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_ In tumor-bearing mice, cyclic fasting or fasting-mimicking diets (FMD) enhance

the activity of antineoplastic treatments by modulating systemic metabolism and
boosting antitumor immunity. Here we conducted a clinical trial to investigate the safety and biologi-
cal effects of cyclic, five-day FMD in combination with standard antitumor therapies. In 101 patients,
the FMD was safe, feasible, and resulted in a consistent decrease of blood glucose and growth factor
concentration, thus recapitulating metabolic changes that mediate fasting/FMD anticancer effects
in preclinical experiments. Integrated transcriptomic and deep-phenotyping analyses revealed that
FMD profoundly reshapes anticancer immunity by inducing the contraction of peripheral blood immu-
nosuppressive myeloid and regulatory T-cell compartments, paralleled by enhanced intratumor Th1/
cytotoxic responses and an enrichment of IFNy and other immune signatures associated with better
clinical outcomes in patients with cancer. Our findings lay the foundations for phase II/Ill clinical trials
aimed at investigating FMD antitumor efficacy in combination with standard antineoplastic treatments.

SIGNIFICANCE: Cyclic FMD is well tolerated and causes remarkable systemic metabolic changes in
patients with different tumor types and treated with concomitant antitumor therapies. In addition,
the FMD reshapes systemic and intratumor immunity, finally activating several antitumor immune pro-

grams. Phase II/11l clinical trials are needed to investigate FMD antitumor activity/efficacy.

INTRODUCTION

In tumor-bearing mice, cyclic fasting or calorie-restricted,
low-carbohydrate, low-protein diets, collectively referred to
as fasting-mimicking diets (FMD), have convincingly demon-
strated additive or synergistic antitumor activity in combina-
tion with cytotoxic chemotherapy (ChT), immunotherapy, or
endocrine therapies (1-6). These anticancer effects are mostly
mediated by fasting/FMD-induced reduction of blood glu-
cose, insulin, and insulin-like growth factor 1 (IGF1) concen-
tration, which results in the inhibition of anabolic processes
that sustain unrestrained growth/proliferation and the repair
of chemotherapy-induced genotoxic and proteotoxic effects
in cancer cells (2, 6). More recently, fasting and FMD were
shown to boost tumor infiltration by CD8" T cells—the effec-
tors of antitumor immune responses—and to reduce immu-
nosuppressive regulatory T cells (Treg) in syngeneic mouse
models (3, ).
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On the basis of this preclinical evidence, clinical trials have
been initiated to investigate the feasibility and antitumor
activity of cyclic FMD in combination with standard antitu-
mor therapies in different clinical contexts (NCT03709147,
NCTO04248998,NCT03700437). The only study whose results
have been reported so far is the phase II trial “DIRECT”
(NCT02126449), which was prematurely interrupted because
of poor patient compliance with the proposed FMD regimen
and because the FMD failed to reduce ChT-induced adverse
events (7).

Here we report on the final results of a first-in-human
clinical trial (NCT03340935) that investigated the safety,
feasibility, and metabolic and immunomodulatory effects of
a severely calorie-restricted, five-day FMD regimen in patients
with cancer. We also report on results of an interim analysis
in which we investigated FMD-induced systemic and intra-
tumor immune responses in 22 patients with breast cancer
enrolled in the ongoing DigesT trial (NCT03454282).
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Figure 1. The fasting-mimicking diet (FMD) reduces blood glucose and growth factor levels in patients with cancer. A, Schematics of the FMD regimen,
with the calorie content of each day of FMD (d1-d5). Black arrows indicate time points of blood/urine sample collection. Blood samples collected before
the initiation of the FMD are indicated as “Pre; whereas samples collected after the end of five-day FMD (i.e., before the initiation of refeeding) are
indicated as “Post” B, Bar plots indicating the number of patients (y-axis) who completed the number of FMD cycles indicated on the x-axis. C, Concentra-
tion of plasma glucose (mg/dL), serum insulin (10*uUl/mL), serum IGF1 (ng/mL), and urinary ketone bodies (mg/dL) before (Pre) and after (Post) FMD (first
cycle) in 99 patients with cancer. D, Plasma glucose concentration (mg/dL) before and after FMD (across eight cycles; C1-C8). E, Serum insulin concentra-
tion (uUl/mL) before and after FMD (across eight cycles; C1-C8). F, Serum IGF1 concentration (ng/mL) before and after FMD (across eight cycles; C1-C8).
G, BMI before and after FMD cycles (C1-C8) in the whole patient population. H, BMI before and after FMD (C1-C8) in patients undergoing FMD and
cytotoxic chemotherapy (ChT). I, BMI before and after FMD (C1-C8) in patients undergoing FMD in combination with treatment other than ChT. All P values
were determined by paired Wilcoxon test: *, P < 0.05; *, P < 0.01; ***, P < 0.001; ***, P < 0.0001. All comparisons for which the P value is not indicated did
not show statistically significant differences (P> 0.05). Data are represented as box plots showing median values, with the boundaries of the rectangle
representing the first and third quartiles, while whiskers extend to the extreme data points that are no more than 1.5 times the interquartile range.

RESULTS

Cyclic FMD Is Safe in Combination with Standard
Anticancer Treatments

After excluding 17 patients not fulfilling the enrollment
criteria, 101 patients were enrolled in the NCT03340935 trial
to undergo cyclic FMD (Supplementary Table S1) in com-
bination with standard-of-care antitumor therapies, which
were chosen before enrollment and independently of patient
participation in the study (Supplementary Fig. S1; Fig. 1A;
Table 1). An FMD cycle was defined as five-day FMD followed
by 16 to 23 days of refeeding. Specifically, the duration of an
FMD cycle was dependent on the schedule of concomitant
antitumor treatment, and ranged between 21 and 28 days.
Blood samples were collected before the initiation of each
FMD cycle (“Pre”) and at the end of five-day FMD (“Post”)
for blood cell counts and standard biochemical evaluations.

Overall, a total number of 440 FMD cycles were completed,
with a median number of 4 FMD cycles. In detail, 100 (99%)
patients completed at least one FMD cycle, 77 (76.2%) patients

at least three FMD cycles, and 20 (19.8%) patients completed
the maximum number of allowed FMD cycles (n = 8; Fig. 1B).
Reasons for FMD discontinuation were: inability to maintain
the body mass index (BMI) above 20 kg/m? (4%), poor accept-
ability of the FMD (10.9%), patient decision (14.9%), tumor
progression (21.8%), adverse events (AE; 6.9%), completed treat-
ment program (17.8%), or surgery (4%). With 23 minor and 6
major deviations, 72 (71.3%) patients were fully compliant
with the FMD, while 95 (94.1%) patients were fully compliant
or reported only minor deviations (Supplementary Table S2).
Considering individual FMD cycles, the global compliance rate
was 91.8% (404 of 440 cycles), with minor and major deviations
reported in 29 (6.6%) and 7 (1.6%) FMD cycles, respectively.
The trial met its primary endpoint, with an incidence of
severe grade 3 or 4 (G3/G4) FMD-related AEs of 12.9% (90%
Cls: 7.8-19.7%), that is, significantly lower than the prespecified
20% threshold (Table 2). Overall, the most common AE was
fatigue, which occurred in 90.2% of patients and was G3/G4
in 4% of patients. Other G3/G4 FMD-related AEs were hypo-
glycemia (5%), syncope (1%), nausea (1%), dizziness (1%), and
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Fasting-Mimicking Diet Activates Antitumor Immunity

Table 1. Clinical characteristics of patients enrolled in the NCT03340935 trial

Patient population

N=101
Characteristics N %
Age (years) >60 28 27.7
<60 73 72.3
Sex Male 28 277
Female 73 723
ECOGPS 0 63 62.4
1 38 37.6
Tumor type Breast 56 554
* Luminal « 26 * 464
« TNBC « 19 * 339
* HER2+ - 11 - 197
Colorectal 10 9.9
* KRAS mutated - 4 * 40
* BRAF mutated 5 * 50
Lung 7 6.9
Prostate 4 3.9
Pancreas 3 3
Melanoma 3 3
Germinal 3 3
Ovary 2 2
Thyroid 2 2
Chronic lymphocytic leukemia 2 2
Non-Hodgkin lymphoma 2 2
Uterus 1 1
Sarcoma 1 1
Multiple myeloma 1 1
Stomach 1 1
Kidney 1 1
Mesothelioma 1 1
Myelofibrosis 1 1
Disease stage Advanced 75 743
Localized 26 257
Concomitant treatment Chemotherapy 73 723
Endocrine (+ targeted therapies) 13 129
Immunotherapy 3 29
Targeted therapy 2 2
Radiotherapy 1 1
Radionuclide treatment 1 1
Best supportive care 8 7.9
BMI at enrollment 20-24.9 kg/m? 53 525
25-29.9 kg/m? 32 31.7
30-34.9 kg/m? 14 139
>35 kg/m? 2 1.9

increased aspartate aminotransferase levels (1%). Of note, only
one (1%) G4 AE was reported (hypoglycemia), while serious AEs
(SAE) occurred in 4 patients (4.0%), and in 2 of these cases they
were attributable to the FMD (syncope, severe fatigue).

The FMD Favorably Modulates Key Blood
Metabolic Parameters

In 99 evaluable patients the FMD reduced median plasma
glucose concentration by 18.6% (range: —63.1%; +67.8%), serum

insulin by 50.7% (range: —91.3%; +697%), and serum IGF1 by
30.3% (range: —72.3%; +139.8%), while it increased average uri-
nary ketones from 0.18 mg/dL to 59.9 mg/dL (Fig. 1C). Of note,
FMD-induced metabolic changes were independent of the type
of primary tumor (breast cancer, colorectal cancer, lung can-
cer, others), concomitant anticancer treatments (ChT, other
therapies) and tumor stage (limited, advanced; Supplementary
Fig. S2A-S2C). Similar metabolic modifications occurred in 9
healthy volunteers undergoing the same five-day FMD regimen
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Table 2. FMD-related AEs
Gl G2 G3 G4
AEs n (%) n (%) n (%) n (%)
Clinical symptoms
Fatigue 33(32.7) 54(53.5) 4(4.0) 0
Headache 39(38.6) 1(1.0) 0 0
Insomnia 14(13.9) 2(2.0) 0 0
Somnolence 5(5.0) 1(1.0) 0 0
Constipation 9(8.9) 0 0 0
Muscle cramps 14(13.9) 4(4.0) 0 0
Dizziness 28(27.7) 8(7.9) 1(1.0) 0
Nausea 34(33.7) 14(13.9) 1(1.0) 0
Vomiting 18(17.8) 3(3.0) 0 0
Syncope 0 0 1(1.0) 0
Presyncope 5(5.0) 2(2.0) 0 0
Tachycardia 5(5.0) 2(2.0) 0 0
Epigastric pain 9(8.9) 4(4.0) 0 0
Hot flushes 6(5.9) 0 0 0
Chills 4(4.0) 0 0 0
Tremor 3(3.0) 1(1.0) 0 0
Weight loss 77 (76.2) 0 0 0
Blood test alterations
Hypoglycemia 25(24.8) 17(16.8) 4(4.0) 1(1.0)
AST increased 28(27.7) 0 1(1.0) 0
ALT increased 27 (26.7) 2(2.0) 0 0
Uricemia increased 13(12.9) 0 0 0
Total cholesterol increased 18(17.8) 1(1.0) 0 0
Hypertriglyceridemia 13(12.9) 2(2.0) 0 0
Creatinine increased 5(5.0) 0 0 0
Total FMD-related adverse events 100(99.0) 70(69.3) 12(11.9) 1(1.0)

NOTE: Total rate of G3/4 FMD-related adverse events: 12.9%; 90% confidence interval: 7.8-19.7.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; G, grade.

(Supplementary Fig. S3A), but not in a cohort of 13 patients
with advanced breast cancer enrolled in an observational study
(INT 79/17; Supplementary Table S3) and treated with stand-
ard ChT without the FMD (Supplementary Fig. S3B).

During eight subsequent cycles, the FMD resulted in
qualitatively and quantitatively similar modifications of key
metabolic parameters, with a consistent reduction of plasma
glucose, serum insulin, and IGF1 concentration (Fig. 1D-F),
thus excluding the occurrence of systemic metabolic adapta-
tion to the FMD. Each FMD cycle also reduced patient BMI
(first cycle: median reduction: 4.52%; second cycle: median
reduction: 4.51%; third cycle: median reduction: 4.55%)
regardless of concomitant treatments (Fig. 1G-I). During the
first three FMD cycles, the BMI was only partially recovered,
thus resulting in progressive BMI reduction (Fig. 1G). Of
note, this occurred only in patients receiving concomitant
ChT, and was reversed after three FMD cycles (Fig. 1G and H).

Cyclic FMD Downregulates Peripheral Blood
Immunosuppressive Myeloid Cells While Boosting
Activated/Cytotoxic Cells

In 38 patients, we used multicolor flow cytometry to inves-
tigate the impact of the FMD on the frequency of myeloid and

lymphocytic peripheral blood mononuclear cell (PBMC) popu-
lations (Supplementary Table S4; Supplementary Fig. S4A-S4C
and S4E-S4G). At the end of five-day FMD, we found a sig-
nificant decrease of total monocytes (CD14*) and of two highly
immunosuppressive monocyte subsets, that is, those lacking
HLA-DR expression (CD14*HLA-DR"), acknowledged as mono-
cytic myeloid-derived suppressor cells (M-MDSC; refs. 8, 9), and
CD14" cells expressing PD-L1 (CD14'PD-L1*; ref. 10; Fig. 2A).
The FMD also reduced low-density CD15* granulocytes, which
include polymorphonuclear MDSCs (PMN-MDSC; Fig. 2A).
Interestingly, the observed modifications in myeloid subpopu-
lations were similar in patients undergoing the FMD in com-
bination with ChT or with other standard antitumor therapies
(Supplementary Fig. SSA and S5B).

To evaluate FMD-induced immunologic changes in a more
homogeneous patient cohort, among these 38 patients, we
selected a subset of 13 patients with advanced triple-negative
breast cancer (TNBC) treated with first-line ChT-FMD combi-
nation (Supplementary Table S5), and we compared their PBMC
profiles before and after FMD with immunologic modifications
occurring in a matched cohort of 13 patients with advanced
breast cancer treated with first-line ChT without the FMD (Sup-
plementary Table S3). Notably, CD14*HLA-DR", CD14*PD-L1*
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Figure 2. The fasting-mimicking diet (FMD) reduces peripheral blood immunosuppressive cells and increases effector cells in patients with cancer
and in healthy volunteers. A, Frequencies of CD14*, CD14*HLA-DR-, CD14*PD-L1*, and CD15* cells before (Pre) and after (Post) FMD (first cycle) in 38
patients with different tumor types enrolled in the NCT03340935 trial. CD14* and CD15* cells were calculated as frequencies in total PBMCs (after
debris and doublet exclusion), while CD14+PD-L1* and CD14*HLA-DR- cells were calculated as frequencies in total CD14* cells. B, Frequencies of CD14,
CD14*HLA-DR-, CD14*PD-L1% and CD15* cells before (Pre) and after (Post) FMD (first cycle) in 13 patients with advanced breast cancer enrolled in the
NCT03340935 trial and treated with first-line ChT plus FMD. C, Frequencies of CD14*, CD14*HLA-DR-, CD14*PD-L1* and CD15* cells before (Pre) and
after (Post) ChT in a cohort of 13 patients with advanced breast cancer treated with ChT without the FMD. D, Frequencies of CD14+, CD14*HLA-DR-,
CD14*PD-L1% and CD15* cells before (Pre) and after (Post) FMD in 8 healthy volunteers. E, Frequencies of pre- and post-FMD CD8*PD1+*CD69*

(among CD3*CD69*), CD3*CD25* (among CD3*), and CD3-CD16*CD56%™ (among CD37) cells in 38 patients with different tumor types enrolled in the
NCT03340935 trial. F, Frequencies of pre- and post-FMD CD8*PD1+CD69* (among CD3*CD69*), CD3*CD25* (among CD3*) and CD3-CD16+*CD564™
(among CD3) cells in 13 patients with advanced breast cancer enrolled in the NCT03340935 trial and treated with first-line ChT plus FMD. G, Frequen-
cies of CD8*PD-1+CD69* (among CD3*CD69), CD3*CD25* (among CD3*), and CD3-CD16+CD569™ (among CD3-) cells before and after ChT in 13 patients
with advanced breast cancer treated with ChT without the FMD. H, Frequencies of pre- and post-FMD CD8*PD-1+CD69* (among CD3*CD69+), CD3*CD25*
(among CD3*), and CD3-CD16+*CD569™ (among CD3-) cells in 8 healthy volunteers. I, Plasma concentration of CCL2, G-CSF, IL6, and IL8, as evaluated at
the initiation and at the end of the FMD, in 34 patients with different tumor types enrolled in the NCT03340935 trial. CCL2, C-C motif chemokine ligand
2. All P values were determined by paired Wilcoxon test: *, P < 0.05; **, P < 0.01; **, P < 0.001; ***, P < 0.0001. All comparisons for which the P value is not
indicated did not show statistically significant differences (P> 0.05). Box plots indicate median values of the indicated variable, with the boundaries of
the rectangle representing the first and third quartiles, while vertical black lines extend to the extreme data points that are no more than 1.5 times the
interquartile range. Each red dot represents one patient; couples of dots connected by the same black line refer to data from the same patient before and
after the FMD.
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and CD15" cells were downmodulated in patients receiving the
ChT-FMD combination (Fig. 2B), but not in patients treated
with ChT alone, which even resulted in a boost of CD14"PD-L1*
cells (Fig. 2C). Finally, in 8 healthy volunteers, the FMD reduced
CD14*%, CD14"HLA-DR", CD14*PD-L1%, and CD15" cells simi-
larly to what was observed in patients with cancer (Fig. 2D).

FMD-induced reduction of myeloid cell subsets was paral-
leled by an increase of activated CD8" T cells (coexpressing
PD-1 and CD69) and cytolytic CD3 CD16*CDS56%™ natu-
ral killer (NK) cells (11), while CD3" T cells expressing the
high-affinity IL2 receptor (CD3*CD25" cells), which can be
associated with Treg activity, were reduced (Fig. 2E). As in
the case of myeloid cells, changes in lymphocytic popu-
lations occurred independently of concomitant antitumor
therapies (Supplementary Fig. S5C and S5D), and they were
confirmed in a homogeneous subset of 13 patients with
TNBC treated with first-line ChT plus FMD (Fig. 2F), but
not in 13 patients with breast cancer treated with ChT alone
(Fig. 2G). Interestingly, the FMD increased CD8*PD-1*CD69*
and CD3°CD16*CDS6%™ cells in 8 healthy volunteers in a
similar way as observed in patients (Fig. 2H).

Because PD-1 is a marker shared by activated and exhausted
CD8" T cells, in 12 patients undergoing the FMD without con-
comitant ChT (to avoid confounding effects), we performed a
deeper immune profiling to gain insight into the functional
properties of CD8" T cells and other relevant T-cell subsets
(Supplementary Fig. S4C-S4F). Notably, CD8*PD-1* T cells col-
lected after the FMD displayed remarkably increased expression
of activation markers, such as Granzyme B (but not Ki-67; Sup-
plementary Fig. SSE) and IFNy upon T-cell receptor triggering
(Supplementary Fig. SSF), while CD8*PD-1* T cells not express-
ing the immune checkpoints LAG3 and TIM3 were increased,
thus excluding their exhaustion (Supplementary Fig. S5G). In
addition, we observed an enrichment of CD3*CCR7"CD45RA™
cells within CD3" T lymphocytes (Supplementary Fig. SSH),
which suggests the acquisition of an effector-memory phe-
notype (12). Finally, Tregs (CD4*CD127-CD25"FOXP3" cells)
were reduced after the FMD (Supplementary Fig. S5I), possibly
explaining the decrease of CD3"CD25* cells (Fig. 2E).

During the second FMD cycle, myeloid and lymphoid
PBMC populations were modulated in a similar way as dur-
ing the first FMD cycle (Supplementary Fig. S5J and S5K),
thus excluding the adaptation to FMD-induced systemic
immunologic effects.

To gain insight into potential mechanisms explaining the
observed modulation of peripheral blood immune cell popu-
lations, we measured blood cytokines/chemokines associated
with myeloid and lymphoid mobilization and/or activation in
plasma samples collected before and after the FMD in 34 of
these patients. As shown in Supplementary Fig. S6, most of these
molecules were not detectable in the majority of patients, or they
did not undergo significant changes during the FMD. However,
CCL2, G-CSF, and IL6, which are involved in myeloid cell mobi-
lization from the bone marrow, were significantly reduced after
the FMD, while we found a modest increase of IL8 levels (Fig. 2I).

Together, these data indicate that the FMD, alone or in com-
bination with standard antitumor therapies, downregulates
immunosuppressive myeloid cell subsets, while at the same time
increasing effector cells with an activated phenotype. In con-
trast, ChT alone does not affect most of these cell subsets, and it
can even boost highly immunosuppressive CD14*PD-L1* cells.

The FMD Reshapes Intratumor Immunity in
Patients with Breast Cancer

To investigate whether the FMD modulates intratumor
immunity, we performed an unplanned, interim analysis
of the ongoing DigesT trial (NCT03454282), a window-of-
opportunity study in which patients with early-stage breast
cancer or melanoma undergo five-day FMD followed by sur-
gery after 7 to 10 days (see Methods for details). To this
aim, we selected 22 patients with consecutive breast cancer
participating in the trial, and for whom a sufficient amount
of formalin-fixed, paraffin-embedded (FFPE) tumor material
collected before the FMD (tumor biopsies) and after the FMD
(surgical specimens) was available to perform IHC and RNA-
sequencing (RNA-seq) analyses for the evaluation of tumor-
infiltrating immune cells and transcriptomic immune profiles
(Supplementary Fig. S7; Supplementary Table S6; Fig. 3A).

|

Figure 3. The fasting-mimicking diet (FMD) reshapes intratumor immunity in patients with breast cancer. A, Time points of blood and tissue sample
collection in the DigesT trial (NCT03454282). T1, initiation of the FMD; T2, end of the FMD; T3, surgery; T4, approximately 30 days after surgery. B, Left,
IHC evaluation of intratumor IGFR1 and phosphorylated IGFR1 (pIGF1R; brown dots) in pre- and post-FMD tumor samples from one indicative patient
(magnification of 200x). B, Right, Box plots showing results of IHC analyses (reported as H-score) of IGF1R and pIGF1R in matched pre- and post-FMD
tumor samples in 18 patients enrolled in the DigesT trial (NCT03454282). All P values for the indicated comparisons were determined by paired Wilcoxon
test:*, P<0.05;*, P<0.01;** P <0.001; *** P <0.0001. Box plots indicate median values, with the boundaries of the rectangle representing the first
and third quartiles, while vertical black lines extend to the extreme data points that are no more than 1.5 times the interquartile range. Each red dot
represents one patient; couples of plots connected by the same black line refer to the same patient before and after the FMD. C, Representative images
of hematoxylin and eosin staining (H&E) and IHC evaluations of intratumor CD8* T cells and CD68* macrophages in pre-FMD (T1) and post-FMD (T3)
tumor samples from two representative patients (magnification of x200). D, Top plots, box plots showing the IHC quantification of percentage (area) and
absolute average numbers (per high-power field; HPF) of intratumor stromal CD8* cells, absolute average number (per HPF) of intraepithelial CD8* cells,
absolute average number (per HPF) of CD68* macrophages, and the ratio between stromal CD8* cells (absolute average number per HPF) and CD68*
macrophages (absolute average number per HPF) in pre-FMD versus post-FMD tumor specimens. Box plot showing the CD8A/CD68 transcript ratio

in post-FMD as compared with pre-FMD tumor specimens. Box plots indicate median values of the frequencies of each immune cell population/gene
transcript, with the boundaries of the rectangle representing the first and third quartiles, while vertical black lines extend to the extreme data points
that are no more than 1.5 times the interquartile range. Each red dot represents one patient; couples of dots connected by the same black line refer to
data from the same patient pre- and post-FMD. *, P < 0.05; **, P < 0.01; **, P < 0.001 by paired Wilcoxon test for the indicated comparisons. D, Bottom
plots, correlation between CD8* T cells by IHC and CD8A gene expression, and between CD68* macrophages by IHC and CD68 gene expression; box plot
showing the CD8A/CD68 transcript ratio in post-FMD as compared with pre-FMD tumor specimens. E, Heat map displaying scores of enrichment of leu-
kocyte subsets (XCell, Charoentong list) that are differentially modulated after the FMD [T3 vs. T1, paired Wilcoxon test, P < 0.05, Benjamini-Hochberg
(B-H) false discovery rate (FDR) < 0.1]. aDC, activated DCs; CD4* and CD8* Tcm: CD4* and CD8* central memory T lymphocytes; NKT, natural killer T cells;
pDC, plasmacytoid dendritic cells; Tem, effector memory T lymphocytes. F, Box plots representing scores of individual leukocyte subsets modulated in
post-FMD versus pre-FMD tumor specimens. G, Matrix correlation displaying Spearman correlation coefficients between RNA-seq data (CD8A and CD68
transcripts, CD8* T-cell, and Macrophage enrichment scores), and IHC assessment of CD8* T cells and CD68* cells.
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In this patient cohort, we first confirmed that the FMD
reduces blood glucose, insulin, and IGF1 concentration and
increases urinary ketone bodies (Supplementary Fig. S8), thus
recapitulating data from the NCT03340935 trial (Fig. 1C).
Because of the biological relevance of blood IGF1 reduc-
tion in mediating fasting/FMD-induced antitumor effects
in preclinical models (5, 6), we investigated if the observed
reduction of blood IGF1 concentration affects IGF1 receptor
(IGF1R) expression/activation at the tumor level. To this aim,
we assessed by IHC analysis the expression of total IGF1R
and phosphorylated (i.e., activated) IGF1R in 18 paired tumor
specimens. Notably, we found a significant reduction in total
and phosphorylated IGFIR in post-FMD surgical tumor
specimens when compared with pre-FMD tumor biopsies
(Fig. 3B), thus indicating that FMD-induced growth factor
changes in the blood are reflected by consistent modifications
of the corresponding biological pathways at the tumor level.

To assess the impact of the FMD on intratumor immu-
nity, we evaluated tumor-infiltrating CD8" T cells, CD68*
macrophages, and other immune cell subsets. IHC analysis
revealed a statistically significant increment of tumor-infil-
trating CD8* T cells in post-FMD surgical tumor samples
when compared with pre-FMD tumor biopsies (Supplemen-
tary Table S7; Fig. 3C and D). CD8A gene expression was
increased in post-FMD samples as well, and we found a
strong, positive correlation between CD8 protein (IHC) and
CD8A gene (mRNA) expression levels (Fig. 3D). While tumor-
infiltrating macrophages (CD68* cells) were also upregulated
after the FMD (Fig. 3C and D), the CD8/CD68 (protein) and
CD8A/CD68 (gene transcript) ratios, which were previously
associated with better prognosis in patients with cancer (13),
were increased in post-FMD tumor specimens (Fig. 3D).

To broadly evaluate the impact of the FMD on several
tumor-infiltrating immune cell populations, we performed
cell-type enrichment analysis of RNA-seq data according to a
set of pan-cancer metagenes for 28 immune cell subpopula-
tions (14). Notably, the FMD increased total CD8* T cells and
CD8" T cells with Th1 polarization, along with other immune
cell populations potentially implicated in antitumor immune
response, such as NKT, activated dendritic cells (aDC), and cen-
tral and effector memory CD4" and CD8" T cells (CD4* Tcm,
CD4* Tem, CD8* Tcm, CD8" Tem; Fig. 3E and F; Supplemen-
tary Tables S8 and S9). Estimates of intratumor CD8" T cells
positively correlated with IHC scores of CD8 and with CD8A

gene expression levels, thus confirming the reliability of cell-
type enrichment analysis (Fig. 3G). Finally, when macrophages
were stratified into M1-like and M2-like subtypes (15), we
detected an increase of M1-like macrophages after the FMD,
while M2-like macrophages did not significantly change (Sup-
plementary Fig. S9A). Together, these results indicate a switch
of the functional orientation of the tumor microenvironment
toward a favorable/cytotoxic Th1/M1-like phenotype.

The FMD Activates Convergent Intratumor
Immune Programs Leading to Relieved Immune
Suppression and Enhanced T-cell Activation

To investigate the functional relevance of FMD-induced
changes in tumor-infiltrating immune cell populations, we
evaluated by RNA-seq analysis the modulation of immune
transcriptomic signatures with prognostic/predictive rel-
evance, or associated with the functional status of tumor-
infiltrating immune cells (Supplementary Table S10). Overall,
the FMD induced profound changes of intratumor transcrip-
tional programs (Supplementary Tables S11-S13). Single-gene
level analysis revealed a dramatic increase in the expression
of several immune-related genes (see Methods for details;
Fig. 4A). Notably, the IFNYy-activating signature (IFNG.GS),
which is selectively activated in tumor-infiltrating immune
cells and is associated with favorable clinical outcomes (16),
was enriched in post-FMD tumor specimens, while the IFNYy-
resistant signature (ISG.RS), which is prevalently expressed
in cancer cells and is associated with resistance to immuno-
therapy through the induction of T-cell exhaustion, was not
significantly modulated (Fig. 4A and B). Moreover, all the top
upregulated immune genes in post-FMD tumor specimens
belonged to the IFNG.GS signature (Fig. 4A and B).

Consistent with these data, the FMD induced an enrich-
ment of 13 immune-related gene expression signatures
(including IFNG.GS) previously associated with favorable
prognosis in patients with cancer, including patients with
breast cancer (see Methods; Supplementary Tables S12 and
$13). Among them, 12 had at least one transcript passing the
FDR cutoff of 0.1 (Fig. 4B, top, and C). In addition, among
a list of exhaustion, costimulatory, and inhibitory mark-
ers (immune checkpoints; see Methods and Supplementary
Table S10), the only transcripts significantly upregulated by
the FMD were CTLA4 and LGALSY, consistent with T-cell
activation and cytotoxicity, as suggested by the upregulation

>

Figure 4. Intratumor transcriptomic changes induced by fasting-mimicking diet (FMD). A, Volcano plots displaying differentially expressed genes com-
paring post-FMD (T3) versus pre-FMD (T1) gene-level RNA-seq data using negative binomial distribution (Deseq2 package). Benjamini-Hochberg (B-H)
false discovery rate (FDR) and Log; fold change are represented. Left, red and blue colors are used to display upregulated and downregulated transcripts
in post-FMD versus pre-FMD tumors, respectively; immune-related genes (see Methods and Supplementary Table S10) are colored in dark red (upregu-
lated in post-FMD versus pre-FMD comparison) and dark blue (downregulated in post-FMD versus pre-FMD comparison); all the immune-related genes
with —log;o FDR > 2.5 are labeled; additional representative immune-related genes with —log;o FDR > 1 are labeled; in the middle and left panels, tran-
scripts belonging to the IFN-activating signature (IFNG.GS) and IFN-resistant signature (ISG.RS) are colored in purple and green, respectively. Volcano plot
y-axis is truncated at —log;o FDR =10, as no immune-related genes above that cutoff were present. B, Heat maps representing differentially expressed
genes in post-FMD (T3, surgical samples) versus pre-FMD (T1, tumor biopsies) comparisons; the top panel displays genes with P < 0.05 (Wilcoxon test)
and B-H FDR < 0.1 at differential gene expression analysis and included in any of the significantly modulated (P < 0.05 and B-H FDR < 0.1) prognostic/
predictive signatures at single-sample gene set enrichment analysis (of the 25 evaluated prognostic/predictive signatures, 13 were significantly enriched
in post-FMD vs. pre-FMD tumor samples, but one of them did not yield any differentially expressed genes, therefore only 12 signatures are represented in
the heat map; Supplementary Table S10); the middle panel displays genes with P < 0.05 (Wilcoxon test) and B-H FDR < 0.1 at differential gene expres-

sion analysis and included in the exhaustion and immune checkpoint list (Supplementary Table S10); the bottom panel displays genes with P < 0.05 and
B-HFDR < 0.1 at differential gene expression analysis and included in the cytokine/chemokine gene list (Supplementary Table S10). In the heat maps, all
genes with B-H FDR < 0.05 are labeled, in addition with other selected genes (in brackets) with FDR between 0.1 and 0.05. C, Box plots of representative
prognostic/predictive signature enrichment scores and transcripts with P < 0.05 and B-H FDR < 0.1 in the post-FMD (T3) versus pre-FMD (T1) comparison.
D, Box plots of Perforin 1 and Granzyme B IHC scores in post-FMD (T3) versus pre-FMD (T1) tumors (n=17 and n= 16, respectively).
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of CD69, CD8A, GZMA, FASLG, and CD3E genes (Fig. 4B and
C), and confirmed by an increased IHC expression of Per-
forin 1 and Granzyme B expression (Supplementary Fig. S9B;
Fig. 4D). In line with these data, several markers associated
with IFN or other proinflammatory signaling axes (such as
SOCS3, IL6, CXCL2, IFITM2, and IFITM3, which are also part
of the IFNG.GS signature) were upregulated after the FMD
(Fig. 4B and C). This intense cytotoxic response can in part
be explained by the recruitment of activated/cytotoxic T cells
through the CCR5/CX3CR1 chemokine pathways, as sug-
gested by the upregulation of genes encoding CCR5/CX3CR1
ligands (CCL4L2, CCL3L1, CCLS, and CX3CLI1, respectively)
and of the adhesion marker ICAMI (Fig. 4B and C), which
are critical for immune-mediated tumor rejection. Finally,
among Kyoto Encyclopedia of Genes and Genomes immune-
related pathways that were found to be dysregulated by the
FMD (see https://figshare.com/s/b0dd838c5a9f23847¢7a and
hteps://figshare.com/s/5da2261cfa3f0cc535d1), all of them
were enriched in post-FMD tumor specimens, with the excep-
tion of the TGFPB pathway, which is often associated with
immune suppression (Supplementary Fig. S10).

Together, these results show that five-day FMD is suf-
ficiently potent to broadly reshape intratumor immunity
within 7 to 10 days in patients with limited-stage breast
cancer, thus reducing biomarkers associated with immune
suppression and promoting tumor infiltration by activated
and cytotoxic immune cell populations.

FMD-Induced Relief of Systemic Myeloid Immune
Suppression Is Associated with Enhanced
Intratumor T-cell Cytotoxicity

We next applied high-dimensional flow cytometry analysis
to PBMCs from 19 of the 22 DigesT patients to deeply dis-
sect the modulation of myeloid and lymphoid PBMC subsets
at the end of the FMD (T2) and at subsequent time points
(T3: surgery, occurring 7-10 days after the end of the FMD;
T4: ~30 days after surgery; Fig. SA). Immune cell subsets
captured by this analysis and the gating strategy of the main
populations are depicted in Supplementary Figs. S11A, S11B,
S12, and S13. As summarized in the heat map in Fig. SA, we
observed a remarkable modulation of diverse immune cell
subsets encompassing both myeloid and lymphoid popula-
tions. In particular, the FMD reduced total CD14* monocytes,
M-MDSCs and PMN-MDSCs, including the PMN-MDSC
subset expressing the lectin-type oxidized LDL receptor-1
(LOX1%; ref. 17). In parallel, we observed a significant boost
of classical monocytes expressing HLA-DR (CMo DRY), which
have been correlated with clinical benefit from immunother-
apy in patients with melanoma (18), as well as of intermediate
monocytes (IMo), which are associated with good prognosis

in patients with breast cancer (19). Interestingly, circulating
CD14* cells collected after the FMD showed reduced expres-
sion of CCL2 receptor (CD192) and fractalkine receptor
(CX3CR1) prevalently in the HLA-DR™ subset, indicating
a reduction of proinflammatory/immunosuppressive func-
tions and chemokine-directed tumor trafficking. Finally, we
observed an increment of DCs and CD16* DCs, the latter
representing a unique myeloid antigen-presenting cell popu-
lation with enhanced T-cell priming ability (20). The FMD
also profoundly affected T cells, particularly the CD8* subset,
with a remarkable upregulation of PD-1 and an enhancement
of the effector phenotype, as suggested by the increment of
CD28-negative (CD28") T cells and an increased expression
of CX3CR1, which identifies a subset of antigen-experienced
cells involved in immunosurveillance (21) and associated
with clinical benefit from anti-PD-1 therapy (ref. 22; Fig. 5A).
Several subsets of Tcm and Tem cells (e.g.,, TEMRA CD8* T
cells, TCM CD8*, TCM CD8* PD1*) were also significantly
increased after the FMD, which instead reduced exhausted
and hyperexhausted (PD-1"LAG3*TIM3") T cells, Tregs, and
CD8*CD25" cells, possibly representing CD8" Tregs (Fig. SA;
ref. 23). Finally, the FMD globally boosted the NK compart-
ment in both CD56 " and CD569™ subsets, as well as circu-
lating B cells (Fig. SA).

Notably, some FMD-induced immune modifications that
occurred precociously (T2) were maintained at later time
points, that is, at surgery (T3) and 1 month after surgery (T4;
Fig. 5A and B). In particular, the downregulation of the mye-
loid compartment (including several monocytic and MDSC
subsets) and the boost of NK cells were maintained through-
out the observation time; by contrast, the FMD effect on sev-
eral T-cell subsets tended to be mitigated at later time points
(Fig. 5B). Regression plots of all the immune cell populations
shown in the heat map of Fig. 5A, and not included in Fig. 5B,
are depicted in Supplementary Fig. S14. Line plots indicating
the kinetics of all immune populations reported in the heat
map of Fig. 5A are depicted in Supplementary Fig. S15.

Then we correlated the immunomodulatory effects of the
FMD in the blood and in the tumor at a single patient level
and at the same time points (pre-FMD for tumor speci-
mens and T1 for PBMCs; post-FMD for tumor specimens
and T3 for PBMCs; see Fig. SC and D and Supplementary
Tables S14-S16). Overall, the contraction of peripheral blood
myeloid-suppressive compartment was associated with an
enhanced intratumor T-cell cytotoxicity (Fig. SC). Of note,
intratumor cytotoxic/memory CD4" T cells, CD8" T cells,
and Thl cells positively correlated with several peripheral
blood activated/effector T-cell populations (e.g., TEM, TEM
PD-17), and at the same time they negatively correlated with
exhausted/hyperexhausted T cells (e.g, CD8'PD-1"LAG3",

>

Figure 5. Dynamic effects of FMD on systemic immunity and correlation with transcriptional immune modulation at tumor site. High-dimensional
flow cytometry was performed in PBMCs from 19 of 22 patients enrolled in the DigesT trial selected for tumor RNA-seq analysis. A, Samples for high-
dimensional flow cytometry were collected before the FMD (T1) and at different time points after the FMD (T2, T3, T4). We assessed the expression
of multiple lymphoid and myeloid markers to define a total of 120 cell subsets (see Supplementary Fig. S11-5S13). The nonparametric paired Wilcoxon
test was used to compare the diverse immune cell frequencies at T2 versus T1, T3 versus T1, and T4 versus T1; 57 PBMC subpopulations undergo-

ing modifications passing the significance cutoff at least at one time point (P < 0.05, Benjamini-Hochberg FDR < 0.1) are represented in the heat map.
B, Loess regression curves of representative immune cell subsets are shown to illustrate modulation across time. See Supplementary Fig. S14 for the
representation of the remaining PBMC Loess regression curves related to the significantly modulated PBMC subsets. C, Heat map representing Spear-
man correlations between significantly modulated blood PBMC subpopulations (n=57) and intratumor leucocyte subsets (n=14) at T3 versus T1 in 19
patients for whom both PBMC flow cytometry and tumor RNA-seq data were available. D, Representative correlations between individual patient values
of the indicated PBMC and intratumor leukocyte subsets (P < 0.05, Benjamini-Hochberg FDR < 0.1) at T1 and T3.
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CD8'PD-1*TIM3*LAG3*) or immunosuppressive myeloid
cell subsets (e.g., PMN-MDSC-LOX1%; Fig. 5C and D).

DISCUSSION

We have shown that a severely calorie-restricted, low-car-
bohydrate, low-protein, five-day dietary regimen that mimics
fasting is safe and feasible when repeated every 21 to 28 days
in combination with standard antitumor treatments, and it
reshapes systemic metabolism and antitumor immunity in
patients with cancer.

The incidence of G3/G4 FMD-related AEs was 12.9%,
which allowed us to reject the null hypothesis that the
real incidence is 20%, a threshold that we considered clini-
cally significant to proceed with further investigation of the
FMD. Of note, this threshold is significantly lower than that
reported in recent clinical trials evaluating different types of
innovative targeted therapies and immunotherapy strategies
that received approval by regulatory agencies in the United
States and in Europe (24-26). In addition, because several
AEs attributed to the FMD (e.g., fatigue, nausea) can be also
caused by concomitant anticancer treatments (e.g., ChT), the
reported incidence of G3/G4 FMD-related AEs may represent
an overestimation of the real incidence.

In parallel with good safety profile, the FMD was shown to
be feasible, with a global compliance rate of 91.8% when con-
sidering all FMD cycles, and with major deviations reported
only during 1.6% of FMD cycles. These data are especially rel-
evant in light of the recently published trial “DIRECT,” which
investigated the antitumor activity of cyclic FMD in combi-
nation with neoadjuvant ChT in patients with HER2™ breast
cancer. Unfortunately, the study was prematurely interrupted
due to poor patient adherence to the proposed experimental
diet, and also because the FMD failed to reduce ChT-induced
adverse events (7, 27). Despite longer duration (5 vs. 4 days)
and more severe average daily calorie restriction [360 Kcal/day
(range 300-600 Kcal/day) vs. 450 KCal/day (range: 200-1,200
Kcal/day)] of our FMD regimen (Supplementary Table S1)
when compared with the FMD kit used in the DIRECT
study, patient compliance with the FMD was better and the
median number of completed FMD cycles was higher (4 vs. 2)
in the NCT03340935 trial. This could be in part attributable
to the differences in patient management, which included
multidisciplinary team evaluation before each FMD cycle
and daily e-mail/phone contact guaranteed by physicians to
patients 24 hours a day during the FMD, or in FMD com-
position, including additional dietary options that patients
could select according to their preferences (Supplementary
Table S1; ref. 27). Because patient compliance with the FMD
is an essential prerequisite for any desirable biological (e.g.,
metabolic, immunologic) and antitumor effect (as also sug-
gested by subgroup analyses of the DIRECT study; ref. 7), the
safety and feasibility of our FMD regimen makes it a good
candidate regimen for future clinical studies.

One major issue related to the use of fasting/FMD in
patients with cancer is the risk of causing progressive weight
loss by inducing or accelerating the release of amino acids,
glycerol, and fatty acids from skeletal muscles and adipose tis-
sue (28). For this reason, patients who were underweight, or
at higher risk to become malnourished, were excluded from

enrollment. With these selection criteria, only 4% of patients
discontinued the FMD due to progressive BMI reduction,
and we observed restoration of baseline BMI in patients who
completed at least three FMD cycles. These results indicate
that the FMD is unlikely to cause progressive weight loss if
patients are properly selected and strict discontinuation rules
are used in the case of insufficient weight recovery.
Preclinical evidence in tumor-bearing mice suggests that
fasting/FMD-induced reduction of blood glucose and insulin/
IGF1 concentration (by approximately 30%-50%) is crucial
in mediating its anticancer effects, either direct or immune-
mediated (2, 5, 6, 29). Because of the complexity of home-
ostatic mechanisms regulating systemic metabolism in
humans, such as glycerol- or amino acid-sustained neoglu-
cogenesis, we expected less significant metabolic changes in
patients than in mice (7, 30-32). Nevertheless, our experimen-
tal FMD regimen reduced median blood glucose, insulin, and
IGF1 concentration by 18.6%, 50.7%, and 30.3%, respectively,
that is, more than 1 to 3 days of water-only fasting (31, 33).
Notably, these changes were independent of the type of
primary tumor and concomitant anticancer therapy, and
were consistently reproduced across subsequent FMD cycles,
thus excluding the occurrence of systemic metabolic adapta-
tion. Together, our data indicate that a well-tolerated FMD
regimen results in metabolic changes that are qualitatively
and quantitatively similar to metabolic modifications that
are responsible for the anticancer effects of fasting/FMD
in tumor-bearing mice (6, 29). We also showed that FMD-
induced reduction of serum IGF1 levels is associated with the
downregulation of total and activated IGF1R at the tumor
level, thus providing first evidence of “pharmacodynamic”
activity of FMD in human cancers. This result paves the way
for combining the FMD with inhibitors of different nodes of
the IGF1R/PI3K/AKT/mTORCI axis in future clinical trials.
The most biologically novel and translationally relevant
finding of this study consists in the broad immunomodula-
tory effects of the FMD at both systemic and tumor level. In
the blood of patients with cancer and healthy volunteers, the
FMD reduced total monocytes and several populations of
immunosuppressive cells, such as M-MDSCs, PMN-MDSCs,
and Tregs, while it increased cytotoxic T lymphocytes and
cytolytic NK cells, and promoted a switch of CD8* cells
toward an activated/memory phenotype. These changes were
paralleled by similar and desirable immunologic modifica-
tions at the tumor level, where five-day fasting/FMD in
patients with breast cancer increased total and activated
intratumor CD8* T cells, aDCs, NK cells, and Tem cells, and
it resulted in an enrichment of immune signatures previ-
ously associated with good prognosis and/or better response
to therapies in patients with cancer. While recapitulating
and expanding data previously published in tumor-bearing
mice (3, 5, 34), our results provide first evidence that five-
day FMD produces systemic immunologic effects that are
associated with the activation of several antitumor immune
programs at the tumor level in human cancers. In addition,
some FMD-induced systemic immunologic modifications,
such as the modulation of monocyte, MDSC, and NK cells,
are long-lasting, that is, they are maintained at least 40 days
after the end of FMD. These data indicate potential car-
ryover immunologic effects of the FMD, and suggest that
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in specific clinical contexts (e.g., less advanced tumors, com-
bination with immune checkpoint inhibitors), a few FMD
cycles could be sufficiently potent to stably reshape systemic
immunity, thus determining the conditions for long-term
synergistic antitumor effects of FMD and standard antitu-
mor treatments.

Because IL6 plays an important role in the pathogenesis
of cachexia (28), FMD-induced upregulation of the IL6/
SOCS3/LIF signature at the tumor level may raise concerns
about a potential cachexia-inducing effect of the FMD. How-
ever, the following arguments tend to exclude this hypothe-
sis: (i) in this study, the FMD reduced, rather than increasing,
blood IL6 (Fig. 2I); (ii) patients able to complete at least three
FMD cycles maintained their weight stably over subsequent
FMD cycles (Fig. 1G-I); (iii) in a previously published study
by Caffa and colleagues in collaboration with our group, a
less calorie-restricted FMD regimen did not cause meaning-
ful changes in body composition, and in particular it did not
cause sarcopenia (6); (iv) the observed increase in the tran-
scription of IL6 and SOCS3 genes at the tumor level might
more likely reflect the induction of the IFNG.GS (Fig. 4A and
B), which promotes antitumor immunity.

In the perspective of achieving the desired biological effects
(i.e., metabolic, immunomodulatory), defining the optimal
duration of calorie-restricted regimens, such as fasting and
FMD approaches, is a critical and still open issue. In the
recently published study by Jordan and colleagues (35), a
shorter fasting regimen (19 hours) resulted in a significant
reduction of peripheral blood CD14* and CD16" mono-
cytes in 12 healthy human volunteers. While these data are
in line with the reduction of peripheral blood CD14* cells
that we observed with our FMD regimen in both healthy
volunteers and in patients with cancer, it remains unclear
whether fasting/FMD regimens of shorter duration (e.g., 19
hours) can recapitulate the broad reshaping of systemic and,
more importantly, intratcumor immunity that we reported in
this study.

Published preclinical studies, along with FMD-induced
metabolic modifications (Fig. 1D-F), provide potential mech-
anistic explanations to the observed immunomodulatory
effects. In 4T1 and Py8119 TNBC cell mouse transplants,
glycolysis inhibition prevented G-CSF and GM-CSF pro-
duction by cancer cells, thus reducing MDSC mobilization
and their recruitment to the tumor site (36). More recently,
short-term fasting was shown to downmodulate monocytes
in peripheral blood and spleen of healthy mice by inhibit-
ing systemic CCL2 production (35). In line with these data,
our observation that the FMD lowers G-CSF, IL6, and CCL2
blood concentration in patients with supports the hypothesis
that fasting/FMD-induced reduction of glycemia indirectly
inhibits the egress of monocytes and MDSCs from the bone
marrow and their accumulation in peripheral blood (Sup-
plementary Fig. S16). In parallel, FMD-induced reduction
of blood glucose and IGF1 concentration could in part
explain the observed reduction of Tregs, whose proliferation
and immune-suppressive functions were previously shown
to depend on glucose and IGF1 availability (Supplementary
Fig. S16; refs. 37, 38). On the other hand, the increment of
activated CD8" T cells, NK cells, and Tem cells could indi-
rectly result from relieved myeloid cell- or Treg cell-mediated

immunosuppression (35, 39), or be the direct consequence
of fasting/FMD-induced impairment of tumor glycolysis
and microenvironment acidification (40-42), reduced blood
IGF1 levels (5), or glucocorticoid-induced relocalization of
memory T cells (43). In parallel, the observed increase in
tumor-infiltrating activated/cytotoxic CD8" T cells could be
in part mediated by FMD-induced increase in intratumor
expression of CCL3L1, CCL4L2, CCLS, and CX3CL1 genes,
which encode ligands of CCRS and CX3CRI1 receptors (44-
47), whose expression was increased in CD8" T cells collected
after the FMD (Fig. SA), or by downregulation of intratumor
IGF1R, which has been recently shown to crucially contribute
to the antitumor activity of immune checkpoint inhibitors
(Supplementary Fig. S16; ref. 5).

Preclinical studies showed that restricting the dietary
intake of carbohydrates or proteins affects the frequency/
activation status of myeloid and lymphoid cells in periph-
eral organs and at the tumor level (35, 36, 48, 49). Because
our FMD regimen is characterized by a severe restriction
of both carbohydrates and proteins, the observed immu-
nomodulatory effects could result from a combination of (i)
carbohydrate restriction-induced reduction of blood glucose
and CCL2, G-CSF, and GM-CSF levels, with consequently
impaired monocyte mobilization from the bone marrow
(35, 36); (ii) increased blood concentration of ketone bod-
ies, which downmodulate PD-L1 expression in monocytes,
thus inhibiting their immunosuppressive properties (34); (iii)
protein restriction-induced reduction of blood IGF1 levels
and inhibition of IGF1/IGFR1/PI3K/AKT/mTORCI axis in
cancer cells, myeloid cells, or Tregs, with the consequent
activation of intratumor effector cells and memory T cells
(5, 37, 38, 48). Future clinical trials will clarify which dietary
components or FMD-induced metabolic changes are respon-
sible for the observed modifications of individual immune
cell populations.

In conclusion, cyclic FMD is a safe, feasible, and inexpen-
sive dietary intervention that modulates systemic metab-
olism and boosts antitumor immunity in patients with
cancer. Our study lays the foundations for recently initiated
phase II clinical trials (e.g., NCT03709147, NCT04248998,
NCT03700437) that are investigating the anticancer activity/
efficacy of cyclic FMD in combination with ChT, target
therapy, or immunotherapy.

METHODS

Clinical Study Procedures

NCT03340935 (hteps://clinicaltrials.gov/ct2/show/NCT03340935)
is a single-arm, prospective clinical trial, in which all enrolled patients
received experimental FMD in combination with their standard-of-
care treatments. NCT03454282 (https://clinicaltrials.gov/ct2/show/
NCTO03454282) is a single-arm, prospective trial in which enrolled
patients undergo five-day FMD before surgery without any concomi-
tant antitumor therapies. Therefore, no randomization procedures
were used to allocate patients to different treatment arms, and the
studies were not blinded. Details regarding sample size calculation,
study hypotheses/objectives, and power analysis can be found in the
sections below. The main clinical characteristics of patients enrolled
in the NCT03340935 and NCT03454282 trials, including age, sex,
tumor type, tumor stage, and concomitant therapies, are summarized
in Table 1 and Supplementary Table S6, respectively. INT 79/17 was
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a prospective, observational study. The main clinical characteristics
of patients enrolled in the INT 79/17 study are summarized in Sup-
plementary Table S3.

Clinical studies were conducted in accordance with the Declara-
tion of Helsinki and the principles of Good Clinical Practice. The
Institutional Review Board (IRB) and the Ethics Committee of Fon-
dazione IRCCS Istituto Nazionale dei Tumori di Milano approved
the NCT03340935 trial (INT 10/17), the NCT03454282 trial (INT
157/17) and the observational study (INT 79/17). All patients pro-
vided written informed consent for enrollment in these studies,
before any study-related procedures, as well as for the use of clinical
and biological data for research purposes.

NCT03340935 Trial

Study Design and Objectives. NCT03340935 was a monocentric,
open label, single-arm, prospective clinical trial aimed at evaluating
the safety, feasibility, metabolic, and immunomodulatory effects of
cyclic FMD in patients with different cancer types, disease stages, and
receiving different types of standard antitumor treatments.

Study Objectives and Sample Size Calculation. The primary objec-
tive of the study was to assess the incidence of severe, G3/G4 AEs
related to the FMD. The null hypothesis that the true rate of G3/G4
FMD-related AEs rate is 20% was tested against a one-sided alterna-
tive hypothesis. We used a two-stage Green-Dahlberg design (50).
Details about the two-stage approach used and the sample size calcu-
lation are described in the Supplementary Methods. Secondary objec-
tives of the study were to investigate: (i) the feasibility of the FMD,
as defined as patient ability to be compliant with the prescribed regi-
men; (ii) short-term (before vs. after FMD; see Fig. 1A) and long-term
(across subsequent FMD cycles) modifications of metabolic blood
parameters; (iii) short- and long-term modifications of patient BMI.

In a subgroup of 38 patients consenting to undergo additional
biological evaluations before and after the FMD, we assessed through
multicolor flow cytometry analysis the impact of the FMD on specific
PBMC populations. Patient selection criteria and the description of’
the control groups are detailed in the Supplementary Methods.

FMD Regimen and Patient Management. All patients enrolled were
prescribed the same FMD regimen, consisting in a five-day, plant-
based, calorie-restricted (up to 600 Kcal on day 1; up to 300 Kcal on
days 2, 3, 4, and 5), low-carbohydrate, low-protein diet (Fig. 1A). The
experimental dietary regimen was prescribed as a list of foods and
beverages, with their maximum allowed amount (in grams and lit-
ers, respectively) clearly specified (Supplementary Table S1). See the
Supplementary Methods for more details about the FMD regimen,
patient management, analysis of patient compliance, incidence, and
grading of FMD-related AEs and metabolic analyses.

Immunologic Analyses. In a subgroup of 38 patients, an additional
amount of peripheral blood (15 mL) was obtained before FMD
initiation and at the end of the FMD for immunologic analyses.
PBMCs were also analyzed in: (i) a cohort of 8 healthy subjects
undergoing blood sampling (15 mL) before initiating the FMD and
at the end of the FMD; (ii) a cohort 13 patients with advanced breast
cancer (Supplementary Table S3) who refused to be enrolled in the
NCT03340935 trial, and were enrolled in a prospective observational
study (INT 79/17) in which they underwent blood collection and
metabolic/immunologic evaluations two days before ChT adminis-
tration and three days after ChT, that is, similarly to patients under-
going the FMD in combination with ChT.

Gating strategies for myeloid and lymphoid cells are depicted
in Supplementary Fig. S4A-S4F. Fluorescence Minus One (FMO)
samples were used as controls (Supplementary Fig. S4G). See Supple-
mentary Methods for more details about PBMC isolation, staining

procedures, and details on myeloid cells, MDSC subsets, and lym-
phoid populations analyzed.

Selected cytokines and chemokines were detected in plasma sam-
ples from 34 patients (see Supplementary Methods). The complete
list of antibodies and other reagents is provided in Supplementary
Table S17.

DigesT (NCT03454282) Trial

Study Design. DigesT (NCT03454282) is a window-of-opportunity
clinical trial aimed at investigating the impact of five-day FMD on
systemic and intratumor immunity in patients with surgically resect-
able breast cancer or melanoma. Patients enrolled in the DigesT
study initiate the FMD 12-15 days before surgery. The FMD regi-
men used in the DigesT trial is the same that has been tested in the
NCT03340935 trial (Supplementary Table S1).

Metabolic and Other Biochemical Analyses. Patients underwent
blood and urine sampling after at least 8-hour complete fasting on the
morning of FMD initiation (T1), on the morning of FMD completion
(T2), the day of surgery (T3), and approximately 30 days after surgery
(T4; Fig. 3A). We reported data about plasma glucose, serum insulin,
and IGF1 and urinary ketone bodies.

Transcriptomic Analysis in Breast Cancer Specimens. In this study,
we reported results of an unplanned, interim analysis of global
gene expression profiles in 22 paired FFPE tumor tissue specimens
collected before the FMD (diagnostic biopsies) and after the FMD
(surgical tumor specimens) from 22 patients with consecutive breast
cancer for whom a sufficient amount and quality of tumor tissue was
available for RNA-seq and IHC analyses (Supplementary Fig. S7).
For details about RNA extraction, RNA-seq libraries’ preparation,
differential gene expression, and pathway analyses see the Supple-
mentary Methods.

IHC Analysis. In the same 22 paired tumor specimens, we assessed
by IHC the presence of tumor-infiltrating CD8" T lymphocytes,
CD68* cells, Perforin 1, Granzyme B, IGFIR, and phospho-IGF1R.
See the Supplementary Methods for the details about IHC procedures.

PBMC Analyses. In a subgroup of 19 of 22 DigesT patients, we
collected 15 mL of peripheral blood at the end of the FMD (T2) and
at subsequent time points (T3: surgery, occurring 7-10 days after the
end of the FMD; T4: ~30 days after surgery) for high-dimensional
flow cytometry analysis of PBMCs. The immune cell subsets captured
by this analysis, as well as the gating strategy of the main populations,
are depicted in Supplementary Figs. S11A, S11B, S12, and S13. See
Supplementary Methods for more details about PBMC isolation and
the staining procedures. The complete list of flow cytometry antibod-
ies and other reagents is provided in Supplementary Table S18.

Statistical Analysis

The paired Wilcoxon test was used to assess changes in BMI,
metabolic, and immunologic parameters before and after FMD
in patients with cancer, as well as BMI measurements before con-
secutive FMD cycles. Patient BMI and metabolic parameters were
illustrated through box plots showing median values, with the
boundaries of the rectangle representing the first and third quar-
tiles, while whiskers extend to the extreme data points that are no
more than 1.5 times the interquartile range. Frequencies of immune
cell populations in PBMCs and tumor specimens, the concentra-
tion of plasmatic cytokines/chemokines, quantifications of tumor
proteins by ITHC, and the expression of intratumor genes were
illustrated through box plots and through dot plots indicating
parameter values in each patient before and at different time points
after the FMD.
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A significance threshold of 0.05 was used for all statistical tests.
The P value for the indicated statistical test is reported for each
comparison in each figure. All statistical analyses and graphs were
performed with the software R.

Data Availability

RNA-seq data are deposited on the European Genome-Phenome
Archive (EGA) under accession number EGAS00001004944. Other
data generated in this study are available upon request from the cor-
responding author.
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