
OR I G I N A L AR T I C L E

Short-term starvation boosts anti-PD-L1 therapy by
reshaping tumor-associated macrophages in hepatocellular
carcinoma

Kun Cheng1,2,3 | Ning Cai1,2,3 | Xing Yang4 | Danfeng Li1,2,3 |

Jinghan Zhu1,2,3 | Hui Yuan Yang1,2,3 | Sha Liu1,2,3 | Deng Ning1,2,5 |

Huifang Liang1,2,3 | Jianping Zhao1,2,3 | Zhanguo Zhang1,2,3 |

Wanguang Zhang1,2,3,6

1Hepatic Surgery Centre, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, Hubei, China

2Hubei Key Laboratory of Hepato-Pancreato-Biliary Diseases, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan,
Hubei, China

3Clinical Medicine Research Centre for Hepatic Surgery of Hubei Province, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology,
Wuhan, Hubei, China

4Department of Internal Medicine and Institute of Hypertension, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan,
Hubei

5Department of Hepatobiliary Surgery, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, Hubei, China

6Key Laboratory of Organ Transplantation, Ministry of Education; NHC Key Laboratory of Organ Transplantation; Key Laboratory of Organ Transplantation, Chinese
Academy of Medical Sciences, Wuhan, China.

Abstract

Background and Aims: Immune checkpoint inhibitors have revolutionized

systemic HCC treatment. Nevertheless, numerous patients are refractory to

immune checkpoint inhibitor therapy. It is currently unknown whether diet

therapies such as short-term starvation (STS) combined with immune

checkpoint inhibitors can be used to treat HCC. This study aimed to

investigate whether STS could sensitize HCC tumors to immunotherapy.

Approach and Results: STS was found to attenuate tumor progression by

inducing tumor-associated macrophages (TAMs) to switch to an antitumoral

phenotype, enhancing phagocytosis of tumor cells, and stimulating subse-

quent antitumor immunity of CD8+ T cells as demonstrated in 3 HCC mouse

models, NCG mice, and Rag2-KO mice. Furthermore, STS combined with
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anti-programmed cell death 1/ligand 1 (anti-PD-1/L1) suppressed tumor

progression, while the efficacy of PD-L1 was improved when combined with

STS. Mechanistically, TAM-derived exosomal PD-L1 (exoPD-L1) impairs the

efficacy of anti-PD-1/L1. STS attenuates exoPD-L1 secretion from TAM by

regulating the fructose diphosphatase 1 (FBP1) /Akt/Rab27a axis. Modu-

lating FBP1/Akt/Rab27a axis potentiates the anti-PD-L1 response using 2

liposomal delivery systems and macrophage adoptive transfer.

Conclusions: This study describes the immunomodulatory effects of STS

and provides a rationale for its application as an adjuvant in HCC

immunotherapy.

Keywords: CD8+ T cell, diet therapies, exosome, immunotherapy, tumor-
associated macrophage

INTRODUCTION

An altered tumor microenvironment (TME) induced by
dietary intervention has been described as a critical
cancer hallmark.[1] Emerging evidence indicates that
dietary modifications such as cyclic starvation, calorie-
restricted diets, ketogenic diet, and low-protein diets
represent promising strategies for suppressing tumor
growth.[1–5] Energy restriction (ER) regimens repre-
sented by short-term starvation (STS) and fasting-mimic
diet (FMD), are currently the most popular therapeutic
diets used in clinical practice.[6] Fasting increases CD8+

T-cell infiltration and reduces immunosuppressive regu-
latory T cells or myeloid-derived suppressor cells
(MDSCs).[7–9] Additionally, fasting affects the monocyte
pool.[10] Overall, these studies suggest that starvation
regimens could remodel the immune system.[2,7,11–13]

Moreover, in a clinical trial, FMD was found to be safe
and boost antitumor immunity.[8]

Most studies on dietary regulation in cancer have
focused on lymphocytes.[2,9] Tumor-associated macro-
phages (TAMs) are among the most abundant immune
cells in the TME.[14] The reprogramming of protumoral
TAMs (pTAMs) to antitumoral TAMs (aTAMs) has become
one of the most favored immunotherapy strategies.[15]

Nevertheless, the effects of fasting on the metabolism
and function of macrophages remain unclear. Therefore,
reprogramming TAMs through dietary regulation has great
potential for improving the effectiveness of immunotherapy.

HCC is the fifth most common cancer and one of the
deadliest cancers worldwide, with an extremely poor
prognosis.[16] Previous studies have investigated the
role of dietary restriction in sensitizing cancer cells to
chemotherapeutics, radiotherapy, endocrine therapies,
and multitarget kinase inhibitors.[3,9,17–19] Although
immunotherapy is the primary treatment option for
patients with HCC, many remain refractory to it. Only
15%–20% of patients benefit from immune checkpoint

inhibitors (ICI) therapy.[20,21] The absence of immune
checkpoints and the inability of antibodies to bind to
targets effectively are primary reasons for ICI resist-
ance. Inflammatory cells, including TAMs, express
higher levels of immune checkpoint proteins such as
programmed cell death ligand 1 (PD-L1) than tumor
cells.[22,23] Moreover, the PD-L1 expression pattern on
the surface of tumor cells is short-lived and dependent
on Interferon-γ (IFN-γ).[24] Even when PD-L1 is removed
from the surface of tumor cells, its expression on
immune cells is maintained.[25] Blocking PD-L1+ myeloid
cells is indispensable for enhancing antitumor immune
responses.[23,26,27] In addition, PD-L1 is released from
cells into the extracellular space to form free PD-L1,
including exosomal PD-L1 (exoPD-L1) and soluble
(extracellular) PD-L1.[28] Compared to soluble (extrac-
ellular) PD-L, exoPD-L1 is not easily degraded and can
induce T-cell dysfunction.[29,30] Furthermore, knockout
of key molecules that regulate exosome secretion
alleviates ICIs resistance.[30] Therefore, suppressing
exoPD-L1 release from TAMs may be an effective
strategy for eradicating liver malignancies.

Therefore, we aimed to explore the effects of dietary
therapy on HCC immunotherapy and prognosis.
Revealing the regulatory mechanisms of STS in the
TME will increase our understanding of immune
tolerance in HCC. In addition, we aimed to determine
whether STS could be used as an additive or
synergistic therapy for ICIs to improve the clinical
translational significance of dietary therapy.

METHODS

Animals and tumor treatments

C57BL/6J mice, NCG mice, and GFP mice were
purchased from GemPharmatech (Nanjing, China) and
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BEIANTE (Nanjing, China). Rag2-KO (Rag2−/−) mice
and OT-1 mice were purchased from Cyagen
Biosciences Inc. These animals were housed in a
specific pathogen-free environment. All animal experi-
ments were performed following the internationally

accepted principles and Guidelines for the Care and
Use of Laboratory Animals at Huazhong University of
Science and Technology. The experiment protocols were
approved by the Institutional Animal Ethical Committee of
the Huazhong University of Science and Technology.
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F IGURE 1 STS suppresses the growth of multiple HCC types. (A, B) Schematic diagram of the experimental approach of the STS and SCR
regimen (described in Methods section). (C) Tumor size or weight analysis over time (n=6 mice per group). (D) Survival curve of the mice from the
ND, SCR, and STS groups (n=10 mice per group). (E) Daily body weight change during the experimental period, expressed as the percentage of
body weight relative to pre-experiment levels (n= 6 mice per group). (F, G) Schematic diagram of the experimental approach of STS in the
orthotopic and hydrodynamic HCC models. (H, I) Gross tumor images and weight statistics in the orthotopic and hydrodynamic HCC models (n=6
mice per group), scale bar=5 mm. (J) Survival curve of the mice from the orthotopic HCC model (n=10 mice per group). (K) Daily body weight of
the mice from the orthotopic HCC model (n=6 mice per group). (L) Survival curve of the mice from the hydrodynamic HCC model (n=10 mice per
group). (M) Daily body weight of mice from the hydrodynamic HCC model (n=6 mice per group). Error bars represent the mean±SEM. Statistical
analyses were performed using Student t test, one-way ANOVA, and two-way ANOVA with Tukey multiple comparisons test, and Log-rank test,
*p<0.05, **p<0.01, ***p<0.001. Abbreviations: ND, normal diet; SCR, severe calorie restriction; STS, short-term starvation.
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For the subcutaneous HCC model, Hepa1-6 cells
(2×106) were subcutaneously injected into the flanks of
C57BL/6J mice, Rag2-KO mice, and NCG mice. Mice
underwent STS (days 8–10, 13–15, and 18–20). For the
severe calorie restriction (SCR) regime, mice were fed a
diet with 80% less energy for 5 days followed by 2 days
of refeeding, 2 cycles (days 9–14 and days 16–21).
Anti-PD-1 (BioXCell or GC42, TopAlliance Jiang su,
China) or anti-PD-L1 (Durvalumab, IMFINZI) i.p. inoc-
ulation was performed on days 9, 14, and 19 (200 μg/
per mouse). For the Orthotopic HCC model, Hepa1-6
cells (8×105) were injected orthotopically in the left lobe
of the mouse liver. HCC tumors were allowed to grow
for 11 days before treatment. Next, mice underwent
complete food deprivation with free access to water for
3 cycles of 2 days (days 12–14, 17–19, and 22–24).
Anti-PD-1 or anti-PD-L1 was administered by i.p.
(intraperitoneally) injection on days 13, 18, and 23
(200 μg/per mouse). For the hydrodynamic HCC model,
pT3-myr-Akt-HA and pT3-N90-beta-catenin were gifts
from Xin Chen (Addgene plasmid #31789 and
#31785), pCMV (CAT) T7-SB100 was a gift from
Zsuzsanna Izsvak (Addgene plasmid #34879). Hydro-
dynamic injection has also been described.[31] Briefly,
3.75 μg pCMV (CAT) T7-SB100, 20 μg pT3-myr-Akt-
HA, and pT3-N90-beta-catenin were suspended in
PBS and subsequently injected into the lateral tail
veins of male 6-week-old mice (0.1 mL/g body weight).
Mice were treated with STS (first cycle: days 26–28,
31–33, and 36–38; second cycle: days 56–58, 61–63,
and 66–68).

Depletion of macrophages was performed by i.p.
injection of Clophosome-Clodronate liposomes or
isotype (Control liposome), (F70101C-N, FormuMax).
During the first injection, 1.4 mg was administered
followed by 0.7 mg every 4 days for 4 cycles.
Depletion of CD8+ T cells was performed by i.p.
injection of 200 μg anti-mouse CD8α (BE0004-1,
clone 53-6.7, BioXCell) every 4 days for 4 cycles. All
depletion assays were performed in 6-week-old
C57BL/6J mice.

Statistical analyses

All statistical analyses and graph generation were
performed using GraphPad Prism 9.0. Flow cytometry
data and graphs were analyzed using Flow jo V10 and
CytExpert. Student t test (2 groups) or One-way
ANOVA with Tukey multiple comparisons test (more
than 2 groups) was performed to analyze data between
2 experimental groups. Two-way ANOVA was per-
formed for tumor growth analysis. Kaplan-Meier and
log-rank analyses were applied to evaluate survival
between different groups. The data are presented as
the mean±SEM. Statistical significance was shown as
*p<0.05, **p< 0.01, and ***p< 0.001.

RESULTS

STS inhibits HCC progression in
subcutaneous, orthotopic, and
hydrodynamic HCC mouse models

Recently, short-term ER therapy has been shown to
inhibit tumor progression in several cancer
types.[2,11,19,32] However, the effects of ER on gastro-
intestinal cancers, such as HCC remain unclear.
Therefore, we tested the response to STS or SCR in
the subcutaneous HCC model (Figures 1A, B). The STS
regimen was adapted from a previously reported
strategy.[2] SCR was achieved through intermittent
periods of dietary restriction while allowing access to
water ad libitum, similar to the FMD regimen.[7] STS
showed greater efficacy in suppressing tumor growth
and prolonging survival (Figures 1C, D; Supplemental
Figures S1A, B, http://links.lww.com/HEP/J715). Weight
loss occurred after each fasting session; however, the
weight was regained with refeeding. Furthermore, the
reduction in tumor growth was not caused by excessive
weight loss (> 20% of the body weight) (Figure 1E).

We further tested STS in the orthotopic and
hydrodynamic HCC mouse models (Figures 1F, G).
Given that the hydrodynamic HCC model required a
longer period for tumor formation, we administered
three additional STS cycles (Figure 1G). STS consis-
tently reduced tumor size in both HCC models (Figures
1H, I; Supplemental Figures S1C, D, http://links.lww.
com/HEP/J715). The survival time after STS treatment
was longer, indicating that the tumor reduction effect of
STS was long-lasting (Figure 1J, L). STS allowed the
remaining tumor-bearing mice to survive for a prolonged
period in the hydrodynamic HCC model. Additionally,
the STS diet did not cause significant cachexia (Figures
1K, M; Supplemental Figures S2A, B, http://links.lww.
com/HEP/J715). Moreover, STS did not have notice-
able pathological effects on the heart, spleen, lungs,
and kidneys of mice in any of the 3 models (Supple-
mental Figures S2C–E, http://links.lww.com/HEP/J715).

Overall, the STS regimen was more effective in
inhibiting tumor progression compared to SCR, func-
tioning as a short-term treatment that provides safe,
stable, and long-lasting effects in HCC-bearing mice.

STS reprograms the HCC immune
microenvironment and reorganizes the
immune cell pool

To determine whether STS causes HCC regression by
directly inhibiting tumor cell growth or modulating the
immune system, we cultured Hepa1-6 cells under high-
nutrient or low-nutrient conditions to mimic a normal diet
(ND) and STS regimens in vivo, respectively.[2] We
engrafted tumor cells cultured under different nutrient
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were inoculated subcutaneously in the left flank (immunization side) of immunocompetent mice (C57BL/6J mice) or immunodeficient mice (NCG
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conditions onto the left flank (immunization side)
of C57BL/6J mice (immunocompetent) and NCG
(NOD/ShiLtJGpt-Prkdcem26Cd52Il2rgem26Cd22/Gpt)
mice (immunodeficient). After 1 week, all mice were
inoculated with normally cultured HCC cells on the right
flank (naive tumor side) (Figure 2A). Although low-nutrient
conditions suppressed tumor cell migration and prolifera-
tion (Supplemental Figures S3A–L, http://links.lww.com/
HEP/J715), we observed no differences in tumor growth.
However, when the above mice were subjected to the
STS regimen, tumor growth was inhibited in immuno-
competent mice but not in immunodeficient mice regard-
less of the previous culture conditions (Figures 2B–E;
Supplemental Figures S4A–H, http://links.lww.com/HEP/
J715). This finding suggests that STS suppresses HCC
regression by regulating the immune system.

To further determine how STS regulates the HCC
immune microenvironment, we performed transcriptomic
analysis by RNA-sequencing using the tumor mass from
the orthotopic HCC model. The STS group had higher
scores for macrophages and CD8+ T cells (Figure 2F).
STS altered TAM polarization from pTAMs to aTAMs,
whereas no notable changes were observed in the ratio of
other immune cells (Figure 2G). The ratio of CD8+IFNγ+ T
cells and CD8+Granzyme B+ T cells (GZMB+ T cells) was
elevated in the STS group from the orthotopic and
hydrodynamic HCC models (Figure 2H; Supplemental
Figures S5A–E, http://links.lww.com/HEP/J715). More-
over, STS increased the frequency of effector memory T
cells and decreased the expression of immune checkpoint
molecules including T-cell immunoglobulin and mucin
domain-3 (TIM-3) and lymphocyte activation gene-3
(LAG-3) (Figures 2I, J). Specific immune cell clearance
experiments demonstrated that STS improved the

immune microenvironment, dependent on macrophages
and CD8+ T cells (Figures 2K–M).

Next, we assessed changes in major myeloid and T
cell populations in the blood and bone marrow (BM) of
healthy and tumor-bearing mice (Supplemental Figure
S6A, http://links.lww.com/HEP/J715). STS inhibited
CD8+ T cell and central memory T cell (TCM) accumu-
lation in the blood and increased the numbers of CD4+ T
cells, CD8+ T cells, and T cell and central memory T cell
in the BM (Supplemental Figures S6B–E, http://links.lww.
com/HEP/J715). A decline in effector memory T cell was
observed in the BM, but significant accumulation was
observed in the blood (Supplemental Figure S6E, http://
links.lww.com/HEP/J715). Moreover, we observed a
significant enhancement in CD45+CD11bhiGr1hi mye-
loid-derived suppressor cells (G-MDSCs) in tumor-
bearing mice compared to that in healthy mice (Supple-
mental Figures S6F, G, http://links.lww.com/HEP/J715).
Notably, STS decreased the number of G-MDSCs and
CD45+CD11bhiGr1mid myeloid-derived suppressor cells
(M-MDSCs) in blood. In contrast to the other compart-
ments examined, G-MDSCs and M-MDSCs increased in
the BM during STS (Supplemental Figures S6F, G, http://
links.lww.com/HEP/J715). The observed alterations in
MDSC populations were consistent with previous evi-
dence that monocytes can reenter the BM during
fasting.[10] Moreover, elevated numbers of CD11bhiGr1lo

macrophages were observed in both blood and BM
(Supplemental Figure S6F, G, http://links.lww.com/HEP/
J715).

Taken together, our findings suggest that STS can inhibit
HCC tumor growth by stimulating the polarization of
macrophages toward aTAMs and enhancing CD8+ T cell
function. Moreover, STS augmented the intratumoral

mice). On the seventh day after the injection, Hepa1-6 cells cultured under high-nutrient conditions (10% FBS and 4.5 g Glu/L) were sub-
cutaneously inoculated in the right flank (naive tumor side). (B) Tumor weight or size analysis of the immunization side of immunocompetent mice
(n= 6 mice per group). (C) Tumor weight or size analysis of the immunization side of immunodeficient mice (n= 3 mice per group). (D) Tumor
weight or size analysis of naive tumor side of immunocompetent mice (n=6 mice per group). (E) Tumor weight or size analysis of naive tumor side
of immunodeficient mice (n= 3 mice per group). (F) Immune infiltration was estimated using xCELL for expression profiles tested from RNA-seq
data of the orthotopic HCC model (n= 3). (G) tSNE analysis using Flowjo was used to detect differences in the immunophenotypes of infiltrating
immune cells detected by flow cytometry in the orthotopic HCC model from both the ND and STS groups. tSNE map derived from flow cytometric
analysis indicating the populations of the infiltrating immune cells, including T cells (CD45+CD11b−CD3+), G-MDSCs and M-MDSCs
(CD45+CD11bhiGr1hi or mid), NKT cells (CD45+CD11b−CD3+NK1.1+), NK cells (CD45+CD11b−CD3−NK1.1+), B cells (CD45+CD11b−CD3−CD19+),
Dendritic cells (CD45+CD11b+Gr1loF4/80−CD11c+IA/IE+), Macrophages (CD45+CD11bhiGr1loF4/80+), pTAMs (CD45+CD11bhiGr1loF4/
80+CD86loCD206hi), aTAMs (CD45+CD11bhiGr1loF4/80+CD86 hi CD206lo). Percentages of immune cell populations within CD45+ cells are shown
in the right panel (n=6). (H) The functional state of the T cell subpopulation was analyzed by tSNE analysis and flow cytometric quantification;
CD4+ T cells (CD3+CD4+CD8−), Tregs (CD3+CD4+CD8− CD25+Foxp3+), CD8+ T cells (CD3+CD4−CD8+), Granzyme B+ T cells (CD8+ Granzyme
B+), IFNγ+ T cells (CD8+ IFNγ+), Percentages of immune cell populations within CD45+ cells are shown at the right panel (n=6). (I) tSNE analysis
by Flowjo for memory or exhaustion T cell subpopulation; TEM (CD8+CD44+CD69−CD62L−), TCM (CD8+CD44+CD69−CD62L+), TRM

(CD8+CD44+CD69+CD62L−), Tmem (CD4+CD44hiCD62Lhi), TeffTmem (CD4+ CD44hiCD62Llo), Tn (CD4+ CD44loCD62Lhi), TIM-3+ T cells
(CD8+TIM-3+), LAG-3+ T cells (CD8+LAG3+), PD-1+ T cells (CD8+PD-1+), CTLA-4+ T cells (CD8+CTLA-4+), (J) Percentages of immune cell
populations within CD3+ cells are shown (n=6). (K) Representative tumor images from the orthotopic HCC model treated using Clophosome or
anti-CD8. (L) Tumor weight analysis from the orthotopic HCC model treated using Clophosome or anti-CD8 (n=4 mice per group). (M) Survival
curve of the mice from the orthotopic HCC model treated by Clophosome or anti-CD8 (n=10 mice per group). Error bars represent the
Mean±SEM. Statistical analyses were performed using Student t test, one-way ANOVA, and two-way ANOVA with Tukey multiple comparisons
test, and Log-rank test, *p<0.05, **p<0.01, ***p<0.001. Abbreviations: NCG, NOD/ShiLtJGpt-Prkdcem26Cd52Il2rgem26Cd22/Gpt; ND, normal
diet; STS, short-term starvation; TCM, central memory T cell; TEM, effector memory T cells; TRM, tissue-resident memory T cells.
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F IGURE 3 STS expedites macrophage polarization to aTAMs and enhances macrophage phagocytosis. (A) A co-culture system of murine
macrophages BMDMs (bottom) and Hepa1-6 cells (top). Left: high-nutrient conditions (10% FBS and 4.5 g Glu/L); middle: low-nutrient conditions
(1% FBS and 2 g Glu/L); right: culturing BMDMs alone under low-nutrient conditions. (B) Relative expression of the indicated genes using qPCR.
(C) The top 6 immuno-related GSEA pathways from the transcriptome of the orthotopic HCC model and the positive regulation of phagocytosis,
are presented for both the ND and STS groups. (D) BMDMs were incubated with 1 mg/mL dextran-FITC molecules for 60 minutes at 41C or at
371C, and the percentage of FITC+ cells and MFI of FITC on F4/80+ cells were measured using flow cytometry. Red: macrophage engulfing FITC
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immune memory response and rearranged the systemic
immune cell pool.

STS orchestrates TAM reprogramming and
activates aTAMs to phagocytose tumor
cells

To explore the direct effect of STS on TAMs, we
analyzed the mRNA levels of bone marrow-derived
macrophages (BMDMs) by co-culturing them with
Hepa1-6 tumor cells under high or low-nutrient condi-
tions (Figure 3A). Starvation-induced antitumor polar-
ization under low-nutrient conditions (Figure 3B; Sup-
plemental Figures S7A, B, http://links.lww.com/HEP/
J715). Moreover, STS supported the progression to a
STAT1-dependent antitumoral phenotype but inhibited
STAT6-mediated protumoral phenotype activation
(Supplemental Figure S7C, http://links.lww.com/HEP/
J715). The observed stable morphology and greater
tolerance indicated that macrophage function remained
unaffected by starvation (Supplemental Figures S8A–F,
http://links.lww.com/HEP/J715). Gene set enrichment
analysis results, and phagocytosis assays suggested
augmented phagocytic activity of macrophages in the
STS group (Figures 3C–F).

To further explore whether STS enhances the tumor-
icidal capacity of TAMs in vivo, BMDMs extracted from
BM and F4/80+ TAMs from tumor tissues were cultured
under high and low-nutrient conditions, respectively
(Figure 3G). Tumor growth was slower, and tumor size
was reduced in Hepa1-6 plus BMDMs or F4/80+ TAMs
precultured under low-nutrient conditions (Figure 3G, H;
Supplemental Figures S9A–D, http://links.lww.com/HEP/
J715). To verify whether macrophages undergoing STS
intervention exhibited long-lasting antitumor effects in the
TME, we conducted a pulse-chase experiment involving
the adoptive transfer of GFP+ BMDMs into mice
bearing mCherry labeled tumor cells (Figure 3I; Supple-
mental Figure S9E, http://links.lww.com/HEP/J715). The
infusion of BMDMs precultured under low-nutrient

conditions suppressed HCC tumor growth compared to
the other treatment groups (Figures 3J, K). Furthermore,
an increased number of antitumoral macrophages were
observed in the liver of mice that received adoptive
macrophage transfer therapy (Figure 3L). Notably, the
phagocytic ability of the STS-pretreated macrophages
remained intact in vivo (Figure 3M). Rag2−/− mice
displayed reduced tumor growth compared to those
receiving BMDMs cultured under high-nutrient conditions
(Supplemental Figures S10A–F, http://links.lww.com/
HEP/J715). These findings imply that starvation expe-
dites the transformation of pTAMs into aTAMs and
enhances their ability to phagocytose tumor cells.

TAMs modulated by STS potentiate
antitumor CD8+ T cell responses

The direct effects of STS on CD8+ T cells remain
unclear. However, CD8+ T cells isolated from the
spleen of OT-1 mice effectively secreted GZMB and
IFNγ and killed Hepa1-6 cells, but these effects were
inhibited under STS-like conditions. Notably, the anti-
tumor activity was further enhanced by adding BMDMs
to CD8+ T cells cultured under low-nutrient conditions
(Figures 4A–C). Furthermore, we used an ex vivo
autologous cytotoxic system with CD8+ T cells and F4/
80+ macrophages (TAMs) derived from Hepa1-6 hep-
atoma-bearing mice, following a previously described
protocol (Supplemental Figures S11A, B, http://links.
lww.com/HEP/J715).[23] Hepa1-6 cells co-cultured with
CD8+ T cells from STS mice were more apoptotic,
suggesting that the STS regimen confers CD8+ T cells
in vivo with a more potent antitumor activity. The killing
capacity of CD8+ T cells purified from tumors treated
with macrophage scavenger Clophosome was consid-
erably attenuated. Consistently, co-culture assays
performed with the addition of TAMs or BMDMs
demonstrated an increase in the number of apoptotic
tumor cells (Supplemental Figure S11C, D, http://links.
lww.com/HEP/J715).

molecules. Blue: macrophage without FITC molecules. (E) A co-culture system of both CFSE-labeled BMDMs and PKH26-stained Hepa1-6 cells
was subjected to starvation for 0, 12, 24, and 48 hours (n=3). Debris and dead cells are washed by PBS. Representative images and the
percentage of macrophages engulfing tumor cells in the visual field are shown. Green: BMDMs; Red, Hepa1-6 cells. White asterisks denote the
macrophages engulfing tumor cells. Magnification×20, scale bar= 100 µm. (F) Statistic analysis and representative histograms showing intra-
tumoral TAMs that phagocytic tumor cells from ND and STS groups. mCherryhi TAMs were considered to be phagocytosing (n=6). (G) Schematic
diagram of the experimental approach and statistical analysis of tumor weight or size. BMDMs or F4/80+ macrophages (TAMs) from tumor-bearing
mice pretreated by high or low-nutrient conditions were mixed with Hepa 1-6-mCherry-luc+ cells and inoculated in the left flank of C57BL/6J mice.
(H) Statistical analysis and representative histograms show the phagocytosis of intratumoral macrophages, mCherryhi TAM was considered to be
phagocytosing (n=4). (I) Schematic diagram of the experimental approach. BMDMs from GFP-positive mice pretreated by high or low-nutrient
conditions were injected intravenously into C57BL/6J mice with tumors, 3 injections every 6 days. (J) In vivo bioluminescent imaging (BLI) of tumor
growth in the orthotopic HCC model at the experimental endpoint. (K) Gross tumor images and weight statistics of mice undergoing macrophage
adoptive therapy (n= 4 mice per group). (L) Representative immunofluorescence images and analysis of CD86 from the tumor (n=4). (M)
Statistical analysis and representative histograms show the phagocytosis of intratumoral macrophages (n=4). Error bars represent the
Mean±SEM. Statistical analyses were performed using Student t test, one-way ANOVA, and 2-way ANOVA with Tukey multiple comparisons
test. *p<0.05, **p<0.01, ***p< 0.001. Abbreviations: aTAMs, antitumoral TAMs; BMDMs, bone marrow-derived macrophages; GSEA, Gene set
enrichment analysis; ND, normal diet; pTAMs, protumoral TAMs; STS, short-term starvation; TAMs, tumor-associated macrophages.

SHORT-TERM STARVATION BOOSTS ANTI-PD-L1 THERAPY | 1421

http://links.lww.com/HEP/J715
http://links.lww.com/HEP/J715
http://links.lww.com/HEP/J715
http://links.lww.com/HEP/J715
http://links.lww.com/HEP/J715
http://links.lww.com/HEP/J715
http://links.lww.com/HEP/J715
http://links.lww.com/HEP/J715
http://links.lww.com/HEP/J715
http://links.lww.com/HEP/J715
http://links.lww.com/HEP/J715
http://links.lww.com/HEP/J715
http://links.lww.com/HEP/J715
http://links.lww.com/HEP/J715


OT-1 Mice spleen
(A)

(D)

(H)

(J) (K)

(I)

(E) (F) (G)

(B) (C)

OT-1 Mice Bone marrow

N
ut

rie
nt

co
nd

iti
on

s

N
ut

rie
nt

co
nd

iti
on

s

CD8+IFNγ+ T cell

CD8+Granzyme B+
T cell

ns

ns

25

40

30

20

10

0

* **

*** **
** *

**

**

* *
****

**

***
******

**
**

**
**

***

***

** **** **
**

* * ****

ns

ns
ns

ns

ns
ns

** **

** **

20

15

10

Pe
rc

en
ta

ge
 o

f C
D

8+ (%
)

C
yt

ot
ox

ic
 e

ffi
ci

en
cy

 (%
)

Pe
rc

en
ta

ge
 o

f C
D

8+ (%
)

Pe
rc

en
ta

ge
 o

f C
D

3+  C
D

8+ (%
)

Pe
rc

en
ta

ge
 o

f C
D

3+ C
D

8+ (%
)

Pe
rc

en
ta

ge
 o

f C
D

3+ C
D

8+ (%
)

Pe
rc

en
ta

ge
 o

f C
D

3+ C
D

8+ (%
)

Pe
rc

en
ta

ge
 o

f C
D

8+  C
D

44
+ (%

)

Pe
rc

en
ta

ge
 o

f C
D

8+  C
D

44
+ (%

)

C
D

8+ IF
N

γ+  T
 c

el
ls

 (%
)

C
D

8+ G
ra

nz
ym

e 
B

+  T
 c

el
ls

 (%
)

Granzyme B+

T cells

BMDMs High-
PBS

nsns

ns

ns **ns ns

ND BMDMs
STS BMDMs

High-
Low- nutrient

conditions
Low-TAMs

Granzyme B+

T cells

C
D

8+ G
ra

nz
ym

e 
B

+  T
 c

el
ls

 (%
)

C
D

8+ IF
N

γ+  T
 c

el
ls

 (%
)

C
D

8+ IF
N

γ+  T
 c

el
ls

 (%
)

C
D

8+ IF
N

γ+  T
 c

el
ls

 (%
)

5

0

25

15
*

*

*

**

** **
10

5

0

15 18
16
14
12
10

8

10

5

0

50

40

30

20

10

0

1 Day

OT-1
CD8+ T cells

CD8+ T cells

Normal diet

Normal diet

BMDMs

Rag2-/- Rag2-/-

BMDMs

1 Day 1 Day5 Days

Two cycles

6 Days

50 80 60 80 40

30

20

10

0

60

40

20

0

2000

Tu
m

or
 v

ol
um

e 
(m

m
3 )

Tu
m

or
 w

ei
gh

t (
m

g)

1500

1000

500

0

2000

1500

1000

500

0
0 5 10

Days
15 20

Rag2-/-+Isotype+PBS
Rag2-/-+Isotype+CD8+ T (with ND BMDM)
Rag2-/-+Isotype+CD8+ T (with STS BMDM)
Rag2-/-+Clophosome+PBS
Rag2-/-+Clophosome+CD8+ T (with ND BMDM)
Rag2-/-+Clophosome+CD8+ T (with STS BMDM)

40

20

0

60

40

20

0

40

30

20

10

0

15 10 15

10

5

0

8

6

4

2

0

10

5

0

20

15

10

5

0

High
Low
Low+BMDMs

High
Low
Low+BMDMs

Coculture with BMDMs
1%FBS&2g Glu/L10%FBS&4.5g Glu/L

CD8+

T cells

Hepa 1-6 OVA

N
ut

rie
nt

-c
on

di
tio

ns

SIINFEKL BMDMs

IFNγ+ T cells IFNγ+ T cells

SIINFEKL BMDMs

SIINFEKL TAMs

SIINFEKL TAMs

Ovalbumin protein BMDMs

Ovalbumin protein BMDMs

Ovalbumin protein TAMs

Ovalbumin protein TAMs

ND mice

ND BMDMs

STS BMDMs

ND BMDMs

STS BMDMs

ND TAMs

STS TAMs

ND TAMs

STS TAMs

ND BMDMs

STS BMDMs

ND TAMs

STS TAMs

STS mice

ND mice

High-
PBS

ND BMDMs

STS BMDMs
PBS T T TT T T

ND BMDMs

STS BMDMs

BMDMs TAMs BMDMs TAMs

Low- High- Low- High- Low- High- Low-

STS mice

ND mice STS mice

ND mice STS mice

ND mice ND miceSTS mice

ND mice STS mice

STS mice

ND mice STS mice

N
ut

rie
nt

-c
on

di
tio

ns

H
ig

h

18.2 16.1

17.5

8.87

7.85

21.5

9.49

9.81

4.05

8.63 13.3 9.94 14.2 3.152.31 3.95 6.70

9.40 5.27 3.64 8.90 5.41 12.512.4

20.1

10.1

17.7

15.6

Lo
w

Lo
w

+B
M

D
M

s

H
ig

h
Lo

w
Lo

w
+B

M
D

M
s

C
D

8

SS
C

-A
SS

C
-A

SS
C

-A

SS
C

-A

SS
C

-A

SS
C

-A

SS
C

-A
SS

C
-A

IFNγ

PI

IFNγ

IFNγ IFNγ IFNγ

Granzyme B Annexin V

1%FBS&2g Glu/L

+

+

Granzyme B Granzyme B Granzyme B Granzyme B

C
D

8+ G
ra

nz
ym

e 
B

+  T
 c

el
ls

 (%
)

C
D

8+ G
ra

nz
ym

e 
B

+  T
 c

el
ls

 (%
)

*
*

5 9

6

3

0

4

3

2

1

0

ND BMDMs

STS BMDMs

ND TAMs

STS TAMs

F IGURE 4 STS-mediated TAMs improve CD8+ T cells-mediated cytotoxic and memory response. (A) A co-culture system of Hepa 1-6 cells
and CD8+ T cells or BMDMs from OT-1 mice. (B) The functional state of CD8+ T cells was analyzed using flow cytometric quantification of GZMB+

and IFNγ+ cells (n=6). (C) of Hepa1-6 cells caused by CD8+ T cells was measured following Annexin V-PI staining (n=6). (D–G) Representative
plots and percentages of IFNγ or GZMB -producing OT-1 CD8+ T cells co-cultured with the SIINFEKEL peptide or the OVA protein-loaded BMDMs
or F4/80+ TAMs isolated from tumor-bearing mice (n=3). (H) The functional state of the T-cell subpopulation from tumor-bearing mice was
analyzed by flow cytometric quantification. The sample includes tumor tissue from inoculation of BMDMs or F4/80+ TAMs pretreated by high or
low-nutrient conditions and Hepa 1–6 cells or tumor tissue treated by BMDMs adoptive therapy (n=4). (I) Memory T cell subpopulation was
analyzed by flow cytometric quantification (n=4). (J) Schematic diagram of the experimental approach. Rag2−/− mice bearing Hepa1-6-OVA were

1422 | HEPATOLOGY



Macrophages can favor T-cell–mediated antitumor
responses by secreting cytokines or presenting tumor
antigens on major histocompatibility complex class I/II.
[33] CD8+ T cells co-cultured with the supernatant from
STS-conditioned BMDMs secreted more GZMB and
IFNγ (Supplemental Figures S12A, B, http://links.lww.
com/HEP/J715). Moreover, an antigen presentation
assay demonstrated that BMDMs or TAMs treated with
STS-like conditions cross-primed CD8+ T cells for both
the SIINFEKL peptide and the OVA protein better than
their high-nutrient conditioned counterparts, as evident
by their increased production of GZMB and IFNγ
(Figures 4D–G). However, fasting did not affect the
inhibitory activity of MDSCs or the cross-priming
capacity of DCs (Supplemental Figures S12C–F,
http://links.lww.com/HEP/J715). Moreover, CD8+ T cells
exhibited enhanced cytokine secretion and an immune
memory phenotype in STS-preconditioned macro-
phages (Figures 4H, I).

To further verify that fasting-modified macrophages
are sufficient to regulate the antitumor response of
CD8+ T cells in vivo, Hepa1-6-OVA cells inoculated into
Rag2−/− mice and treated with CD8+ T cells from OT-1
mice cultured with STS BMDMs showed reduced tumor
growth compared to those injected with CD8+ T cells
cultured with ND BMDMs or PBS. Nevertheless, the
tumors of Rag2−/− mice that received macrophage
scavengers grew more rapidly (Figures 4J, K; Supple-
mental Figure S13, http://links.lww.com/HEP/J715).
Thus, TAMs reprogrammed with STS can enhance
the antitumor capacity of CD8+ T cells.

Combination treatment of STS with anti-
PD-L1 shows superior effects compared to
combinatorial treatment with anti-PD-1

The combined efficacy of dietary therapy and immuno-
therapy in HCC remains unknown. To study this, we
divided the mice into 6 groups and administered ND,
STS, anti-PD-1, anti-PD-L1, STS+anti-PD-1, or STS
+anti-PD-L1 in both subcutaneous and orthotopic HCC
models (Figures 5A, B; Supplemental Figure S14A,
http://links.lww.com/HEP/J715). Tumor growth and
body weight were monitored (Supplemental Figures
S14A–E, http://links.lww.com/HEP/J715). The combi-
nation of STS with anti-PD-L1 reduced the tumor
burden more than the combination of anti-PD-1 or other
therapies alone (Figure 5B; Supplemental Figures
S14A, D, http://links.lww.com/HEP/J715). The survival

analysis revealed that STS combined with anti-PD-L1
therapy had the highest efficacy (Figure 5B; Supple-
mental Figures S14B, E, http://links.lww.com/HEP/
J715). These findings prompted us to explore the
effectiveness of STS combined with ICIs and its
correlation with the therapy cycle length. Therefore,
based on the initial 3 cycles, we expanded the treatment
to include one additional cycle of STS and anti-PD-1/L1
cycle. The results demonstrated that this combined
regimen effectively sensitized the tumor to anti-PD-1
during the 4 cycles. The combination of STS with anti-
PD-L1 still exhibited superior effects (Supplemental
Figure S14F, http://links.lww.com/HEP/J715).

To evaluate the effects of individual or combined
treatments on the HCC immune microenvironment, we
examined the immunophenotypes of tumor-infiltrating
immune cells. Starvation alone caused the upregulation
of aTAMs infiltration and a decrease in pTAMs
(Figure 5C; Supplemental Figure S15A, http://links.
lww.com/HEP/J715). No significant differences were
detected in the percentages of other immune cell
populations, such as MDSCs, regulatory T cells, total
CD4+ T cells, total CD8+ T cells, or dendritic cells
(Supplemental Figure S15B, http://links.lww.com/HEP/
J715). The strongest capacity to produce effector
cytokines such as IFNγ or GZMB was observed in the
STS combined with the anti-PD-L1 group compared
with other groups (Figure 5D; Supplemental Figures
S15B, C, http://links.lww.com/HEP/J715). In addition,
STS combined with PD-L1 caused a significant
decrease in the frequency of (tissue-resident memory)
TRM and an increase in effector memory T cells
(Figure 5E). Consistently, the tumor size treated with
combined depletion of CD8+ T cells and TAMs closely
resembled the initial tumor size of the ND group
(Figures 5F, G; Supplemental Figure S16, http://links.
lww.com/HEP/J715).

Taken together, the combination of STS and ICIs has
an optimal effect on reducing tumor growth and
increasing HCC tumor survival. Combinatorial therapy,
similar to starvation therapy alone, activates aTAMs and
CD8+ T cell killing function and provides long-lasting
immune memory responses.

ExoPD-L1 from TAMs impairs the efficacy
of anti-PD-1/L1

Our results demonstrated that STS enhances the
efficacy of anti-PD-1/PD-L1 therapy. These findings

injected intravenously with CD8+ T cells co-cultured with BMDMs pretreated with high-nutrient or low-nutrient conditions on days 6 and 13. These
mice were treated with clodronate liposome or control liposome post-CD8+ T cells adoptive therapy. (K) Tumor weight or size statistics of mice
Rag2−/− mice bearing Hepa1-6-OVA treated by CD8+ T cells or clodronate liposome (n=3 mice per group). Error bars represent the mean±SEM.
Statistical analyses were performed using Student t test, one-way ANOVA with Tukey multiple comparisons test, and two-way ANOVA, *p<0.05,
**p<0.01, ***p<0.001. Abbreviations: BMDMs, bone marrow-derived macrophages; ND, normal diet; STS, short-term starvation; TAMs, tumor-
associated macrophages.
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prompted us to explore the mechanisms by which STS
sensitizes tumors to ICIs. Consequently, we investi-
gated the distributions of PD-1 and PD-L1 expression in
the orthotopic HCC model. Compared to the blood and
spleen, PD-1 and PD-L1 were mainly expressed in the
tumor tissue by lymphocytes and myeloid cells (Figures
6A, B). In addition, PD-1/PD-L1 expression was mainly
enriched in TAMs compared with other myeloid cells

(Figures 6C, D). Western blotting studies demonstrated
that STS downregulated PD-L1 expression, but not PD-
1, in tumor tissues (Supplemental Figure S17A, http://
links.lww.com/HEP/J715). Therefore, PD-L1 expres-
sion, specifically in TAMs, may influence the efficacy
of ICI therapies.

Macrophage-derived exosomes contain abundant
exoPD-L1 levels.[34] Moreover, tumor cell-derived
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exoPD-L1 attenuates the efficacy of PD-L1
antibodies.[30] We hypothesized that macrophage-
derived exoPD-L1 impairs ICI efficacy. We found that
PD-L1 was mainly expressed in TAM exosomes.
Furthermore, TAM exosomes expressed more PD-L1
than tumor cells (Figure 6E). Using genetic knockouts of
Rab27a in TAMs, we found that exosomal PD-L1
expression decreased significantly (Supplemental Fig-
ure S17B, http://links.lww.com/HEP/J715). TAMs
Rab27a-KO not only suppressed tumor growth but also
enhanced the efficacy of anti-PD-L1 in the tumor
(injection of TAMs Rab27aKO combined with Hepa
1–6 cells) (Figure 6F; Supplemental Figure S17C, http://
links.lww.com/HEP/J715). Nevertheless, Rab27a-KO
tumor cells did not affect the anti-PD-L1 in tumor
efficacy (injection of TAMs combined with Hepa 1–6
cells Rab27aKO) (Supplemental Figure S17E, http://
links.lww.com/HEP/J715). Next, we injected exosomes
from tumor cells and TAMs into mice bearing tumor,
including Rab27a-KO tumor cells and BMDMs. The
injection of TAM-derived exosomes promoted tumor
growth more than tumor cells and contributed to PD-L1
antibody resistance (Figure 6G; Supplemental Figure
S17D, http://links.lww.com/HEP/J715). Moreover,
TAMs Rab27a-KO enhanced the anti-PD-1 efficiency
(Supplemental Figure S17F, http://links.lww.com/HEP/
J715). Although exosomes derived from TAMs pro-
moted tumor growth and ICI resistance, supplementa-
tion with TAMs-PD-L1 KO exosomes did not resist the
effect of anti-PD-1/L1 treatment (Supplemental Figure
S17G, H, http://links.lww.com/HEP/J715).

Liposomes are known to target macrophages and act
as synergistic therapies in combination with ICIs.[35]

Interestingly, targeting siRab27a directly inhibited tumor
growth. Furthermore, siRab27a liposomes combined
with PD-L1 antibodies demonstrated better efficacy and
increased survival (Figures 6H–J). The above results
showed that PD-L1 was mainly enriched in TAMs and
that TAMs were the main source of exoPD-L1 and
caused ICI resistance. Suppression of exosomal
secretion from TAMs can enhance the efficacy of the
PD-1/L1 antibody.

Starvation attenuates exoPD-L1 secretion
in TAMs through the FBP1/Akt/mTOR/
Rab27a axis

We evaluated the Rab27a and exoPD-L1 expression in
TAMs under different nutritional conditions. STS sup-
pressed Rab27a and inhibited exoPD-L1 secretion
(Figures 7A, B; Supplemental Figure S18A, http://
links.lww.com/HEP/J715). Rab27a is a key factor
regulating exosome secretion by macrophages (Sup-
plemental Figure S18B, http://links.lww.com/HEP/
J715). Until recently, the relationship between metabolic
changes and the regulation of exosome secretion and

immune checkpoint levels remained poorly understood.
Therefore, we analyzed changes in several metabolic
pathways via transcriptomics and found a significant
upregulation of the key gluconeogenic enzyme fructose
diphosphatase 1 (FBP1) in carbon metabolism
(Figure 7C). FBP1 is mainly enriched in macrophages
and tumor cells. The proportion of aTAMs increased in
patients with high FBP1 expression (Figure 7D). We
hypothesized that high FBP1 expression induced by
STS causes Rab27a and exoPD-L1 downregulation.
Tumor cells and macrophages were co-cultured under
high-nutrient or low-nutrient conditions, and western
blot analysis was performed (Figure 7E; Supplemental
Figure S18C, http://links.lww.com/HEP/J715). A
reduced expression of the key glycolytic enzymes
hexokinase 2 and lactate dehydrogenase A under
starvation conditions was noted. Moreover, glucose-6-
phosphatase catalytic subunit 3 and FBP1 were
upregulated in macrophages; however, no significant
FBP1 upregulation was observed in tumor cells
(Supplemental Figure S18C, http://links.lww.com/HEP/
J715). Consistent with previous studies, starvation
downregulated glycolysis and upregulated gluco-
neogenesis in tumor tissues (Supplemental Figure
S18D, http://links.lww.com/HEP/J715).[6] To identify
the altered metabolic enzymes responsible for the
downregulation of Rab27a and exoPD-L1, we silenced
and overexpressed the altered metabolic enzymes in
TAMs subjected to STS. A significant Rab27a and
exoPD-L1 downregulation was observed when FBP1
was overexpressed in TAMs (Figure 7E).

A negative correlation between FBP1 levels and
Rab27a and exoPD-L1 expression in TAMs under
different nutrient conditions was observed (Figure 7F).
TAMs Rab27a-KO eliminate the effects of STS and
FBP1 on exosome secretion (Supplemental Figure
S18E, http://links.lww.com/HEP/J715). Previous
research has shown that Akt is known to be involved
in Rab27a-mediated TAM exosomal secretion.[34] Both
published data and our results suggest a significant
negative correlation between FBP1 and AKT down-
stream RICTOR expression and a positive correlation
between mTOR and Rab27a (Supplemental Figure
S18F, http://links.lww.com/HEP/J715). FBP1 can act
as a dephosphorylase to perform nonmetabolic enzyme
functions.[36] Our results suggested that FBP1 regulates
Rab27a and exoPD-L1 expression by binding to Akt to
suppress Akt/mTOR phosphorylation during ER
(Figure 7G–I; Supplemental Figure S18G, http://links.
lww.com/HEP/J715). Macrophages with high FBP1
levels exhibited a stronger tumor-inhibitory capacity
(Supplemental Figure S19A–E, http://links.lww.com/
HEP/J715). Inhibiting or activating AKT/mTOR activity
by targeting FBP1-affected exoPD-L1 secretion via
MK2206/Rapamycin or rIGF-1 (recombinant IGF recep-
tor-1), respectively (Figure 7J). This process was
mediated by Rab27a (Supplemental Figure S18H,
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http://links.lww.com/HEP/J715). Blocking the AKT/
mTOR pathway in TAMs impaired tumor progression,
enhanced phagocytic potency, and activated CD8+T
cells (Supplemental Figures S20A–F, http://links.lww.
com/HEP/J715). The downstream effector of mTORC1,
P70S6 Kinase (P70S6K), correlated with Rab27a
expression level (Figure 7K).

Furthermore, we synthesized a liposomal system
capable of delivering the FBP1 overexpression plasmid
to macrophages in vivo, as described.[37] FBP1 over-
expression in macrophages combined with anti-PD-L1
treatment inhibited tumor growth and prolonged survival
(Figure 7L; Supplemental Figures S21 A and B, http://
links.lww.com/HEP/J715). In conclusion, STS sup-
presses Rab27a and exoPD-L1 levels by regulating
the FBP1-mediated Akt/mTOR pathway, which enhan-
ces macrophage phagocytic potency and the subse-
quent antitumor effects of CD8+ T cells. Enhancing
FBP1 expression in TAMs can synergize the efficacy of
anti-PD-L1.

DISCUSSION

This study provides new insights into the mechanism by
which STS combined with ICIs causes HCC regression
by regulating macrophage polarization toward antitumor
phenotypes and augmenting CD8+ T cell cytotoxicity.
Moreover, STS enhanced the efficacy of PD-1/L1
antibodies by reducing the secretion of exoPD-L1 in
macrophages. We further demonstrated that STS
combined with anti-PD-L1 therapy had superior efficacy
and improved survival compared with anti-PD-1 thera-
pies. Macrophage metabolic reprogramming caused an
FBP1-mediated reduction in Rab27a and exoPD-L1
expression via the Akt/mTOR axis, which enhanced
phagocytosis and macrophage-dependent CD8+ T cell

function during STS (Figure 7M). Targeting Rab27a or
overexpressing FBP1 could synergize with anti-PD-L1
treatment to reduce tumor burden. Our study provides
robust preclinical evidence for the efficacy of the
combination of nutritional therapy and immunotherapy
in patients with HCC.

Evidence strongly suggests that ER modulates
cancer immunosurveillance.[11,38,39] Several clinical tri-
als have confirmed that fasting can reshape antitumor
immunity.[8,40] This study demonstrated that STS
induced tumor regression in multiple HCC models,
suggesting that STS alone could suppress tumor
growth. However, these findings were incongruent with
previous studies.[2] Gastrointestinal cancers may
respond differently to fasting compared to other
cancers. The STS strategy used in our study appears
to confer superior tumor regression effects compared to
SCR in short-term regimens. Moreover, the improved
survival of mice indicated that fasting could trigger
effective and durable antitumor responses.

Memory T cells and monocytes re-enter the BM and
alter the host response to antigen stimulation during
transient external stressors.[10,41] These studies provided
evidence that in a healthy body, immune cells tend to
seek a “haven” in response to nutritional challenges.
However, the mechanism by which STS modulates
immune cell pools has been poorly investigated in
patients with cancer or tumor-bearingmice. STS inhibited
the levels of CD8+ T cells, T cells, central memory T cells,
G-MDSCs, and M-MDSCs in the blood and improved
these levels in the BM. Moreover, CD11bhiGr1lo macro-
phage accumulation was observed in both blood and
BM. We further complemented and extended the
conclusion that fasting induces tumor regression.

Although fasting-like conditions have been demon-
strated to boost the proportion of cytotoxic CD8+ T cells
and NK cells and reduce Treg levels, starvation-

F IGURE 7 STS inhibits Rab27a and exoPD-L1 of TAMs through activating FBP1 (A) TAMs were isolated from mice subjected to ND or STS
diet. The protein levels show Rab27a in Wcl and PD-L1, CD63, and TSG101 in exosomes (Exo). (n=3 mice per group) (B) Representative
immunofluorescent staining for F4/80+ or PD-L1+ cells from mice undergoing ND or STS regimen. F4/80 (green), PD-L1 (red), and DAPI (blue),
Magnification ×80, scale bar=25 µm. (C) KEGG pathway analysis and term candidate gene number from the orthotopic HCC model with ND or
STS assessed by RNA-seq (n= 3). The differences in FPKM values in carbon metabolism genes are shown in the right panel. (D) ScRNA-seq
data (GSE149614) were analyzed. UMAP plots showing multiple cell clusters including antitumoral TAM, protumoral TAM, MDSC, CD4 T cell,
CD8 T cytotoxic cell, CD8 T exhausted cell, CD8 T Naive cell, NK cell, B cell, Endothelial, Fibroblast, Hepatocarcinoma cell, MAST cell (left upper),
the expression of FBP1 (right upper), FBP1 high and low origins (left lower) and cell proportion statistics (Right lower panel). (E) Protein levels of
the key enzymes in glycolysis (HK2, PFKFB3, PKM2, LDHA) and the key enzymes in gluconeogenesis (G6PC3, FBP1, PCK1, PCK2) were
assessed by western blot in TAMs collected by the Hepa1-6 cells and BMDMs co-culture system (left). Protein levels of the indicated enzymes or
exosomes following silencing HK2 and LDHA or overexpressing G6PC3 and FBP1 in TAMs (right). (F) The Rab27a and exoPD-L1 protein levels
after silencing or overexpressing FBP1 in TAMs subjected to ND or STS-like conditions. (G) Protein levels of the Akt/mTOR pathway in TAMs
subjected to ND or STS-like conditions. (H) Co-immunoprecipitation of FBP1 and Akt in TAMs or TAMs FBP1-KO isolated from mice subjected to
ND or STS diet (n=3). (I) Co-immunoprecipitation of FBP1 and Akt from BMDMs co-cultured with Hepa 1-6 cells (upper). Immunofluorescence
assays for FBP1 (green) with Akt (red) in TAMs (below). Magnification ×80, scale bar=25 µm. (J) Protein levels of the Akt/mTOR/Rab27a axis
following silencing or overexpressing of FBP1 in TAMs added with MK2206, Rapamycin, and rIGF-1. (K) The mRNA expression of Rab27a and
indicated protein levels in TAMs treated by MK2206, Rapamycin, and rIGF-1. (L) Tumor weight analysis and survival curve of four group mice
(n= 6 mice per group). (M) Schematic diagram showing STS reshapes the TME by triggering a series of antitumor immune responses. Error bars
represent the mean±SEM. Statistical analyses were performed using Student t test, one-way ANOVA with Tukey multiple comparisons test, and
Log-rank test, *p<0.05, **p<0.01, ***p<0.001. Abbreviations: BMDMs, bone marrow-derived macrophages; ND, normal diet; STS, short-term
starvation; TAMs, tumor-associated macrophages; Wcl, whole-cell lysate.
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mediated antitumor immunity of macrophages is still
poorly understood.[2,7,9,13,38] We provide sufficient evi-
dence that STS enhanced the phagocytic potency of
macrophages against tumor cells and promotes a switch
in CD8+ T cells toward an activated/memory phenotype.

Given that exoPD-L1 plays a significant role in ICI
resistance, we confirmed that TAMs are the main
source of exoPD-L1 and that they are involved in PD-
1/L1 antibody tolerance. Inhibition of Rab27a alleviated
the hijacking of PD-L1 antibodies by exoPD-L1 and
increased its efficacy. Furthermore, combination treat-
ment with STS and anti-PD-L1 showed superior effects
when combined with anti-PD-1 in vivo. However, the
combination efficiency of anti-PD-1 was not evident
during the 3 fasting cycles. We speculate that this may
be related to the treatment cycle, an additional
mechanism of action of PD-L1 as a ligand, and changes
in exosome levels during ICI therapy.[42] Therefore, we
concluded that increased STS and anti-PD-1 cycles
enhanced the efficacy of the combined regimen.

Fasting/FMD cycles can reshape cellular metabolism in
TME.[12,43] Our results support the hypothesis that TAMs
undergo metabolic reprogramming from glycolysis to
gluconeogenesis with a concomitant decrease in exoso-
mal secretion during nutrient restriction. FBP1 upregula-
tion during carbon metabolism has also been observed.
FBP1 expression consistently showed an inverse rela-
tionship with Rab27a and exoPD-L1 in macrophages and
was correlated with their antitumor capacity.We noted that
FBP1 induced dephosphorylation of Akt and its down-
stream effector molecules by binding to Akt. Moreover,
Akt/mTOR activity suppression attenuated exoPD-L1
secretion and enhanced the antitumoral potency of
macrophages. These results provide complementary
evidence that enhancing FBP1 expression in macro-
phages is a potential therapeutic option. Our study had
some limitations. For example, starvation conditions
in vitro cannot fully simulate the microenvironment under
STS conditions in vivo. Themetabolites and intestinal flora
are still unexplored during STS. Optimizing the simulated
STS conditions in vitro and exploring the altered spectrum
of metabolites and flora will be promising directions.

Our study provides important insights by demonstrating
that STS suppresses the growth of multiple HCC types and
reshapes the TME by triggering a series of antitumor
immune responses centered on enhanced antitumoral
potency and reduced exoPD-L1 secretion in TAMs. STS
combined with ICIs induces optimal tumor regression and
durable immunological memory responses, representing it
as a promising adjuvant strategy for immunotherapy.
Further testing and optimization should be continued to
improve its compatibility for clinical development and usage.
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