentage of PD1⁺TOX⁺ and PD1⁺TIM3⁺ 835 
CD8⁺ T cells isolated from tumors. Data represents the mean ± SEM (n = 8 mice/group). 836 
G) Expression of stemness, exhaustion, and effector molecules in TOX⁺ CD8⁺ T cells 837 
isolated from B16 tumors from AL- or DR-fed mice. Top, representative histograms of 838 
LY108, PD1, TOX, and GZMB expression. Geometric mean fluorescence intensity 839 
(gMFI) averaged across all biological replicates is indicated in inset. Bottom, bar graphs 840 
quantifying the percentage of CD8+ cells expressing each of the indicated proteins. Data 841 
represent the mean ± SEM (n = 7-8 mice/group).  842 
H) PD1 and TOX expression in B16 tumor-infiltrating CD8⁺ T cells from DR-fed mice 843 
treated with anti-PD1 immunotherapy. DR-fed mice harboring B16 tumors were 844 
administered anti-IgG or anti-PD1 antibodies (200 ug i.p.) every 3 days for 5 doses, 845 
beginning on day 7 PTI. CD8⁺ T cells were isolated from B16 melanoma tumors at 21 846 
days PTI. Left, representative flow cytometry plots for TOX versus PD1 expression. 847 
Right, bar graph showing the percentage of PD1⁺TOX⁺ CD8⁺ T cells following IgG or 848 
anti-PD1 treatment. Data represent the mean ± SEM (n = 8 mice/group.  849 
I) Bar graphs quantifying the percentage of TOX+ CD8⁺ T cells expressing high levels of 850 
TOX (TOXHigh), both IFN-g and TNF-a (IFNG⁺TNFA⁺), and GZMB following IgG or anti-851 
PD1 treatment from (H). Data represent the mean ± SEM (n = 8 mice/group).  852 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 853 
 854 
Fig. 3. Dietary restriction enhances CD8⁺ T cell metabolic fitness via enhanced 855 
ketone body metabolism.   856 
A) Overlay of wnnUMAP for 7,005 activated (CD44+) CD8⁺ TIL from B16 melanoma 857 
tumors (both AL and DR) and MSigDB gene expression signatures for organic oxidation 858 
and glycolysis pathways.  859 
B-C) Bioenergetic profile of AL- and DR-conditioned CD8⁺ T cells. (B) Oxygen 860 
consumption rate (OCR) plot for antigen-specific CD8⁺ T cells isolated from LmOVA-861 
infected AL- or DR-fed mice (7 days post infection (dpi)). Data represent the mean ± SD 862 
(n = 24-46, technical replicates). Oligomycin (Oligo), FCCP, rotenone and antimycin A 863 
(Rot/AA), and monensin (Mon) were added to cells where indicated. C) Basal and 864 
maximal ATP production rates from OXPHOS for AL- or DR-conditioned CD8⁺ T cells 865 
from (B). Data represent the mean ± SD (n = 24-46, technical replicates). 866 
D) The relative abundance (Z-score) of TCA cycle-derived metabolites in antigen-specific 867 
CD8+ T cells isolated from LmOVA-infected AL- or DR-fed mice 7 dpi (n=3 mice/group).  868 
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E) Mitochondrial membrane potential of AL- and DR-conditioned CD8⁺ T cells. Left, 869 
TMRM staining (gMFI) of CD8+ OT-I TIL isolated from B16 tumors from AL- or DR-fed 870 
mice (14 days PTI). Right, TMRM staining of CD8+ OT-I T cells isolated from the spleen 871 
of LmOVA-infected AL- or DR-fed mice (7 dpi). Data represent the mean ± SEM (n = 4 872 
mice/group).  873 
F) Volcano plot showing the log2 fold change in metabolite and lipid abundance in B16 874 
tumors isolated from AL versus DR mice (n = 3-4 mice/group). Select metabolites 875 
enriched in AL and DR tumors are annotated. 876 
G) Ketone body levels in the serum and tumors of AL- versus DR-fed mice after 21 days 877 
on diet (14 days of tumor growth). Left, βOHB abundance in B16 tumors from AL- versus 878 
DR-fed mice as quantified by mass spectrometry. Right, Ketone body abundance in 879 
serum as quantified by enzyme assay. Data represent the mean ± SEM (n=3-4 880 
mice/group).  881 
H-I) Bioenergetic profile of AL- and DR-conditioned CD8⁺ T cells exposed to bOHB. (H) 882 
OCR plot for antigen-specific CD8⁺ T cells isolated from LmOVA-infected AL- or DR-fed 883 
mice (7 dpi). T cells were cultured with or without 1.5 mM bOHB 60 minutes prior to the 884 
start of the assay. I) Maximum ATP production rates from OXPHOS for CD8⁺ T cells from 885 
(H). Data represent the mean ± SD (n = 8-16, technical replicates).  886 
J) Schematic depicting 13C labeling patterns in acetyl-CoA (Ac-CoA) and TCA cycle 887 
intermediates from U-[13C₆]-glucose and [2,4-13C2]-bOHB.  888 
K-M) 13C labeling of TCA cycle intermediates in AL- versus DR-conditioned CD8⁺ T cells.  889 
CD8⁺ T cells isolated from LmOVA-infected AL- or DR-fed mice (7 dpi) were cultured for 890 
2h ex vivo in VIM medium containing 5 mM U-[13C₆]-glucose and 1.5 mM [2,4-13C2]-bOHB. 891 
Shown is the percent incorporation of (K) U-[13C₆]-glucose-derived carbon (M+2) and (L) 892 
[2,4-13C₂]-βOHB-derived carbon (M+1) into citrate and malate. M) Ratio of [2,4-13C2]-893 
bOHB-labeled malate (M+1) to citrate (M+1) for T cells from panel (L). Data represent the 894 
mean ± SEM (n = 3 mice/group).  895 
N) Bar graph of Ac-CoA abundance in CD8⁺ T cells isolated from LmOVA-infected AL- or 896 
DR-fed mice (7 dpi). Data represent the mean ± SEM (n = 12 mice/group).  897 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 898 
 899 
Fig. 4. Ketone bodies fuel anti-tumor immunity under dietary restriction.   900 
A) Uniform Manifold Approximation and Projection (UMAP) of 8,552 cells human CD8⁺ 901 
tumor-infiltrating lymphocytes (TILs) from GSE98638. Shown are unique clusters for 902 
effector (Teff), memory (Tmem), terminally exhausted (TexTerm), and proliferating 903 
exhausted (TexEff) CD8⁺ T cell populations.  904 
B-C) Violin plots of gene expression across human CD8⁺ TIL subsets. B) Expression of 905 
BDH1, and OXCT1 genes. C) Expression of ketolysis signature genes (Ketolysis gene 906 
set: ACAT1, ACAT2, BDH1, BDH2, HMGCL, HMGCS1, HMGCS2, OXCT1, OXCT2). 907 
Statistical significance was assessed by one-way ANOVA with Dunnett’s multiple 908 
comparisons test and a 5% significance level.  909 
D) Heatmap showing the relative abundance (Z-score) of TCA cycle-derived 910 
metabolites from CD8⁺ T cells exposed to acute versus chronic stimulation with anti-911 
CD3 and -CD28 antibodies in vitro (n = 3 mice/group).  912 
E) Bar graph depicting total abundance of 13C-labeled βOHB in acute versus chronic 913 
stimulated CD8⁺ T cells as in (D). Data represent the mean ± SEM (n = 3 mice/group). 914 
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F-G) 13C labeling of TCA cycle intermediates in CD8⁺ T cells exposed to chronic antigen 915 
stimulation. CD8⁺ T cells exposed to acute versus chronic stimulation as in (D) were 916 
cultured in VIM medium containing 0.85 mM [13C4]-bOHB for 2h. F) Total abundance of 917 
[13C4]-βOHB-derived citrate and malate. G) Ratio of [13C4]-bOHB-labeled malate (M+2) 918 
to citrate (M+2) for T cells from (F). Data represent the mean ± SEM (n = 3 mice/ 919 
group).  920 
H) Immunoblot of SCOT and BDH1 protein expression in CD8⁺ T cells from wild type 921 
(WT, Cd4-Cre-; Bdh1fl/flOxct1fl/fl) or Bdh1/Oxct1 double knockout (DKO, Cd4-Cre+; 922 
Bdh1fl/flOxct1fl/fl). Protein levels of a-tubulin are shown as a loading control.  923 
I) Bioenergetic profile of control (WT) and ketolysis-deficient (DKO) CD8⁺ T cells under 924 
DR conditions. Left, OCR plot of WT and DKO OT-I T cells isolated from DR-fed 925 
LmOVA-infected mice (7 dpi). Right, bar graph showing maximal ATP production rates 926 
from OXPHOS for WT versus DKO CD8⁺ T cells. Data represent the mean ± SM (n=19-927 
20).  928 
J) 13C labeling of TCA cycle intermediates in control (WT) and ketolysis-deficient (DKO) 929 
CD8⁺ T cells under DR conditions. Bar graph showing U-[13C4]-bOHB labeling in citrate 930 
M+2 (left) and malate M+2(right) in WT versus DKO CD8⁺ T cells isolated from DR-fed 931 
LmOVA-infected mice (7 dpi). Data represent the mean ± SEM (n = 4 mice/group).  932 
K) Mitochondrial membrane potential of control (WT) versus ketolysis-deficient (DKO) 933 
CD8⁺ T cells under DR conditions. Bar plot showing TMRM staining of CD8⁺ T cells 934 
isolated from LmOVA-infected AL- or DR-fed mice (7 dpi). Data represent the mean ± 935 
SEM (n = 4 mice/group).  936 
L) Kaplan-Meier plot comparing tumor onset (tumor volume ≥250 mm³) in B16 tumor-937 
bearing WT versus DKO mice fed an AL or DR diet as in Figure 1D. Statistical 938 
significance was assessed by log-rank test with Bonferroni correction (n=16-19 939 
mice/group).  940 
M-N) Enhanced exhaustion of DKO CD8⁺ T cells under DR-fed conditions. (M) Bar plot 941 
showing the percentage of PD1⁺TOX⁺ CD8⁺ T cells isolated from B16 tumors from WT 942 
versus DKO mice under AL- or DR-fed conditions. N) Representative histograms of 943 
TOX expression in CD8⁺ TIL isolated from B16 tumors from WT and DKO mice fed 944 
under AL- or DR-conditions. Inset, gMFI values for TOX expression averaged across all 945 
biological replicates.  Data represent the mean ± SEM (n = 8-10).  946 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 947 
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