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SUMMARY
Immunotherapy is improving the prognosis and survival of cancer patients, but despite encouraging out-
comes in different cancers, the majority of tumors are resistant to it, and the immunotherapy combinations
are often accompanied by severe side effects. Here, we show that a periodic fasting-mimicking diet (FMD)
can act on the tumor microenvironment and increase the efficacy of immunotherapy (anti-PD-L1 and anti-
OX40) against the poorly immunogenic triple-negative breast tumors (TNBCs) by expanding early exhausted
effector T cells, switching the cancer metabolism from glycolytic to respiratory, and reducing collagen depo-
sition. Furthermore, FMD reduces the occurrence of immune-related adverse events (irAEs) by preventing
the hyperactivation of the immune response. These results indicate that FMD cycles have the potential to
enhance the efficacy of anti-cancer immune responses, expand the portion of tumors sensitive to immuno-
therapy, and reduce its side effects.
INTRODUCTION

Immunotherapy has yielded very positive results in the treatment

of melanoma, lung, and colorectal cancer, but most patients

are refractory to the treatment, and its effectiveness is thus far

limited to specific cancer types.

Activated T cells express the immune checkpoint pro-

grammed cell death protein (PD-1), cytotoxic T lymphocyte anti-

gen 4 (CTLA-4), and the costimulatory receptor OX40 and induce

the expression of the immune checkpoint programmed death

ligand 1 (PD-L1) on tumor cells. The binding of PD-1 with

PD-L1 and CTLA4 with B7, expressed by macrophages and

dendritic cells, inhibits activated T cells and leads to T cell

exhaustion, allowing tumor cells to evade immune system

attack (Wei et al., 2018), whereas the interaction of OX40 with

its ligand OX40L, expressed by activated B cells (Stuber et al.,

1995), endothelial cells, dendritic cells, and activated macro-

phages (Imura et al., 1996), enhances T cell proliferation, cyto-

kine production, and effector T cell survival (Flynn et al., 1998;

Ohshima et al., 1998).
This is an open access article under the CC BY-N
Cancer cells also promote an immune-suppressive microenvi-

ronment by secreting pro-inflammatory cytokines and chemo-

kines that recruit tumor-associated macrophages (TAMs) and

myeloid-derived suppressor cells (MDSCs), which act as major

barriers to the cancer immune response and immunotherapy

(Bayne et al., 2012; Zhu et al., 2014).

Immune checkpoint inhibitors, such as antagonist antibodies

against PD-1, PD-L1 or CTLA4, and costimulatory receptors or

agonist antibody against OX40, were found to have good clinical

responses in some immunogenic tumors, but to be inefficient to-

ward so-called immunoprivileged tumors (Herbst et al., 2014;

Topalian et al., 2012; Kjaergaard et al., 2000; Weinberg et al.,

2000; Gough et al., 2008; Piconese et al., 2008). The combination

therapy of an anti-PD-1 antagonist and anti-OX40 agonist has

led to conflicting results based on the type of tumor in several

preclinical studies (Shrimali et al., 2017; Messenheimer et al.,

2017; Ma et al., 2020).

Notably, immunotherapy and, even more so, the combination

of immunotherapeutics increase the risk of adverse events,

which limits their application in the clinic (Suntharalingam
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et al., 2006; Lee et al., 2009; Topalian et al., 2012; Brahmer

et al., 2012).

In the past decade it has emerged that the use of a nutritional

composition mimicking the effects of fasting, or fasting-

mimicking diet (FMD), promotes rejuvenating effects on the im-

mune system and synergizes with chemotherapy, radiotherapy,

hormone therapy, and tyrosine kinase inhibitors to induce bet-

ter anti-tumor response in both mice and humans and, in some

cases, has led to complete tumor eradication in preclinical tu-

mor models (Raffaghello et al., 2008; Lee et al., 2012; Cheng

et al., 2014; Brandhorst et al., 2015; Wei et al., 2017; Nencioni

et al., 2018; de Groot et al., 2020; Caffa et al., 2020;

Weng et al., 2020).

More recently, we and others have shown that fasting/FMD

promotes the immune cell-dependent attack of different types

of cancer cells, by stimulating CD8 infiltration into tumors (Di

Biase et al., 2016; Ajona et al., 2020; Pietrocola et al., 2016).

Here we investigated the effects of FMD cycles on the toxicity

of anti-OX40 and anti-PD-L1 against low-immunogenic triple-

negative breast cancer models.

RESULTS

FMD in combination with anti-OX40/anti-PD-L1 inhibits
the growth of breast (4T1) cancer
Mice bearing 4T1 breast cancer cells orthotopically implanted in

the mammary fat pad were subjected to two cycles of a 4-day

FMD and treated with three doses of anti-OX40 and anti-PD-

L1, alone or in combination (Figure 1A). In the control group,

treated with IgG only, FMD alone inhibits tumor growth

compared with the standard diet group (ad libitum, AL), while

anti-PD-L1 monotherapy does not provide any anti-tumor

benefit in either the AL or the FMD group. Anti-OX40 treatment

has no anti-tumoral effect in mice fed a standard diet, while de-

laying tumor growth in mice fed FMD (Figures 1B and 1C).

The sequential combination of the anti-OX40/anti-PD-L1

treatment reduces the tumor masses in the standard diet

group but is much more effective in combination with FMD

(Figures 1B and 1C). FMD + immunotherapy extends mouse

survival significantly more than the other treatments. Mice sur-

vive up to 26 days in the untreated groups or standard diet +

immunotherapy, whereas FMD + immunotherapy extends

mouse survival up to 33 days. Therefore, FMD + immuno-

therapy, but not immunotherapy alone, slows tumor growth

and increases survival (Figure S1A).

In addition, FMD reduces splenomegaly in the anti-OX40/anti-

PD-L1 treatment group (Figure 1D). Enlarged spleen might be

a consequence of an increased myelopoiesis at the expense

of erythropoiesis and lymphopoiesis and accumulation of ex-

hausted lymphocytes (Messenheimer et al., 2017).

To establish the role of the immune system in these effects, the

same treatment scheme was performed in NSG immunodefi-

cient mice bearing 4T1 tumors. Although FMD alone has a

negligible effect on the tumor growth inhibition, the combined

anti-OX40/anti-PD-L1 therapy is no longer effective in immuno-

deficient mice, suggesting that the anti-tumor effects of FMD +

anti-OX40/anti-PD-L1 are mediated by the immune system

(Figures 1E and 1F).
2 Cell Reports 40, 111256, August 23, 2022
Single-cell transcriptomic analysis reveals that FMD
combined with anti-OX40 or anti-OX40/anti-PD-L1
boosts anti-tumoral response by promoting T cell
activation
To determine how FMD increases the anti-tumor efficacy of anti-

OX40 and anti-PD-L1 therapy against breast cancer, we per-

formed single-cell RNA sequencing (scRNA-seq) on CD45+

tumor-infiltrating leukocytes isolated from 4T1 breast cancer har-

vested 3 days after the second cycle of FMD. The 10X Genomics

Chromium platform (Zheng et al., 2017) was employed to

sequence �10,000 tumor-derived CD45+ immune cells obtained

from two biological replicates for each group (AL IgG, FMD IgG,

AL anti-OX40/anti-PD-L1, FMD anti-OX40/anti-PD-L1).

Using a graph-based clustering of uniform manifold approxi-

mation and projection (UMAP), we identified 29 clusters (Fig-

ure S2A). These clusters were assigned to cell populations using

a known gene marker-based manual curation and a specific

reference-based scRNA-seq annotation (SingleR). The classifi-

cation resulted as follows: seven macrophage/monocyte clus-

ters (high expression of Cd68, Mrc1, and Adgre1 markers), six

B cell clusters (high expression of Cd19 marker), three granulo-

cyte/monocyte clusters (high expression of Cd68 and Csf3r

markers), eight T/natural killer (NK) cell clusters (high expression

of Cd3e, Cd4, Cd8a, and Ncr1markers), and two dendritic clus-

ters (high expression of Basp1 marker). Of these, we identified

four main macroclusters named T cells, neutrophils, B cells,

and macrophages according to the specific gene expression

mentioned above (Figure S2B).

Then we calculated the relative percentages of cells in each of

the 29 clusters for each condition, and T cell clusters associated

with potential regulatory (cluster 7) and cytotoxic (clusters 11 and

22) activities were found to be highly enriched in FMD with com-

bined immunotherapy compared with the other groups (Fig-

ure S2C). No major differences were found in the number of cells

belonging to themyeloid clusters, except for amacrophage clus-

ter (cluster 6), which was mainly enriched in FMD treatments

(Figure S2C).

To further investigate the differences observed in T cell clus-

ters, we performed a new clustering analysis on a subset of cells

belonging to all the clusters under the macrogroup named

‘‘T cells’’ in Figure S2A.Graph-based clustering identified 14 sub-

clusters, which were assigned specific names according to the

expression of known gene markers (Wisdom et al., 2020)

(Figures 2A, 2B, and S2D). The resulting subclusters included

three CD4-CD8 mixed T cell clusters (0, 1, 3) (high expression

of Cd3d, Cd4, Cd8a, and Tcf7), comprising naive and memory

T cells; a CD4 T cell cluster (2) (high expression of Cd3d and

Cd4; Foxp3 negative expression); an activated CD8 T cell cluster

(5) (high expression ofCd8a,GzmB, Lag3 and Pdcd1); an NK cell

cluster (6) (high expression ofNcr1 andGzmB); a regulatory T cell

cluster (7) (high expression ofCd4 and Foxp3); two ISGCD4-CD8

T cell clusters (8, 12) (high expression of interferon-stimulated

genes such as Isg15); a Ki67+CD4-CD8 T cell cluster (9) (high

expression of proliferating marker Ki67); and a gd T cell cluster

(10) (high expression of Cd3d and Trdc) (Figures 2B and S2D).

The analysis of the top 20 upregulated differentially expressed

genes (DEGs) from each cluster delineated a specific RNA signa-

ture for each subcluster of T cells (Figure S2D). Three clusters
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Figure 1. FMD enhances the efficacy of anti-OX40/anti-PD-L1 combined treatment against 4T1 breast tumor

(A) Schedule of tumor implantation and treatment for 4T1 syngeneic orthotopic tumor models.

(B and C) 4T1 tumor growth in immunocompetent BALB/c syngeneic mice treated with isotype control, anti-OX40, and anti-PD-L1 and fed with standard diet or

FMD (n = 20–25).

(D) Spleen size of 4T1 tumor-bearing mice collected at the last day of FMD, 3 days after refeeding, or during the standard diet (n = 4–16).

(E and F) Tumor growth in immunodeficient NSG mice treated with isotype control, anti-OX40, and anti-PD-L1 and fed with standard diet or FMD (n = 5). The

p values from two-way analysis of variance (ANOVA) were *p < 0.05, **p < 0.005, ***p < 0.0005, and ****p < 0.0001.
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Figure 2. FMD + immunotherapy promotes T lymphocyte activation and differentiation

(A) t-distributed stochastic neighbor embedding (t-SNE) plot of CD3+ T lymphocyte infiltrate scRNA-seq subclustering from standard and FMD group plus treat-

ment (n = 2).

(B) Expression of marker genes.

(C) Cluster percentage of immune cells from standard and FMD group plus treatment.

(D) Percentages of activated CD8 T cells from individual experimental groups. Dot plot of the top 20 differentially expressed genes defining the activated CD8+

T cell cluster. Intensity of blue color indicates the normalized level of gene expression, and the size of the dot represents the percentage of cells expressing that

gene. Volcano plot depicts differentially expressed genes in FMD anti-OX40/anti-PD-L1 versus AL anti-OX40/anti-PD-L1.

(legend continued on next page)
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were not considered in further analyses because theywere asso-

ciatedwithmonocytes (cluster 4) and B cells (clusters 11 and 13).

Activated CD8 T cells, gd T cells, and CD4 conventional and

regulatory T (Treg) cells were confirmed to be the most enriched

in the FMD + immunotherapy group compared with all the other

experimental conditions (Figure 2C).

Cells belonging to the activatedCD8 cluster (cluster 5) express

high levels of Ccl5, Cd52, Ctla2a, GzmB, and GzmK, which are

upregulated genes in the differentiated cytotoxic CD8 T cells

(Figure 2D). The FMD + immunotherapy increases the expres-

sion of genes associated with the cytotoxic activity and the per-

centage of activated CD8 T cells in the tumor immune infiltrate

compared with the other experimental groups (Figure 2D).

Several genes involved in the negative modulation of cytotoxic

T cell differentiation and activity, such as Smad7, Klf2, Jund,

Cxcr4, and Nr4a1, were significantly downregulated in FMD +

immunotherapy group compared with the standard diet + immu-

notherapy group on cluster 5 (Figure 2D).

Then, we analyzed the immune infiltrate by fluorescence-acti-

vated cell sorting (FACS) to confirm scRNA data at the protein

level. FMDalone or in combinationwith immunotherapy increases

CD3 T lymphocyte infiltration (Figure 2E), whereas only the com-

bination FMD + anti-OX40 or anti-OX40/anti-PD-L1 promotes tu-

mor CD8 T cell infiltration (Figure 2E). In accordance with the sin-

gle-cell gene expression profile (Figure 2D), FMD alone promotes

CD8 cytotoxic T cell activation and differentiation. Indeed, the

percentage of GzmB+CD8+ T cell is consistently and significantly

higher in the FMDgroups comparedwith the standard diet groups

(Figure 2E). The combination of FMDwith anti-OX40 or anti-OX40/

anti-PD-L1 leads to an increased CD8 T cell proliferation

(Ki67+CD8+) (Figure 2E). Immunohistological characterization of

CD8 T lymphocytes on the tumor sections also showed that

FMD alone or in combination with anti-OX40 and anti-PD-L1/

anti-OX40 increases activated CD8 T lymphocyte accumulation

and infiltration in the tumor central area compared with standard

diet groups (Figure 2F). Since FMD increases Ki-67+ tumor-infil-

trating lymphocytes (TILs), the intratumor expansion of activated

CD8 T cells may also result from a local proliferation.

scRNA-seq analysis also revealed that FMD increases the per-

centage of the gd T cell cluster (cluster 10) population in the im-

mune infiltrate (Figure 2G). This cluster is enriched for genes

such as Areg, Scart1, Cxcr6, and Il17a (Figures 2G and S2D),

which are normally expressed in gd T cell populations (Tan

et al., 2019) (Figure 2G). High expression of the Trdv4 gene in

this cluster suggests that the Vd1 cell subtype is themain popula-

tion (Figure 2G).gdTcells canexert a stronganti-tumor function in

several cancer models (Silva-Santos et al., 2019). In our experi-

ment, FMD increased the percentage of Vd1 gd T cell infiltration

and skewed them toward cytolysis and Gzmb production (dot

plot, Figure 2G). Genes involved in glycolysis and glutathione
(E) FACS analysis of tumor %CD3+ on CD45+ cells, %CD8+ on CD3+ cells, %Gz

(F) CD8 immunostaining and quantitative analysis in central tumor area (n = 5).

(G) Percentage of gd T cells from individual experimental groups (n = 2). Dot plot of

of blue color indicates the normalized level of gene expression, and the size of t

depicts differentially expressed genes in FMD anti-OX40/anti-PD-L1 versus AL a

(H) FACS analysis of tumor CD45+CD3+TCRgd+, CD45+CD3+TCRgd+GzmB+, and

*p < 0.05, **p < 0.005, ***p < 0.0005, and ****p < 0.0001.
metabolism, such as Aldoa, Pkm, and Gclm, essential for cyto-

toxic activity of gd T cells, were also found to be upregulated in

FMD + anti-OX40/anti-PD-L1 (volcano plot, Figure 2G). On the

other hand, immunotherapyalone increased theexpression levels

of the genes involved in the inhibition of T cell activation, such as

Jund,Nr4a1,Cxcr4, andKlf2. FACS analysis confirmed that FMD

in combination with immunotherapy increases the percentage of

gdTcells (TCRgd+CD3) in the immune infiltrateandpromotes their

activation and differentiation into cytotoxic T cells (GzmB+Tcrgd)

and their proliferation (Ki67+TCRgd) (Figure 2H).

CD4 T cells play an important role in the immune response and

orchestrate anti-tumor immunity by supporting the induction and

clonal expansion of the cytotoxic CD8 T cell response (Richard-

son et al., 2021). Our scRNA experiment revealed a CD4 T cell

expansion in FMD + anti-OX40/anti-PD-L1. The conventional

CD4 T cell cluster was characterized by the expression of genes

involved in T cell activation, such asBhlhe40, Ifitm2, Itgb1, Tnf18,

and Tnfrsf4 (Ox40) (Figures 3A and S2D). The percentage of acti-

vated conventional T cells was higher in the FMD group than in

the standard diet groups, as shown in the dot plot (Figure 3A),

but there were no significant differences in gene expression be-

tween the FMD group and the standard diet group treated with

immunotherapy, except for four genes (Figure 3B). Unlike scRNA

data, FACS analysis of the immune infiltrate did not detect differ-

ences in CD4 T cells (CD4) and conventional T cells (FoxP3�CD4)
(Figure S2E). However, FMD in combination with anti-OX40 or

anti-OX40/anti-PD-L1 promoted the proliferation of conventional

CD4 T cells (Ki67+FoxP3�CD4) and their activation (OX40+

FoxP3�CD4 and PD1+FoxP3�CD4) (Figure 3C), as observed in

the scRNA and shown in the dot plot (Figure 3A).

Finally, the population of the Treg cell cluster (cluster 7), charac-

terized by the expression of regulatory genes such as Ctla4,

Foxp3, Icos, Id2, Il2ra, Ly6a, Tigit, and Tnfrsf4/9/18, was higher

in the FMD IgG and FMD anti-OX40/anti-PD-L1 groups compared

with standard diet groups (Figure S2F). The dot plot and volcano

plot indicated that many of these genes were more expressed

in the FMD IgG and FMD + immunotherapy groups compared

with the other conditions (Figure S2F). FACS analysis of the

tumor immune infiltrate did not reveal any difference in the per-

centage of Tregs between the different experimental groups (Fig-

ure S2G). However, FMD alone, but especially in combination

with anti-OX40 and anti-OX40/anti-PD-L1, increased the percent-

age of proliferating and OX40+ Tregs (Ki67+FoxP3+CD4, OX40+

FoxP3+CD4) compared with the standard diet groups (Fig-

ure S2G). scRNA analysis also confirmed that Tnfrsf4 (Ox40), a

gene marker of activation, was highly expressed in the Tregs of

the FMD + immunotherapy group (Figure S2G). No differences

were observed in the various experimental groups regarding the

expression of Pd1 (Pdcd1) (Figure S2G). The increase in the

OX40+ Treg percentage may be due to the need to modulate
mB+ on CD8+CD3+ cells, and %ki67+ on CD8+CD3+ cells (n = 3–6).

the top 20 differentially expressed genes defining the gd+ T cell cluster. Intensity

he dot represents the percentage of cells expressing that gene. Volcano plot

nti-OX40/anti-PD-L1 (n = 3–6).

CD45+CD3+TCRgd+Ki67+ frequency. The p values from two-way ANOVAwere
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Figure 3. FMD + immunotherapy modulates conventional and regulatory T cell activation
(A) Percentage of activated CD4 T cells from individual experimental groups. Dot plot of the top 20 differentially expressed genes defining a CD4+ T cell cluster.

Intensity of blue color indicates the normalized level of gene expression, and the size of the dot represents the percentage of cells expressing that gene (n = 2).

(B) Volcano plot depicting differentially expressed genes in FMD anti-OX40/anti-PD-L1 versus AL anti-OX40/anti-PD-L1.

(C) FACS analysis of tumor %Ki67+ cells of FOXP3�CD4+ cells, %OX40+ cells of FOXP3�CD4+ cells, and %PD1+ cells of FOXP3�CD4+ cells (n = 3–6). The

p values from two-way ANOVA were *p < 0.05, **p < 0.005, ***p < 0.0005, and ****p < 0.0001.
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the cytotoxic activity of lymphocytes to control the activation of

the immune response in the FMD group.

In summary, this scRNA and FACS analysis of immune infil-

trate confirmed that FMD + immunotherapy increases CD8,

CD4, and gd T cell activation.

FMD shapes the innate immune system to promote
anti-tumor immunity
Since the depletion of MDSCs has been shown to markedly

enhance the efficacy of immunotherapy (Kim et al., 2014; Krish-

namoorthy et al., 2021), we explored whether FMD + immuno-
6 Cell Reports 40, 111256, August 23, 2022
therapy modulates MDSCs and other innate immune cell

populations.

To dissect the heterogeneous composition of granulocytes infil-

trating the tumor, we filtered and subclustered all the cells

belonging to the macrocluster named neutrophils (Figure S2A)

that expressed the granulocyte colony-stimulating factor receptor

(Csf3r), a receptor specific for neutrophil lineages. This analysis re-

vealed eight neutrophil clusters (Figure 4A) representing immature

neutrophils (Arg2, Il1b,Nfkbia, Fgcr3) (Xie et al., 2020) and charac-

terized by poor expression of marker genes associated with

mature neutrophils (Gm2a, Fgl2, Gntg2, Mmp8). However, we
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Figure 4. FMD reduces immunosuppressive PMN-MDSCs in immune infiltrate

(A) Two-dimensional UMAP embedding of ‘‘Neutrophils’’ macrogroup cells (Figure S1C) colored according to the clusters (subclusters) (n = 2).

(B) Expression of marker genes.

(C) Violin plots of genes with differential expression (rows) among the granulocyte cell cluster (n = 2).

(D) Cluster percentage of immune cells from standard and FMD groups plus treatment (n = 2).

(E) FACS analysis of PMN-MDSCs, %Gr1highCD11b+ on CD45+ cells and %PDL1+ on Gr1highCD11b+ cells (n = 3–6).

(F) FACS analysis of macrophages, %F480+CD11b+ of CD45+ cells, %CD206+ on F480+CD11b+ cells, and %PD-L1+ on F480+CD11b+ cells (n = 3–6). The

p values from two-way ANOVA were *p < 0.05, **p < 0.005, ***p < 0.0005, and ****p < 0.0001.
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were able to classify these clusters into three groups: classic

PMN-MDSCs, activated PMN-MDSCs, and precursor MDSCs.

The classic PMN-MDSCs are represented by the cells of cluster

2 (Ly6g, S1008a, Lcn2, Retnlg), while the activated PMN-MDSCs

included several clusters (0, 3, 4, 5) that were characterized by the

overexpression of specific genes. Cluster 0 displayed high

expression of activation gene markers such as Cxcl3, Cxcl2,

and Clec4e; cluster 1 highly expressed Apoe and Cd74; cluster

3 expressed activation markers such as Ccl3 and Ccl4; cluster 4

was enriched in the expression of genes involved in stress, such
as Hspa1, Atf3, and Jun; whereas cluster 5 was characterized

by the expression of genes stimulated by interferon, such as

Isg15, Ifi47, Cd274 (Pdl1), and Rsad2. Clusters 6 and 7 have

been classified as MDSC precursors as they express high levels

of Rpl12 and Npm1 genes (Figures 4B and 4C). The relative cell

frequency of each cluster in each condition showed that FMD

alone reduced the cell number of PMN-MDSCs (cluster 2) and

activated PMN-MDSCs (clusters 3–4). FMD in combination with

anti-OX40/anti-PD-L1 caused a slight reduction of PMN-MDSCs

(cluster 2), activated PMN-MDSCs (clusters 1 and 3), and caused
Cell Reports 40, 111256, August 23, 2022 7
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greater cell depletion of MDSC precursors (clusters 6–7). In addi-

tion, FMD + immunotherapy increased the ISG PMN-MDSC pop-

ulation (cluster 5), probably due to a greater inflammatory

response within the tumor bed (Figure 4D).

We then analyzed the PMN-MDSCs (GR1highCD11b+) of the tu-

mor immune infiltrate by FACS. As observed in the scRNA anal-

ysis, FMD reduced the percentage of PMN-MDSCs in the immune

infiltrate and at the same time induced a higher expression of PD-

L1, which could be dependent on a high inflammatory response

and IFNg release in the FMD groups (Figure 4E).

There were no differences in the populations of monocytic

MDSCs (M-MDSCs) in the various experimental groups (Fig-

ure S2H), while there was a significant increase in tumor-infil-

trating macrophages in the FMD groups, with the exception of

the FMD + anti-OX40/anti-PD-L1 immunotherapy group, where

there was a marked reduction in the macrophage population.

However, FMD did not affect the polarization of macrophages

(CD206+F4/80+), although, in combination with anti-OX40/anti-

PD-L1, it decreased M2 polarized macrophages compared

with the standard diet plus IgG or anti-PD-L1 and induced high

expression of PD-L1 (F4/80+ PD-L1+) (Figure 4F).

FMD remodels the tumor stroma and normalizes tumor
vasculature
Since high collagen deposition in breast cancer promotes tumor

development and progression and is usually linked to poor prog-

nosis (Peng et al., 2020; Nissen et al., 2019), we investigated

whether FMD could affect collagen remodeling and tumor

stroma architecture.

In tumor sections stained with picrosirius red, collagen fiber

deposition is reduced and their distribution and structure are

altered in the tumor bed of the FMD group compared with the

standard diet group (Figure 5A). The collagen fibers are thin

and sparsely distributed, and their morphology, analyzed by

polarized light, appears to be less linear and dense in the FMD

group than in the standard diet group (Figure 5B).

Tumor vascular normalization enhances the efficacy of

immunotherapy, as it improves tumor vessel perfusion and pro-

motes immune effector cell infiltration in the tumor microenvi-

ronment (TME) (Zheng et al., 2018; Huang et al., 2018). To

establish whether FMD in combination with immune therapy

also affects tumor neovascularization, we analyzed the tumor

vessels 3 days after the first cycle of FMD. FMD reduces the

number of endothelial cells (CD93+) and pericytes (NG2+) in

the tumor bed compared with the standard diet group, but

the pericyte localization close to the endothelial cells is not

impaired (Figure 5C). In the standard diet groups, the endothe-

lial cells are more elongated and form a dense vascular

network; instead, in the FMD group, endothelial cells look

immature and poorly branched. To assess whether these

FMD induced endothelium changes improve the vessels’ func-

tionality and perfusion, the tumor vessels were labeled with Dy-

Light 488 tomato lectin, injected into the tail vein at the end of

the third refeeding day after two cycles of FMD + immuno-

therapy treatment. In the FMD IgG group, tumors exhibit a

high number of lectin-bound blood vessel structures that are

less evident in the other experimental conditions (Figures S3A

and S3B).
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These structures do not express endothelial markers, such

as CD93 and CD31, but are positive for collagen IV (Fig-

ure S3C); therefore, they may represent vascular mimicry struc-

tures generated to compensate for the lack of nutrients in FMD

tumor. However, the analysis of CD93-positive tumor vessels

shows that FMD reduces vessel density and tortuosity in the

tumor center (Figure S3A), whereas FMD in combination with

anti-OX40 affects the vascular network formation in the tumor

margin, also (Figure S3B).

These results could indicate that FMD promotes immune infil-

tration (Figure 2F) by reducing collagen accumulation and by re-

modeling the tumor vascular network.

FMD preserves spleen structure and functionality,
which enhances the immunotherapy response
Spleen enlargement (or splenomegaly) occurs in tumor-bearing

mice (DuPre’ and Hunter, 2007). Furthermore, immunotherapy-

induced hyperactivation of the immune system could lead to

the accumulation of exhausted T cells in the spleen.

The spleen size in FMD group was reduced compared with the

standard diet group, especially in the anti-OX40 and anti-OX40/

anti-PD-L1 group (Figure 1D). In the FMD group the architecture

of white pulp was well preserved, showing a prominent germinal

center with discrete T andB lymphocyte zones, stainedwith anti-

B220 and anti-CD3, unlike the standard diet group, where a

marked expansion of the red pulp and the myeloid population

was observed (Figures S4A, S4B, and S4F). The presence of

discrete follicles with active germinal centers was more notable

in the FMD + anti-OX40/anti PD-L1 group than in the corre-

sponding standard diet group.

FMD reduces extramedullary erythropoiesis and myelopoie-

sis, detected by anti-Ter119 and myeloperoxidase staining,

and therefore could prevent the generation of myeloid cells

that contribute to tumor growth through suppression of the im-

mune system (Figures S4C–S4F).

FMD reduces the risk of anaphylaxis associated with
immunotherapy
The potential of immunotherapy is limited due to high-grade

adverse effects in patients (Suntharalingam et al., 2006; Lee

et al., 2009; Topalian et al., 2012; Brahmer et al., 2012). In mice,

repetitive doses of anti-PD1 or anti-PD-L1 in 4T1 breast cancer-

bearing mice and repetitive doses of anti-OX40 in B16-F10 mela-

noma tumor-bearing mice cause an IgG-mediated anaphylactic

shock due to the hyperactivation of neutrophils and basophils,

respectively (Mall et al., 2016; Murphy et al., 2014).

Repeated single or combined treatments with anti-PD-L1 and

anti-OX-40 (Figure 6A) were found to be lethal in mice fed the

standard diet, but such lethality was not observed in mice also

receiving FMD cycles (Figure 6B).

In particular, the fifth treatment performed on day 21 with anti-

PD-L1 or anti-OX40 caused the death of 80% and 100% of the

mice not receiving FMD, while 100% of the mice in the FMD

group survived if treated with immunotherapy during the fasting

period (Figures 6C and 6D), but not if treated during the refeeding

period (data not shown). The standard diet group subjected to

the double treatment showed a lethality of 20% already at the

third dose of anti-PD-L1 given on day 15 of the second week,
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while the lethality rose to 80% with the fourth administration of

OX40 on day 21 (Figure 6E).

Succumbing mice exhibit typical symptoms of anaphylaxis

within 20 min of the immune therapy injection. Since anaphylaxis

depends on the activation of neutrophils and basophils and on

the release of histamines, myeloperoxidase, and platelet-acti-

vating factor (PAF), we analyzed the blood of mice subjected

to a standard diet or FMDwith or without treatments. FMD signif-

icantly reduced the number of white blood cells, lymphocytes,

monocytes, and neutrophils compared with mice fed the stan-

dard diet. Treatment with anti-OX40/anti-PD-L1 caused a major

increase in the populations of eosinophils, basophils, and imma-

ture granulocytes (IGs) in the standard diet group, but not in

FMD-treated mice (Figure 6F).
Furthermore, immunotherapy markedly reduced platelets and

plateletcrit (PCT) in the FMD group compared with the untreated

FMD group and the standard diet group with or without treat-

ment (Figure 6F). Therefore, these FMD-induced changes in lym-

phocytes, monocytes, granulocytes, and platelets could prevent

and attenuate the release of factors such as MPO, histamines,

VEGF, and PAF that determine anaphylaxis without compro-

mising the efficacy and duration of the therapy.

FMD enhances the efficacy of anti-OX40/anti-PD-L1
combined therapy also against a TS/A breast cancer
model
Next, we explored whether FMD in combination with anti-

OX40/anti-PD-L1 is also effective in the treatment of another
Cell Reports 40, 111256, August 23, 2022 9
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(A) Schedule of tumor implantation and treatment for 4T1 syngeneic orthotopic tumor models.

(B) Survival of BALB/c mice bearing 4T1 tumors after repeated dosing with anti-PD-L1, anti-OX40, or both (n = 10).

(legend continued on next page)
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low-immunogenic mammary tumor model, TS/A (Gong et al.,

2021). As observed for 4T1, FMD improves the efficacy of

the anti-tumor response induced by anti-OX40/anti-PD-L1

against TS/A breast cancer compared with the standard diet

and blocks tumor growth (Figure 7A), whereas FMD alone

does not provide a significant anti-tumor effect in TS/A tu-

mors. However, TS/A tumors respond better to immuno-

therapy alone compared with 4T1 tumor, since anti-OX40/

anti-PD-L1 treatment retards tumor growth and prolongs sur-

vival (Figure S1B). Nevertheless, the effects of immunotherapy

are more relevant in the FMD group than in the standard

group, enabling mice in the FMD + immunotherapy group to

survive for 33 days, whereas mice in the standard diet +

immunotherapy group survived up to a maximum of 28 days

(Figure S1B).

To determine how FMDenhances the effectiveness of the anti-

OX40/anti-PD-L1 treatment, we analyzed TILs by FACS.

In breast TS/A tumors, unlike breast 4T1 tumors, FMD by itself

does not increase CD3 and CD8 T cell immune infiltration

(Figures S5A and S5B) and does not affect CD8 activation (Fig-

ure 7C). In this model, the treatment with anti-OX40/anti-PD-L1

expands cytotoxic and proliferating CD8+ T lymphocytes

(CD8+GzmB+, CD8+Ki67+) (Figure 7C), but there are no signifi-

cant differences between the standard diet and the FMD.

Furthermore, FMD with or without immunotherapy does not

affect the infiltration and activation of gd T cells, as observed in

4T1 tumors (Figure S5C).

FMD + anti-OX40/anti-PD-L1 counteracts the reduction of

conventional CD4 T cell (FoxP3�CD4+) percentage that occurs

in the standard diet + immunotherapy group and promotes

their activation (OX40+FoxP3�CD4+) (Figure 7D). Interestingly,

OX40 is the activation marker expressed by most conven-

tional T cells, unlike the other two activation markers, PD1 and

CD25, which are expressed by a smaller percentage of

FoxP3�CD4+ T cells (Figures S5D and S5E).

FMD alone, as well as standard diet + immunotherapy, in-

creases the percentage of immunosuppressive Treg cells

(FoxP3+CD4+), whereas FMD + immunotherapy prevents this in-

crease and maintains the same percentage of Tregs as the stan-

dard diet + IgG group (Figure 7E). However, the Tregs of the FMD

group express higher levels of OX40, while the expression of PD1

and CD25 is reduced compared with the other experimental

groups (Figures S5F and S5G).

Analysis of innate immune cell subsets by FACS showed an in-

crease in the percentage of myeloid cells (CD11b+) in the groups

treated with immunotherapy, without finding any differences be-

tween standard diet and FMD (Figure S5H). Immunotherapy

increased the percentage of NK cells (DX5+) in the tumor bed,

and this increase was higher in the FMD group compared with

the other experimental groups (Figure 7F).

Although there are no significant differences between the

various experimental groups regarding the populations of mac-
(C–E) Survival of BALB/c mice after repeated doses of (C) anti-PD-L1, (D) anti-O

(F) White blood cell (WBC), platelet (PLT), plateletcrit (PCT), neutrophil (Neu),

immature granulocyte (IG) counts frommice fedwith standard diet or FMD and tre

analyzer (n = 5). Survival analysis was plotted according to the Kaplan-Meier m

p values from two-way ANOVA were *p < 0.05, **p < 0.005, ***p < 0.0005, and **
rophages, PMN-MDSCs (Gr1highCD11b+), and M-MDSCs (Ly6-

ChighCD11b+) (Figures S5I–S5L), FMD in combination with

immunotherapy reduces the percentage of immunosuppressive

M2 macrophages (CD206+F4/80+CD11b+) but at the same time

induces PD-L1 expression in PMN-MDSCs and M-MDSCs

(Figures 7F, S5M, and S5N).

As observed in the 4T1 setting, also in TS/A tumors, FMD not

only remodels the cellular components of the TME but also the

structure and organization of the collagen fibers in the tumor

bed (Figure 7G). In the FMD group, the density and thickness

of collagen fibers is lower than in the standard diet groups.

FMD reverses TME immunosuppression by reducing the
immunosuppressive myeloid cell population
To establish how FMD affects TME, we analyzed tumor immune

infiltrate in 4T1 and TS/A tumor masses collected at the end of

the second cycle of FMD (Figure S6A). FMD significantly reduces

the growth of 4T1 tumors but not TS/A tumors (Figure S6B); in-

duces a significant reduction in the myeloid immunosuppressive

population (CD11b), immunosuppressive M2 macrophages

(CD206/F4/80), PMN-MDSC (Gr1high), and M-MDSC (Ly6Chigh)

population; and reduces PD-L1 expression on both polymorfo-

nuclear (PMN) MDSCs and monocytic (M) MDSCs in 4T1 tumors

(Figure S6C). In TS/A tumors, on the other hand, only the

M-MDSC population undergoes a significant reduction upon

two cycles of FMD (Figure S6C), whereas the other immunosup-

pressive myeloid populations do not change in the FMD group

compared with the control (AL) (Figure S6C).

There is no significant variation in the population of

(Foxp3+CD4) Tregs between the standard group (AL) and the

FMD group (Figure S7A) in 4T1 tumors; however, the expression

of Treg activation markers, such as CTLA4 and PD1, is higher in

the FMD group than in the standard group.

In TS/A tumors, FMD does not have an impact on the Treg

population (FoxP3+CD4); however, it significantly increases the

expression of OX40 and PD1 (Figure S7B). It is plausible that

such high expression of OX40 and PD1 in the FMD group could

render Treg cells more sensitive to anti-OX40/anti-PD-L1 ther-

apy and thus prevent the increase of this population in the

FMD + immunotherapy group (Figure 7E).

FMD enhances immunotherapy efficacy by reactivating
early dysfunctional effector T cells
Immunotherapy generates a durable anti-tumoral immune

response by reactivating early exhausted effector T cells that

already existed pretherapy (Miller et al., 2019; Siddiqui et al.,

2019; Kurtulus et al., 2019). The early exhausted effector

T cells differ from the late exhausted effector T cell subpopula-

tion because: (1) they are tumor reactive, (2) they restore cyto-

kine production and cytotoxicity upon immunotherapy treat-

ment, and (3) they express a high level of TCF7 and low levels

of TIM3 (Havcr2), PD1 (Pdcd1), LAG3, and CD39 (Entpd1)
X40, and (E) anti-OX40/anti-PD-L1.

lymphocyte (Lymph), monocyte (Mon), eosinophil (Eos), basophil (Bas), and

atedwith IgG or anti-OX40/anti-PD-L1, assessedwith an AcT5 Diff. hematology

ethod, and statistical differences were determined with the log-rank test. The

**p < 0.0001.
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Figure 7. FMD with anti-OX40/anti-PD-L1 therapy is effective in delaying TS/A tumor growth by modulating CD4 T cell activity and reducing

immunosuppressive M2 macrophages

(A and B) TS/A tumor growth in immunocompetent BALB/c syngeneic mice treated with isotype control and anti-OX40/anti-PD-L1 and fed with standard diet or

FMD (n = 8).

(legend continued on next page)
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(Sade-Feldman et al., 2018; Fehlings et al., 2017; Gubin et al.,

2018).

scRNA and FACS analyses were performed on tumor immune

infiltrates to determine whether FMD improved immunotherapy

efficacy by modulating the early exhausted effector T cells to

late exhausted effector T cells transition.

To better characterize the heterogeneity at the level of the

Cd8+ T cell compartment, we performed unsupervised clus-

tering analysis on CD8+ cells belonging to the T cell macrogroup.

We identified five Cd8+ subclusters with specific gene signa-

tures: clusters 4 and 5 (T memory stem cells) express Tcf7,

Sell, and Ly6c1; cluster 3 (effector T cells) expresses GzmB,

GzmK, and a low level of Havcr2; cluster 2 (late dysfunctional

effector T cells) expresses inhibitory receptor genes (Pdcd1,

Lag3, Tnfrsf9) and an exhaustion-specific transcription factor,

Tox; cluster 1 (early exhausted effector T cells) expresses Tcf7

and low levels of inhibitor receptor genes (Pdcd1, Lag3, Tnfrsf9,

and Tox); and cluster 0 (exhausted T cells) expresses Tox and in-

termediate-high levels of inhibitory receptors (Pdcd1, Lag3,

Tnfrsf9) (Figure S8A). The clusters are arranged within a UMAP

projection outlining a top-down trajectory associated with the

differentiation state of the T cells that pass from an undifferenti-

ated stem state (clusters 4–5, Tcf7 high expression) at the top, to

an early state of differentiation and activation (clusters 1–3) (Tcf7

high expression, Tox low expression), to end up in a highly differ-

entiated and exhausted state represented by clusters 0–2 at the

bottom (Tox high expression) (Figure S8A).

The cluster cell proportion, estimated from scRNA analysis,

shows that the early exhausted effector T cell population is en-

riched more in the FMD groups independent of immunotherapy,

relative to the corresponding standard diet groups (Figure S8A).

Notably, late exhausted effector T cells increased in the

FMD untreated group compared with the standard diet group,

while immunotherapy reduced the percentage of late exhau-

sted T cells in both the standard diet and the FMD groups

(Figure S8A).

FACS analysis showed also that FMD and anti-OX40/anti-PD-

L1 treatment increases the TIM3+ and TIM3+PD1+ CD8 ex-

hausted T cell population compared with the standard diet

control group (Figure S8B). However, the increase in exhausted

T cells is correlated with a greater activation of T cells

(PD1+Ki67+CD8) induced by both FMD and immunotherapy

compared with the untreated standard diet group. Indeed, the

active PD1+Ki67+CD8 population increases significantly in

the FMD group and in immunotherapy groups compared with

the untreated standard diet group (Figure S8B).

We then determined whether FMD and immunotherapy affect

the early and late exhausted effector T cells, characterized

by low or intermediate expression of PD1, TOX, and CD39

(CD39lowPD1intTOXintCD8), unlike late exhausted effector

T cells, which express high levels of TOX, PD1, and CD39

(CD39highPD1highTOXhighCD8). FACS analysis of 4T1 immune in-

filtrates showed that FMD and immunotherapy increases
(C–F) Frequency of tumor (C) GzmB+CD8+CD3+ and Ki67+CD8+CD3+ T lymphocyt

FoxP3+CD4+CD3+ and OX40+FoxP3+CD4+CD3+ regulatory T cells, and (F) DX5T

(G) TS/A tumor sections stained with hematoxylin and eosin (HE) or picrosirius red

and ****p < 0.0001.
PD1intTOXintCD8 exhausted effector T cells (Figure S8C),

whereas FMD in combination with anti-OX40/anti-PD-L1 in-

duces a significant increase in CD39lowPD1intTOXintCD8 early

exhausted effector T cells (Figure S8C), which could be reprog-

rammed and reactivated by immunotherapy.

To assay CD8 T cell activation and cytotoxicity, cell suspen-

sions from 4T1 tumor masses were treated ex vivo with phorbol

myristate acetate (PMA), ionomycin, and brefeldin A for 2 h and

analyzed for the expression of markers such as PD1, Ki67, and

IFNg.

FMD, as well as immunotherapy, increases the proliferating

Ki67+CD8 T and Ki67+PD1+CD8 T cell population, whereas

FMD with or without immunotherapy induces a higher IFNg pro-

duction in CD8 T cells (IFNg+CD8) than the untreated or treated

standard diet group (Figure S8D).

FACS analysis performed on TS/A tumor immune infiltrate

confirmed that FMD and immunotherapy increases the prolifer-

ating and active Ki67+PD1+CD8 T cells but also the exhausted

TIM3+PD1+CD8 T cells (Figure S9A). FMD has a mild effect on

the TOXintPD1intCD8 exhausted T cell population, whereas immu-

notherapy increases this cell population, even if not significantly

(Figure S9B). However, FMD in combination with anti-OX40/

anti-PD-L1 significantly increases TOXintPD1intCD39lowCD8 early

exhausted effector T cells, thus favoring CD8 T cell activation and

improving the anti-tumor immune response (Figure S9B). FMD

with or without immunotherapy promotes the IFNg production

in CD8 T cells (IFNg+CD8) stimulated in vitro (Figure S9C), as pre-

viously observed in 4T1 immune-infiltrates.

These data demonstrate that FMD improves the anti-tumor ef-

ficacy of immunotherapy by reprogramming the population of

early exhausted effector CD8 T cells, thus promoting their reac-

tivation and the release of cytokines such as IFNg.

FMD promotes metabolic shift from glycolysis to
oxidative phosphorylation (OXPHOS)
We next examined whether FMD can affect cellular metabolism,

lactic acid production, and the pH in the TME. To this end, we

performed an untargeted metabolomic analysis on 4T1 and

TS/A tumors collected on the last day of FMD.

Partial least squares-discriminate analysis (PLS-DA) and a hi-

erarchical clustering heatmap clearly discriminate two clusters

between FMD and standard diet in 4T1 and TS/A tumors

(Figures S10A and S10B) and between 4T1 and TS/A tumors

belonging to the standard diet group (Figure S10C).

In 4T1 tumors, the Small Molecule Pathway Database

(SMPDB) pathways enrichment analysis showed that FMD af-

fects pathways involved in ketone body metabolism, carnitine

synthesis, fatty acid oxidation, and mitochondrial electron trans-

port chain compared with the standard diet group.

FMD significantly increases the levels of carnitine, pantothenic

acid, and docosahexaenoic acid, while reducing the levels of

acetylcarnitine (Figure S10A). There is an upward trend of the

lipid profile, such as oleic, palmitic, arachidonic, and linolenic
es, (D) FoxP3-CD4+CD3+ andOX40+FoxP3-CD3+CD4+ conventional T cells, (E)

NK cells and CD206+F4/80+Cd11b+ M2 macrophages (n = 5).

. The p values from two-way ANOVA were *p < 0.05, **p < 0.005, ***p < 0.0005,
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acid, confirmed by immunohistochemical analysis of 4T1 tumor

sections, stained with oil red (Figure S10D), and of cis-aconitic

acid (citrate intermediate) levels in the FMD group compared

with the standard diet. No significant differences were detected

in glycolysis metabolites such as glucose and pyruvate, whereas

the lactic acid level is lowered in FMD 4T1 tumors (Figure S10A).

These data could imply that FMD promotes the pyruvic acid con-

version to acetyl-CoA instead of lactic acid. Since carnitine me-

diates the transport of fatty acids to the mitochondrion, where

b-oxidation takes place, pantothenic acid is mainly involved in

the synthesis of CoA, and fasting increases the expression of

carnitine palmitoyltransferase (CPT), the rate-limiting enzyme

of b-oxidation, in rat tissues (Luci et al., 2008), FMD should pro-

mote citrate cycle activity through the b-oxidation of fatty acids

and the formation of acetyl-CoA.

In TS/A tumors, FMD increases the level and catabolism of

amino acids such as alanine, glycine, and methionine (Fig-

ure S10B); the urea cycle activity (ornithine, citrulline, and urea

level); and the synthesis of intracellular energy reserve com-

pounds such as creatine-phosphocreatine (Figure S10B).

Glucose, pyruvate, and lactic acid (glycolysis intermediates)

levels are significantly reduced in the FMD group compared

with the standard diet (Figure S10B). There are no significant dif-

ferences in carnitine and fatty acid (oleic acid and docosahexa-

enoic acid) levels between the FMD and the standard diet group,

although the pantothenic acid level is higher in FMD tumors than

in the standard diet group. However, lipid droplets accumulate in

the standard diet group, whereas they decrease in the FMD

group in TS/A tumor sections stained with oil red (Figure S10D).

The comparison of 4T1 and TS/A tumor metabolic profiles

from the standard diet groups reveals that the levels of carnitine,

fatty acids (oleic acid, docosahexaenoic acid), pantothenic acid,

and cis-aconitic acid are much higher in TS/A tumors than in 4T1

tumors; therefore, the TS/A tumormetabolism relies on fatty acid

b-oxidation and on oxidative phosphorylation (Gong et al., 2021),

unlike 4T1 tumors, whose metabolism depends on glycolysis,

given the high levels of glucose-6p and fructose-6p (glycolysis

intermediates) (Figure S10C).

It is possible that FMD increases fatty acid b-oxidation and cit-

rate cycle activity in TS/A tumors, as evidenced by the reduction

of fatty acid droplets (Figure S10D), whereas it leads to a meta-

bolic shift from glycolysis to oxidative phosphorylation in 4T1 tu-

mors, which could contribute to slowing 4T1 tumor growth.

DISCUSSION

In this study we show that combination FMD with anti-OX40/

anti-PD-L1 therapy enhances the anti-tumor immune response

against two different low-immunogenic triple-negative breast

cancer (TNBC) subtypes (4T1 and TS/A). Immunotherapy has a

strong effect in retarding tumor growth when combined with

FMD cycles, an effect not observed in combination with the stan-

dard diet. Notably, the anti-tumor immune response induced by

immunotherapy and FMD is positive but different in 4T1 and TS/

A breast cancers, consistent with our hypothesis that fasting/

FMD conditions are effective not by promoting specific mecha-

nisms conserved in many tumor cell types but by generating dif-

ferential stress sensitization (DSS) conditions that sensitize the
14 Cell Reports 40, 111256, August 23, 2022
great majority of cancer cells, but not normal cells, to toxic

environments.

In both 4T1 and TS/A tumors, FMD improves the efficacy of

immunotherapy bymodulating the population of early exhausted

effector T cells, which can be reactivated by immunotherapy and

exert the anti-tumor response.

Fasting/FMD cycles reduce the circulating levels of IGF-1 but

also mTOR signaling in normal cells. Transient inhibition of

mTOR ex vivo and in vivo can lead to early exhausted effector

T cell expansion aswell as improved response to immune check-

point blockade in chronic viral infection (Gabriel et al., 2021).

Early exhausted effector T cells display higher mitochondrial

mass and better mitochondrial fitness compared with late ex-

hausted effector T cells. These mitochondrial changes are asso-

ciated with high OXPHOS capacity, essential for supporting the

early exhausted effector T cells’ self-renewal (Gabriel et al.,

2021). Fasting also shifts the TME metabolism from glycolysis

to OXPHOS, since we observed evidence for increased b-oxida-

tion of fatty acids. Such fasting-induced metabolic changes in

the TME could promote the selective expansion of early ex-

hausted effector T cells at the expense of late exhausted effector

T cells whose metabolism is poorly suited to these physiological

conditions.

The increase in OXPHOS activity and the scarcity of nutrients

could also lead to a cytoplasmic reduction of keymetabolic inter-

mediates of the Krebs cycle, such as acetyl-CoA, and of methi-

onine, both involved in epigenetic modifications. One possibility

is that FMD could promote the expansion of early exhausted

effector T cells through metabolite-regulated epigenetic remod-

eling (Vodnala et al., 2019; Collins et al., 2019; Longo et al.,

2020), thus improving the anti-tumor immune response of the im-

mune checkpoint blockade.

The high ketone bodies level and the inhibition of mTOR

caused by FMD cycles could also favor the accumulation

and activation of gd T cells in breast tissue and strengthen

the anti-tumor immune response of cytotoxic CD8 T cells. gd

T cells, particularly the Vd1+ subtype, can orchestrate an effec-

tive anti-tumor response as supported by the positive correlation

of their presence with better prognosis in TNBC patients (Silva-

Santos et al., 2019). Notably, ketone bodies produced by a

ketogenic diet have been shown to promote the expansion and

activation of gd T cells in the visceral mass (Goldberg et al.,

2020), while the mTOR inhibition impairs the development of

ab T cells but promotes gd T cell generation in the thymus

(Yang et al., 2018) (Figure S11).

These changes exerted by FMD on the immune infiltrate in the

4T1 TME are also associated with a remodeling of the tumor ves-

sels and the extracellular matrix. FMD could improve vessel

functionality and perfusion and reduce the deposition of collagen

in the TME by mTOR inhibition. In fact, targeted mTOR inhibition

suppresses the release of collagen by fibroblasts (Hettiarachchi

et al., 2020), decreases the tumor vascular meshwork in a variety

of solid tumor models (Lane et al., 2009; Du et al., 2013), and im-

proves the efficacy of immunotherapy (Lastwika et al., 2016).

In the breast 4T1 model, FMD reduces the risk of anaphylaxis

associated with immunotherapy by reducing the number of lym-

phocytic, monocytic, and granulocytic populations, whose acti-

vation can trigger anaphylactic shock. Notably, the lethality
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associated with such immunotherapies in mice is specific and is

mainly observed in certain mouse cancer models but could

reflect the toxicity of immunotherapy in at least a portion of the

patient population.

The TS/A TNBC tumor is also very sensitive to the combination

of FMD plus immunotherapy, but the mechanisms responsible

for this effect are partly distinct from those observed with 4T1

cells. The anti-tumor response induced by FMD + immuno-

therapy against this subtype of breast tumor is mainly mediated

by the activation of conventional T cells, expansion of early ex-

hausted effector T cells, and reduction of the percentage of

immunosuppressive Treg cells. In addition, FMD modulates the

innate immune compartment, by promoting the infiltration of

NK cells and reducing immune-suppressive M2 polarized mac-

rophages and the collagen deposition in the TME. Unlike what

was observed for the 4T1 model, FMD does not act on the

recruitment and activation of CD8 and gd T cells and does not

lead to the depletion of the immunosuppressive PMN-MDSCs

in the TS/A TME. Lipogenic TS/A tumors show amuch lower per-

centage of myeloid infiltrate compared with glycolytic 4T1 tu-

mors (40% versus 70%), which could affect the modulation of

the immune response and the shaping of the same microenvi-

ronment (Figure S11).

In summary, in this study we show that FMD switches the

metabolism from glycolysis to oxidative phosphorylation, re-

shapes the TME, and enhances the efficacy of immunotherapy

in two different TNBC tumor types, possibly by increasing the

early exhausted effector T cells. Thus, FMD cycles may repre-

sent a promising nutritional intervention and should continue to

be tested clinically for their effects in sensitizing low-immuno-

genic tumors to immunotherapy to improve the portion of cancer

types and patients responsive to the treatment.

Limitations of the study
Because metabolic and physiological changes in mice are much

more dramatic than in humans, the beneficial effects of FMD on

TME and the immune system may not occur in humans or could

be smaller. However, the initial clinical trials in oncology patients

recapitulate the physiological, hormonal, and immune system

changes observed in preclinical studies, making FMD cycles a

promising intervention to enhance immunotherapy.
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Antibodies

CD3e BV785 clone 145-2C11 Biolegend Cat#100355; RRID: AB_2565969

CD8a Pe-Cy7 clone 2,43 TONBO biosciences Cat# 60-1886; RRID: AB_2621862

CD45 BV510 clone 30-F11 BD Biosciences Cat# 563891; RRID: AB_2734134

CD25 FITC clone 3C7 Biolegend Cat# 101907; RRID: AB_961210

CD4 BV650 clone RM4-5 BD Biosciences Cat# 740479; RRID: AB_2740204

CD279 (PD1) BV711 clone J43 BD Biosciences Cat # 744547; RRID: AB_2742318

CD49b FITC clone DX5 eBioscience Cat# 108905; RRID: AB_313412

GzmB PE clone QA16A02 Biolegend Cat# 372207; RRID: AB_2687031

CD134 (OX40) PE clone OX-86 eBioscience Cat# 12-1341-82; RRID: AB_465854

Foxp3 PerCP-Cy5.5 clone R16-715 BD Biosciences Cat# 563902; RRID: AB_2630318

TCR gd PE clone GL3 BD Biosciences Cat# 553178; RRID: AB_394689

Ki67 APC clone SolA15 eBioscience Cat# 17-5698-82; RRID: AB_2688057

CD11b PE clone M1/70 TONBO biosciences Cat# 50-0112-U025

CD11c PerCP-Cy5.5 clone HL3 BD Biosciences Cat# 560584; RRID: AB_1727422

F4/80 Pe-Cy7 clone BM8 eBioscience Cat# 25-4801-82; RRID:AB_469653

CD206 AF 488 clone C068C2 Biolegend Cat# 141709; RRID: AB_10933252

Gr1 APC clone RB6-8C5 eBioscience Cat# 17-5931-82; RRID: AB_10933252

Ly6c BV421 AL-21 BD Biosciences Cat# 562727; RRID: AB_2737748

CD274 (PDL1) BV711 clone MIH5 BD Biosciences Cat# 563369; RRID: AB_2738163

CTLA4 BV421 clone UC10-4B9 Biolegend Cat#106311; RRID: AB_10901170

Tox PE clone REA473 Miltenyi Biotec Cat# 130-120-716; RRID: AB_2801780

IFNg PE-CF594 Clone XMG1.2 BD Biosciences Cat# 562333; RRID: AB_11154588

CD39 PE/DazzleTM 594 clone Duha59 Biolegend Cat#143811; RRID: AB_2750321

TCF-7/TCF-1 BD Biosciences Cat# 566693; RRID: AB_ 2869823

anti-mouse OX40 (CD134) BioXcell Cat# BE0031; RRID: AB_1107592

anti-mouse PD-L1 (B7-H1) BioXcell Cat# BE0101; RRID: AB_10949073

DyLight 488 tomato lectin Vector Labs Cat# DL-1174-1; RRID: AB_2336404

anti-CD31 antibody Abcam Cat# AB28364; RRID: AB_726362

anti-CD31/PECAM-1 RD system Cat# AF3628; RRID: AB2161028

anti-alfa-NG2 Merck Millipore Cat# AB5320; RRID: AB_91789

Anti- CD8a (D4W2Z) XP CST Cat# 98941; RRID: AB_2756376

Anti-CD93 R&D Cat#AF1696; RRID: AB_354937

Anti-BB220 clone RA3-6B2 eBioscience Cat#36-0452-85; RRID: AB_469753

Anti_CD3 (E4T1B) XP CST Cat# 78588; RRID: AB_2889902

Anti TER119 Abcam Cat# AB91113; RRID: AB_2050384

Anti MPO Abcam Cat# AB208670; RRID: AB_2864724

Critical commercial assays

Tumor Dissociation Kit, mouse Miltenyi Biotec 130-096-730

CD45 (TIL) MicroBeads, mouse Miltenyi Biotec 130-110-618

Cell Activation Cocktail with Brefeldin A Biolegend 423303

Software and algorithms

Snakemake Mölder et al. (2021) https://github.com/snakemake/snakemake

Seurat v3.1.4 Stuart et al. (2019) https://satijalab.org/seurat
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scDblFinder Germain (2021) https://github.com/plger/scDblFinder

SingleR (version 1.4.1) (Aran et al., 2019) https://github.com/LTLA/SingleR

MAST: Model-based Analysis of

Single Cell Transcriptomics

McDavid et al. (2021) https://github.com/RGLab/MAST/

ComplexHeatmap (Gu et al., 2016) https://www.bioconductor.org/packages/release/

bioc/html/ComplexHeatmap.html

EnhancedVolcano: Publication-ready volcano

plots with enhanced coloring and labeling.

Blighe et al. (2021) https://github.com/kevinblighe/EnhancedVolcano

Metaboanalyst 5 Pang et al. (2021) https://www.metaboanalyst.ca

GraphPad Prism GraphPad https://www.graphpad.com

Deposited data

scRNA data This paper https://doi.org/10.17632/cy6hz8gzh9.2

Metabolomic data This paper https://doi.org/10.17632/cy6hz8gzh9.2

FACS data This paper https://doi.org/10.17632/cy6hz8gzh9.2
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Valter D

Longo (vlongo@usc.edu, valter.longo@ifom.eu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The scRNA sequencing data, metabolomic data and FACS data have been deposited in the Mendley Data and are publicly avail-

able as of the date of publication. The DOI is listed in the key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Tumor cell lines
The 4T1 tumor cells were obtained from ATCC, while TS/A cell was purchased by Merck Millipore. Cells were grown in RPMI1640 or

DMEMsupplementedwith 10% fetal bovine serum (FBS), 2mML-glutamine, penicillin (100Uml�1) and streptomycin (100 mgmL�1)

at 37�C with 5% CO2 and maintained at a confluence of 70–80%.

Mice
NSG and BALB/c female mice, 6–8 weeks old, were purchased from Charles River and housed under pathogen-free conditions in

Cogentech animal facility and with food and water ad libitum. All procedures were carried out in accordance with approved by Insti-

tutional Animal Care and Use Committee (OPBA) animal protocols at IFOM-the FIRC Institute of Molecular Oncology and by Italian

Ministry of Health (authorization 674_2019).

METHOD DETAILS

Tumor implantation, immune checkpoint blockade (ICB) treatment, and tumor volume measurement
For triple negative breast cancer (TNBC) model, 104 4T1 or 105 TS/A cells were injected orthotopically into mammary fat pad of

6–8 week old BALB/c or NSG mice.

Four days after tumor injection, mice were treated with anti-OX40 (100 mg permouse) or anti-PD-L1 (100 mg per mouse) every other

day for three time. The combined treatment was administered sequentially. The mice were treated with anti-OX40 the first week,

while the second week with anti-PD-L1. The mice underwent 2 cycles of FMD starting the third day after tumor implantation. 1

FMD cycle consists of alternating 4 consecutive days of fasting mimicking diet and 3 days of refeeding with standard diet. FMD com-

ponents are described in Brandhorst et al., (2015), and Di Biase et al., (2016) (Brandhorst et al., 2015; Di Biase et al., 2016).
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Tumors were measured every 3–4 days using a digital caliper; tumor volume was calculated using the formula V = (L 3 W x H)/2,

where V is tumor volume, L is the length of the tumor (longer diameter), W is the width of the tumor (shorter diameter) and H is the

height (diameter of tumor perpendicular to length and width). Mice were monitored for tumor growth and survival.

To assess the immune related adverse events, the following procedure was implemented: on day 3 after implantation of 4T1

tumor cells in the mammary fat pad, mice underwent FMD cycles (4 days) and were treated with IgG, anti-PD-L1, and anti-OX40

(100mg/mouse) on days 4, 6 and 8. The following week, on day 13 and after 3 days of refeeding with the standard diet, mice were

fed FMD and treated with IgG, anti-PD-L1, and anti-OX40 (100mg/mouse). The mice undergoing the combined therapy were treated

with anti-OX40 on days 4, 6 and 8 and with anti-PD-L1 on days 11, 13 and 15. At week 3, mice underwent cycle 3 of FMD and treated

with IgG, anti-PD-L1 and anti-OX40 on day 21 (last day of fasting).

Flow cytometry analysis of tumor-infiltrating lymphocytes and apoptosis
Leukocyte infiltration in tumor samples was evaluated, as previously described (Sangaletti et al., 2014), using the following anti-

bodies: CD45; Gr-1; CD11b; F4/80, Ly6C, CD49b, PD-L1, CD4, CD8, CD3, TCR gd, CD206, OX40, CD25 and PD-1 (from

eBioscience, Becton Dickinson and Biolegend). For intracellular markers, after surface staining, cells were fixed, permeabilized

and stained with FOXP3, GzmB or Ki-67 antibodies according to manufacturer instruction (eBioscience). Samples were acquired

using a BD LSR II Fortessa instrument and analyzed with FlowJo software (TreeStar). T cells were activated using Cell Activation

Cocktail with Brefeldin A (Biolegend. # 423,303), following the manufacturer’s protocol.

Specific antibodies used for flow cytometry analyses are listed in Table S1.

Complete blood counts
Complete blood counts were performed using AcT 5 diff Hematology Analyzer (Beckman Coulter) in accordance to manufacturer’s

protocol. In brief, blood was collected from the tail vein and immediately 20 mL of blood was diluted in 100 mL of Sodium Citrate

solution and whole blood parameters were evaluated.

Immunohistochemistry
Tumors and tissues were dissected from mice and fixed in 4% parformaldehyde overnight. Samples were dehydrated, and

embedded in paraffin, then four-micrometres-thick sections were cut, stained for Haematoxylin/Eosin (Diapath) according to stan-

dard protocol and mounted in Eukitt (Bio-Optica). Picrosirius red staining (Scy Tek Lab, SRS-IFU) was performed to selectively visu-

alize collagen I and III fibers under a bright-fieldmicroscope and under a polarized light, whereas the toluidine blue staining (Sigma, CI

52040) was used to detect mast cells.

For Immunohistochemical and immunofluorescence staining, paraffin was removed with xylene and the sections were rehydrated

in graded alcohol. Antigen retrieval was carried out using preheated target retrieval solution for 30 min. Tissue sections were blocked

with FBS serum in PBS for 60 min and incubated overnight with primary antibodies reported in Table S1. The antibody binding was

detected using a polymer detection kit (GAM-HRP,Microtech) followed by a diaminobenzidine chromogen reaction (Peroxidase sub-

strate kit, DAB, SK-4100; Vector Lab). All sections were counterstained with Mayer’s hematoxylin and visualized using a bright-field

microscope.

For double immunofluorescence, tumor sectionswere incubatedONwith primary antibodies and incubatedwith corresponding sec-

ondary antibodiesAlexaFluor 488, 594, or 647 (1:200,Molecular Probes, InvitrogenLife Technologies,Grand Island,NewYork) for 1 hat

roomtemperature. Tovisualize thecell nuclei, humanspecimenswerecounterstainedwith4,6-diamidino-2-phenylindole (DAPI, Sigma-

Aldrich), mounted with a Phosphate-Buffered Salines/glycerol solution and examined under a Leica TCS SP2 confocal microscope.

Preparation of single-cell suspension
For each condition twomice were scarified for the scRNA in order to have a biological duplicate for each condition and a total of eight

scRNA sequencing reactions.

Tumor were harvested and dissociated using the Miltenyi Biotec tumor dissociation kit (mouse, tough tumor dissociation protocol)

for 40min at 37�C. Cell suspension were filtered through 70 mm strainer and the leukocytes were isolated by density separation using

lympholyte M-cell separation media. Tumor infiltrating leukocytes were further enriched by incubation with CD45 (TIL) MicroBeads

according to manufacturing protocol. CD45+ cells from the eluted fraction were resuspended in PBS with 0.04% BSA at a concen-

tration of 1000 cells/mL for single cell RNA sequencing.

Droplet-based single-cell sequencing
The cell resuspension was loaded on GemCode Single Cell instrument (10x Genomics) to generate single-cell beads in emulsion and

scRNA-seq libraries were prepared using the Chromium Single Cell 30 Reagent Kits The libraries were sequenced using an Illumina

Novaseq 6000 sequencer with pair-end 150 bp reading strategy.

Vascular perfusion
Vascular perfusionwas determined by injecting DyLight 488 tomato lectin (100 mL, Vector Lab) into the tail vein of BALB/cmice 10min

before the sacrifice. Tumor were fixed in 1%paraformaldehyde (PFA) overnight at 4�C, transferred to 30% sucrose solution overnight
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at 4�C and finally embedded in OCT. The 10 mm thick cryosections were incubated with anti-CD93 and detected by AF 568 conju-

gated anti-rat antibody. The sections were counterstained with DAPI.

Sample preparation for metabolomic analysis
Tumormasses (5 biological samples for each condition) were collected at the experiment endpoint and processed byMS-Omics. The

tumor masses were mixed with methanol/water (1:2), homogenized with stainless steel beads and ultrasonicated for 5 min. After

centrifugation of the tubes the supernatant were collected, and the pellet were reextracted by adding a new portion of methanol/

water and repeating the process described above. The two supernatant aliquots were pooled, splitted into two HPLC vials and dried

under a gentle nitrogen flow. The samples were reconstituted with 6 x the sample with water. The samples analysis was carried out

using Thermo Scientific Vanquish LC coupled to Thermo Q Exactive HF MS. An electrospray ionization interface was used as ioni-

zation source. Analysis was performed in negative and positive ionization mode. The UPLC was performed using a slightly modified

version of the protocol described Hsiao et al., 2018 (https://doi.org/10.1021/acs.analchem.8b02100).

QUANTIFICATION AND STATISTICAL ANALYSIS

All the data are presented asmean ± SEM and are plotted using GraphPad Prism software. The p value was calculated using ANOVA

or unpaired T test or Log rank [Mantel-Cox] test. Only p values <0.05 were considered statistically significant. Each experiment was

repeated at least 3 times with 3 or more samples (n) for each condition. Information about specific statistic test employed and the

exact value of n (e.g., biological replicates, number of animals, etc) are reported in the Results or figure legends.

ScRNA data pre-processing and clustering
FASTQ files for each condition were converted to count matrixes using a singularity-conda- dependent Snakemake pipeline (Mölder

et al., 2021) which exploits the count command of CellRanger (v5.0.0) and the mouse reference genome mm10-2020-A version.

Count matrixes were merged using Seurat v3.1.4 (Stuart et al., 2019), number of cells was verified to be higher than 900 cells per

condition, and doublets were filtered out with scDblFinder (Germain, 2021). Cells with less than 500 and more than 5,000 transcripts,

less than 250 genes, less than 0.80 of novelty score (log10Genes/UMI), and less than 0.20 of mitochondrial gene ratio were removed.

Moreover, genes expressed in less than 5 cells were removed as well. We checked for both batch effect and cellular phase gene

expression and we evaluated that no integration was required. We applied sctransform normalization using SCTransform() function

in Seurat and regressed out of percentage ofmitochondrial genes.Weperform principal component analysis (PCA) on the normalized

(SCT) assay and we run the Uniform Manifold Approximation and Projection (UMAP) using the function runUMAP().

We applied the graph-based clustering approach of Seurat using FindNeighbours() and FindClusters() functions and the first 15

principal components, evaluated with the elbow plot method. The resolution of the clusters was evaluated by visual inspection

and a value equal to 0.80 was chosen as the best result.

Cell type annotation and cluster name assignation
We used an automated method for cell assignation (Aran et al., 2019) using as reference the microarray profiles of ImmGen() (Heng

and Painter, 2008) and the default delta threshold, label names were manually curated in order to have the best granularity. We

confirmed the results using two web servers (Heng and Painter, 2008; Zhang et al., 2019) and known gene marker expression. Ac-

cording to the percentage of cell populations in each cluster we assigned a name to each cluster, whenmore than one cell population

was highly represented in a cluster, we assigned a composite name in descending percentage order and separated by an under-

score. When the same name was assigned to more clusters an alphanumeric code was added at the end of the name.

Subclustering
Cells in the macro-clusters of interest (T cells and Neutrophils) were extracted using subset() function and the filtered counts were

normalized as before. PCA was performed and in this case the function maxLikGlobalDimEst() function of the package intrinsicDi-

mension (Johnsson et al., 2015) was used to evaluate the best number of principal components to use for the clustering workflow

as suggested by Germain et al., (2020) (Germain et al., 2020). Clustering was performed as above and the best resolution was eval-

uated with clustree package (Zappia and Oshlack, 2018) that allows to see how each cluster is connected to the others with different

resolutions and when a stability is reached. The resolutions of 0.3 and 0.2 were chosen respectively for T cells and Neutrophils sub-

clustering.

The sub-clusters name assignation was performed evaluating the gene expression of pivotal markers for the identification of sub-

cellular populations in cancer models as in Wisdom et al., (2020), Xie et al. (2020), Veglia et al., (2021) (Wisdom et al., 2020; Xie et al.,

2020; Veglia et al., 2021). Violin and UMAP plots used to evaluated the gene expression were generated using slightly modified func-

tions of Seurat package and exploit the information of the normalized count matrix.

Differential expression gene analysis
Dot plots were generated using and in-house R function that takes advantage of the information of the top 20 differentially expressed

genes (DEG) in only the cells of that specific cluster retrieved by FindAllMarkers() function of Seurat package using the information of
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the ‘RNA’ assay, a hurdle model tailored to scRNA-seq data (McDavid et al., 2021), a minimum percentage of cells equal to 25% and

threshold for logFC equal to log(1.5).

To build the heatmap, we used the ComplexHeatmap package function (Gu et al., 2016) and we used the top 40 DEG retrieved as

for the dot plot.

Volcano plot were generated using EnhancedVolcano package (Blighe et al., 2021) which exploited the information of DEG be-

tween the conditions tested. DEG were extracted using FindMarkers() function with minimum percentage of cells equal to 25%

and logFC threshold equal to zero after removing mitochondrial and ribosomal genes. FCwas converted in log2 FC and used to build

the volcano plot.

Metabolomic data analysis
The raw GC-MS data were pre-processed using Metaboanalyst 5 (Pang et al., 2021) and the experimental data were normalized by

the total spectral intensity. Tumor metabolic profiles were analyzed by partial least squares-discriminate analysis (PLS-DA) and de-

picted in the heatmap cluster plot of peak intensities of significantly different intracellular metabolites (p % 0.05) between fasting

mimicking and standard diet. The quantitative metabolic pathway enrichment analysis was performed on statistically significant me-

tabolites by using MetaboAnalyst 5 enrichment analysis software. The difference of quantitative analysis results between the two

groups was analyzed by GraphPad Prism 8 (t test, p < 0.05).

Morphometric analysis
Measurements of blood vessels density were performed using ImageJ software. For each tumor, 3 sections were prepared at dis-

tance of 100 mm from each other and 5–10 microphotographs were collected using Olympus BX63 Upright microscope equipped

with a motorized stage Black and white camera: Hamamatsu Orca AG (12 bit, 6.45 um pixel size) and Color Camera: Leica

DFC450C (36 bit, 3.4 um pixel size).CD93+ or Tomato lectin+ area per random field was calculated in peri- and intratumoral regions.

Statistical analyses were performed using GraphPad Prism 7.0 software (Anon., n.d.).
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