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ABSTRACT
◥

Cyclic fasting–mimicking diet (FMD) is an experimental nutri-
tional intervention with potent antitumor activity in preclinical
models of solid malignancies. FMD cycles are also safe and active
metabolically and immunologically in cancer patients. Here, we
reported on the outcome of FMD cycles in two patients with chronic
lymphocytic leukemia (CLL) and investigated the effects of fasting and
FMD cycles in preclinical CLLmodels. Fasting-mimicking conditions
in murine CLL models had mild cytotoxic effects, which resulted in
apoptosis activation mediated in part by lowered insulin and IGF1
concentrations. In CLL cells, fasting conditions promoted an increase
in proteasome activity that served as a starvation escape pathway.
Pharmacologic inhibition of this escape mechanism with the protea-
some inhibitor bortezomib resulted in a strong enhancement of the

proapoptotic effects of starvation conditions in vitro. In mouse CLL
models, combining cyclic fasting/FMD with bortezomib and ritux-
imab, an anti-CD20 antibody, delayed CLL progression and resulted
in significant prolongation of mouse survival. Overall, the effect of
proteasome inhibition in combination with FMD cycles in promoting
CLL death supports the targeting of starvation escape pathways as an
effective treatment strategy that should be tested in clinical trials.

Significance:Chronic lymphocytic leukemia cells resist fasting-
mimicking diet by inducing proteasome activation to escape
starvation, which can be targeted using proteasome inhibition
by bortezomib treatment to impede leukemia progression and
prolong survival.

Introduction
Cyclic fasting and fasting-mimicking diets (FMD) have been con-

sistently found to promote additive or synergistic antitumor effects
when combined with standard anticancer treatments in murine
models of human malignancies, including melanoma, breast, colorec-
tal, and lung cancer (1–6). In patients with cancer, cyclic FMD is safe
and well tolerated when combined with standard antineoplastic
therapies, and it also results in metabolic modifications, such as a
reduction of blood glucose, insulin, and insulin-like growth factor 1
(IGF1) concentration, which recapitulate metabolic changes respon-
sible for the antitumor effects of nutrient starvation in preclinical
experiments (3, 4, 7–9). In addition, recent clinical reports have
shown that combining cyclic FMD with chemotherapy, endocrine

therapies, or immunotherapy improves tumor responses in patients
with early-stage neoplasms, and it induced complete and long-
lasting tumor remissions in some patients with highly aggressive
advanced malignancies (3, 9–11).

While solid preclinical and preliminary clinical evidence supports
the anticancer effects of cyclic calorie restriction in different models of
solid neoplasms, the anticancer activity of cyclic fasting/FMD in
chronic leukemias has been poorly investigated.

Chronic lymphocytic leukemia (CLL) is the most common type of
leukemia in Western countries (12–14). CLL is highly heterogeneous
from a biological and clinical point of view, with some patients
presenting with an indolent disease that progresses slowly, while
patients with aggressive CLL undergo fast accumulation of leukemic
lymphocytes in the bone marrow and in lymphoid tissues, where they
replace normal hematopoietic cells, finally resulting in blood cytope-
nia. Indolent CLL is usually addressedwith a “watch andwait” strategy,
whereas pharmacologic treatments are initiated in case of clinical
evolution, including the onset of thrombocytopenia, anemia, a rapid
increase of lymphocyte counts, or lymph node/organ involvement.

The clinical armamentarium against CLL has dramatically expand-
ed in the last decade, and it includes cytotoxic compounds, such as
nucleoside analogues (fludarabine) or alkylating agents (cyclophos-
phamide, chlorambucile, bendamustine; refs. 15–17), and targeted
therapies, such as the anti-CD20 mAbs rituximab, ofatumumab and
obinituzumab (18–20), the Bruton tyrosine kinase (BTK) inhibitors
ibrutinib, zanubrutinib, and acalabrutinib (21–24) and the BCL2
inhibitor venetoclax (25, 26). Despite this remarkable therapeutic
progress, new safe and effective CLL treatments are needed in both
first-line treatment setting and in subsequent lines of therapy, espe-
cially for patients withmore aggressive disease course, such as patients
with CLL bearing 17p deletion/TP53mutations. Among experimental
drugs, the proteasome inhibitors bortezomib and carfilzomib have
recently shown promising anti-CLL activity (27–29).
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Because dysregulated systemic glucose and lipidmetabolism is a risk
factor for CLL development (30, 31), and because cyclic FMD is
emerging as a safe and effective anticancer strategy in several human
malignancies (3, 7–10), we investigated whether cyclic calorie restric-
tion has therapeutic potential against CLL.We show that cyclic fasting
or FMD has mild anti-CLL effects when used alone in CLL mouse
models and in patients with cancer, while cyclic FMD in combination
with bortezomib and rituximab delays CLL progression through
apoptosis activation, resulting in meaningful survival prolongation of
CLL-bearing mice.

Materials and Methods
FMD in patients

In this study, we reported on two patients with CLL enrolled in the
NCT03340935 trial, which investigated the safety, feasibility, meta-
bolic, and immunologic effects of cyclic FMD in a heterogeneous
population of patientswith cancer treatedwith concomitant antitumor
therapies. Results of the NCT03340935 trial have been recently
published (7). In brief, the FMD regimen used in the NCT03340935
trial consisted in 5-day, plant-based, low-calorie (a maximum of 600
Kcal on day 1, and a maximum of 300 Kcal on days 2–5), low-
carbohydrate, low-protein diet that was repeated every 21–28 days,
up to a maximum of 8 consecutive cycles. Patient compliance to the
FMD was assessed through daily food diaries that were filled by
patients and analyzed by the investigators at the end of each FMD
cycle. Patients enrolled in the trial underwent blood and urine
collection and analysis at the initiation and at the end of each FMD
cycle to count peripheral blood cells and to measure metabolic
parameters. The studies were conducted in accordance with one of
the following ethical guidelines: Declaration of Helsinki, International
Ethical Guidelines for Biomedical Research InvolvingHuman Subjects
(CIOMS), Belmont Report. The study protocol was approved by the
Institutional Review Board and by the Ethics Committee of Fonda-
zione IRCCS Istituto Nazionale dei Tumori. Enrolled patients pro-
vided a written informed consent to take part in the trial, and for the
use of clinical and biological data for research purposes. In the interval
between consecutive FMD cycles, patients were recommended to
adhere to International guidelines for cancer prevention and for cancer
survivors (American Cancer Society 2012).

Cell lines and culture conditions
MEC1, MEC2 human chronic B cell leukemia cell lines, and L-1210

murine chronic lymphocytic leukemia cell line were purchased from
DeutscheSammlungvonMikroorganismenundZellkul- turen (DMSZ).
BJ normalfibroblast cell line derived fromhuman foreskin and3T3-NIH
normal fibroblast cell line derived frommurine embryo were purchased
from ATCC. All cell lines were maintained in DMEM (Life Technol-
ogies, catalog no. 10566) supplemented with 10% FBS (Biowest, catalog
no. S1810), 1% nonessential amino acids (Biowest, catalog no. X-0557),
and 1% penicillin/streptomycin (Biowest, catalog no. L0022). All cells
were tested forMycoplasma contamination routinely. Cells were main-
tained in a humidified, 5% CO2 atmosphere at 37�C.

In in vitro experiments, the control medium (CTRL) consisted of a
glucose-free DMEM, which was supplemented with 1 g/L of glucose
and 10% FBS. Short-term starvation (STS) consisted of DMEM
without glucose (DMEM no glucose, Life Technologies, catalog no.
11966025), which was then supplemented with 0.25 g/L glucose
(Sigma-Aldrich, catalog no. G8769) and 1% FBS, thus resulting in
75% and 90% reduction of glucose and FBS concentration, respec-
tively, when compared with the CTRL medium.

For rescue experiments, cells were cultured under CTRL, STS,
STS þ 1 g/L glucose þ 1% FBS (to specifically evaluate the effect of
FBS restriction), STS þ 0.25 g/L glucose þ 10% FBS (to specifically
evaluate the effect of glucose restriction), or STSþ 0.25 g/L glucoseþ
1% FBSþ individual FBS growth factors at physiologic concentrations
[IGF1: 250ng/mL (PeproTech, catalogno. 100–11), insulin: 200ng/mL
(Sigma-Aldrich, catalog no. 11376497001), and IGF1 inhibitor:
100 nmol/L (BMS-754807, catalog no. S1124] for a total of 48 hours.

In vitro cell viability assays
CLL (MEC1, MEC2 and L1210) and normal (BJ and 3T3NIH) cell

lines were seeded in 12-well plates in control (10% FBS, 2 g/L glucose
for human cell lines) or starvation medium (0.5 g/L glucose, 1% FBS);
24 hours after plating, cells were treated with different chemical
compounds for 24 hours. At the end of the experiment (48 hours
after plating), cell viability and cell death were assessed by erythrosine
B exclusion assay. Briefly, cells were seeded in 12-well plates (250,000
cells per well); 24 hours after seeding, cells were rinsed twice in PBS,
and then grown in CTRL or STS medium. After 24 hours, growth
media were refreshed to ensure that glucose and serum levels were
not completely exhausted and, after pH stabilization at 37�C and 5%
CO2 atmosphere, cells were treated with different chemical com-
pounds, including bortezomib (10 nmol/L), rituximab (1mg/mL) or
vehicle, for 24 hours. Then, cells were harvested, centrifuged, and
resuspended, for a final concentration of 1� 106 cells per mL. Details
regarding “Reagent preparation,” “Cell viability assays,” “Apoptosis
evaluation through Annexin V and propidium iodide (PI) staining by
FACS analysis,” “Cell cycle study by PI staining and FACS analysis,”
“Cell viability upon bortezomib treatment in medium supplemented
human serum,” and “Proteasome activity assay” are detailed in
Supplementary Methods.

Mouse experiments and diet
Mouse experiments were performed in accordance with guidelines

established in the Principles of Laboratory Animal Care (directive
86/609/EEC), and they were approved by the Italian Ministry of
Health. NOD SCID gamma (NSG) mice were acquired from Charles
Rivers Laboratories. Mice were maintained in a pathogen-free envi-
ronment and housed in air-filtered laminar flow cabinets with a 12-
hour light cycle and food andwater ad libitum. Mice were acclimatized
for 2 weeks. A total of 1� 1011MEC1 cells were injected intravenously
or subcutaneously (in left flank) in 8- to 12-week-old female NOD
SCID gamma (NSG) mice. Dietary regimens used in mouse experi-
ment are described in Supplementary Methods.

Fasting/FMD cycles and pharmacologic treatments were initiated
6 days and 10 days after intravenous or subcutaneous tumor cell
injection, respectively. In eachexperiment,micewere randomly assigned
to one of six arms (withn¼ 8–10miceper treatment arm): (i) control:ad
libitum standard diet; (ii) fasting (48 hours); (iii) bortezomib
(0.35mg/kg)þ rituximab (10mg/kg) and standard diet; (iv) bortezomib
(0.35 mg/kg) þ rituximab (10 mg/kg) and fasting; (v) FMD; (vi)
bortezomib (0.35 mg/kg) þ rituximab (10 mg/kg) and FMD regimen.
Bortezomib and rituximab were administered intraperitoneally, once
per week for 3 weeks. In fasting cohorts, pharmacologic treatments were
performed 24 hours after fasting initiation, while in FMD groups
treatments were administered after 48 hours of diet regimen.

Subcutaneous tumor volume estimation
The volume of subcutaneous tumormasses was calculated using the

formula: (w2 � W) � p/6, where “w” and “W” are tumor minor and
major diameters (in mm), respectively. The maximal tumour volume
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that was permitted by our Institutional Animal Care and Use Com-
mittee was 1,500 mm3, and this limit was never exceeded in our
experiments. Mice were sacrificed by CO2 inhalation after three weeks
of treatment immediately after the end of the third fasting cycle.
Organs were isolated and were formalin-fixed for histologic analyses.
Cells from peritoneal exudates, blood, bone morrow, and spleen were
isolated for subsequent flow cytometry analyses. For survival experi-
ments, only intravenous model was applied and mice treated weekly
FMD, for a total of 5 cycles.

Details regarding “Histological and immunofluorescence,” as well
as “Flow cytometry,” are described in Supplementary Methods.

Statistical analysis
GraphPad Prism v8.0.2 (159) and R Studio (v2022.02.3) were used

for the analysis of the data and graphic representations. Comparisons
between groups were performed with two-sided unpaired Student t
test, with the exception of clinical data analysis, in which paired
Wilcoxon test was used to compare lymphocyte counts before and
after subsequent FMD cycles in patients with cancer. One-way
ANOVA analysis was used for comparison among multiple groups
for mouse experiments. One-way ANOVA analysis was followed by
Tukey posttest analysis. P values ≤ 0.05 were considered as statistically
significant. For the design of in vivo experiments, we calculated the
sample size by G.Power software according to multifactorial variance
analysis. We obtained that n¼ 10 mice per group could reach a power
of 0.9 (subject to alpha ¼ 0.05). We checked the presence of outliers,
which were removed according to ROUT method (ROUT ¼ 1%). A
confidence interval of 95%, corresponding to P value ≤ 0.05 for two-
tailed statistical comparisons, was considered significant. For survival
analysis, the log-rank (Mantel–Cox) test was performed. All data were
represented asmean� SEMof at least three independent experiments.

Data availability statement
All raw data generated in the study are available upon request from

the corresponding authors.

Results
Five-day FMD reduces lymphocyte counts in patients with CLL

Among 101 patients enrolled in theNCT03340935 phase Ib trial (7),
two patients had CLL.

Patient 1 is a 62-year-oldmale, who was diagnosed B-type, Rai stage
II CLL bearing 13q deletion (FISH analysis) in 2011. Baseline CT and
18FDG Positron Emission Tomography (18FDG-PET) showed multi-
ple pathologic supradiaphragmatic and subdiaphragmatic lymph
nodes (including retro-pancreatic, paraaortic, neck lymph nodes up
to a maximum diameter of 3.5 cm). The patient was approached
through a “watch and wait” strategy, with a progressive increase of
peripheral blood lymphocytes until January 2017 (28,800/mL), when
he was deemed eligible to receive first-line bio-chemotherapy
(Fig. 1A). In February 2017, the patient decided to postpone the
initiation of systemic treatments, and sinceNovember 2016 he reduced
daily calorie intake, which led to a meaningful reduction of blood
lymphocytes (Fig. 1A). In March 2017, the patient was enrolled in the
NCT0334093 trial, and he started 5-day FMD cycles every-28-days
without concomitant antineoplastic therapies. The patient tolerated
well eight consecutive FMD cycles, that is, the maximum number of
FMD cycles allowed as per NCT03340935 trial protocol. Blood glucose
and insulin concentration was reduced after the FMD, while urinary
ketone bodies were increased (Fig. 1A), thus reproducing metabolic
changes recently reported in the whole NCT03340935 trial cohort (7).

The patient underwent consistent, yet reversible reduction of periph-
eral blood lymphocyte counts during most FMD cycles, with overall
reduced lymphocyte counts at the end of eight FMD cycles as
compared with the pre-FMD period (Fig. 1B). Moreover, the patient
experienced progressive reduction in the volume of palpable lymph
nodes (i.e., supraclavicular and lateral cervical lymph nodes). In
December 2022, that is, 70 months after FMD initiation, the patient
remains under clinical observation, with slow but progressive increase
of peripheral blood lymphocyte counts that has not required the
initiation of systemic treatments yet.

Patient 2 is a 57-year-old male with Rai stage 0 CLL diagnosed in
January 2018 after the occasional finding of peripheral blood absolute
(10,400 cells/mL) and relative (70%) lymphocytosis (Fig. 1C). B
lymphocytes (CD19þ) accounted for 78% of all lymphocytes and had
aCD5þ/CD19þ/CD23þ/CD20þ(dim)/CD38� phenotype. Themono-
clonal immunoglobulin heavy chain (IGHV) gene was found to be
rearranged, while cytogenetic analysis of CLL cells revealed chromo-
some 12 trisomy. No enlargement of superficial or profound lymph
nodes and spleen was detected by physical or ultrasound examination
of the abdomen. The patient was a candidate to a “watch and wait”
strategy. In February 2018, he was enrolled in the NCT03340935 trial
and started every-21-days FMD cycles without concomitant medical
treatments. The patient tolerated well eight consecutive FMD cycles,
with a reduction of blood glucose, insulin, and IGF1 concentration
after most FMD cycles (Fig. 1C). Peripheral blood lymphocyte counts
underwent a reduction during most FMD cycles (Fig. 1D). Despite a
trend toward a progressive increase in lymphocyte counts over the
time (Fig. 1D), no pharmacologic treatments have been initiated so far
(i.e., 58 months after FMD initiation).

To understand whether the observed reduction of peripheral blood
lymphocytes after 5-day FMD also occurs in patients with other
malignancies, we studied the kinetics of blood lymphocytes in 26
patients who underwent cyclic FMD, alone (n¼ 6) or in combination
with radiotherapy (n ¼ 1) or systemic treatments other than chemo-
therapy, namely endocrine therapy (n¼ 13), immunotherapy (n¼ 3),
nuclear therapy (n¼ 1), or targeted therapies (n¼ 2), in the context of
the NCT03340935 trial. In this analysis, we excluded patients treated
with concomitant chemotherapy, which could per se reduce blood
lymphocyte counts, thus resulting in confounding results. As shown in
Supplementary Fig. S1, in these 26 patients, we did not observe a
reduction of peripheral blood lymphocytes after each of several
consecutive FMD cycles, thus suggesting that FMD may cause a
long-lasting reduction of leukemic lymphocytes, but not normal
lymphocytes. This result is consistent with a large body of preclinical
evidence showing that nutrient starvation can selectively reduce the
proliferation or survival of tumor cells while activating protective
responses in normal cells (1, 32, 33).

Together, data from patients enrolled in the NCT03340935 trial
indicate that cyclic FMD, as used without concomitant antitumor
therapies, can reversibly reduce the number of peripheral blood
lymphocytes. Although these patients experienced a progressive
increase of blood lymphocyte counts over the years, none of them
necessitated the initiation of pharmacologic treatments so far.

Starvation has mild in vitro anti-CLL effects
To assess which FMD-induced metabolic changes are responsible

for the reduction of peripheral blood lymphocyte counts, in in vitro
experiments we assessed the impact of starvation conditions (STS) on
the in vitromortality of two human CLL cell lines, namely MEC1 and
MEC2 cells. These two cell lines have been derived from the same
patient with CLL, but theywere collected during different phases of the
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course of the disease (34, 35). Consistent with previously published
data, we confirmed by Sanger sequencing that both MEC1 and MEC2
cells harbor the homozygous insertion c.949_950insC in TP53 (36).
Then, we asked whether glucose or serum restriction mostly con-
tributes to STS-induced anti-CLL effects. As shown in Fig. 1E and F,
serum restriction, but not glucose restriction, was responsible for STS-
induced increase of cell mortality in both MEC1 and MEC2 cells. On
the basis of this result, we hypothesized that the restriction of specific
growth factors that are contained in the serum, such as insulin or IGF1,
may be responsible for STS cytotoxic effects. In line with this hypoth-
esis, the supplementation of IGF1 or insulin reduced or reversed STS-
induced anti-CLL effects (Fig. 1G, H, J, and K), while pharmacologic
inhibition of IGF1 receptor (IGFR1) significantly increased STS-
induced CLL cell mortality (Fig. 1I, and L). Together, these data
suggest that FMD-induced reduction of IGF1 and insulin contributes
to its anti-CLL effects, likely by inhibiting insulin receptor (IR) and
IGF1R signaling in CLL cells.

CLL cells activate the proteasome as an adaptive
mechanism to STS

To identify new starvation-based anti-CLL treatment combinations
to be tested in vivo, we screened 15 chemical compounds, including
some cytotoxic and molecularly targeted agents that are active against
CLL (Supplementary Table S1), for their ability to enhance STS-
induced cell mortality in MEC1 and MEC2 cells, as well as in the
murine L1210 CLL line (p53-defective; ref. 37). Among these com-
pounds, the proteasome inhibitor bortezomib increased the mortality
of MEC1, MEC2, and L1210 cells when used alone and, more
importantly, it resulted in the strongest synergistic antileukemic effects
when combinedwith STS (Fig. 2A–C). These results were replicated in
MEC1 and MEC2 cells previously adapted to grow in a medium
containing human serum, which has different composition, in terms of
concentration of growth factors and other metabolites, when com-
pared with the FBS (Supplementary Fig. S2A and S2B).While STS and
bortezomib cooperated to increase CLL cell mortality, STS rescued the
proapoptotic effect of bortezomib in two nontransformed cell lines,
namely human BJ and murine 3T3-NIH fibroblasts (Supplementary
Fig. S2C–S2F, respectively), thus expanding previous data on the
protective effects of starvation conditions against the effects of toxic
chemicals in normal cells (1, 3, 38).

To explain the cooperative anti-CLL effects of STS and bortezomib,
we hypothesized that CLL cells exposed to STS boost proteasomal
activity as a prosurvival mechanism. To test this hypothesis, we
measured proteasomal activity in MEC1 and MEC2 cells exposed to
STS. In line with our hypothesis, STS caused a major increase in
proteasome activity after 24 hours in MEC1 cells, while in MEC2 cells

STS-induced proteasome activation was even more precocious (3
hours), and it was maintained after 6 and 24 hours (Fig. 2D
and E). As expected, bortezomib alone strongly inhibited proteasome
activity. Of note, bortezomib completely reversed STS-induced
increase of proteasome activity (Fig. 2D and E). STS-induced increase
in proteasome activity is unlikely to be mediated by changes in the
expression of proteasome subunits; indeed, Western blot analysis
showed that the proteasome subunits USP-14, PSMD4, PSMD7, and
PSMD14 are not significantlymodulated by STS, bortezomib, or STSþ
bortezomib when compared with CTRL conditions (Supplementary
Fig. S3A and S3B).

Because STS consists of a combination of serum restriction and
glucose restriction, we investigated which of these two starvation
components is mostly responsible for the observed boost in protea-
somal activity. Consistent with the preminent role of serum restriction
in mediating STS-induced an increase of CLL cell mortality (Fig. 1E
and F), serum restriction, but not glucose restriction, contributed to
increase proteasomal activity in MEC1 and MEC2 cells (Fig. 2F
and G).

To understand whether an enhanced proteasome activation is a
general response of neoplastic cells to nutrient starvation or, alterna-
tively, if it specifically occurs in CLL cells, we exposed two human
breast cancer models, namely MCF7 (hormone receptor-positive
breast cancer cells that are sensitive to growth factor restriction (3)
and SUM159PT (human triple-negative breast cancer cells that are
sensitive to glucose deprivation (4) cells, to STS conditions. As shown
in Supplementary Fig. S3C and S3D nutrient starvation did not result
in an increase in proteasome activity in these cells, and in SUM159PT
cells it even induced a decrease in proteasome activity. Therefore, the
effects of STS on enhanced proteasome activation do not apply to all
cancer types, and they seem to be specific for CLL cells.

Impact of STS and bortezomib on cell-cycle progression
and apoptosis

To investigate themechanisms through which STS and bortezomib,
alone or in combination with rituximab, cooperate to reduce CLL cell
viability, we studied the impact of these treatments on cell-cycle
progression through FACS-mediated evaluation of PI incorporation
in fixed MEC1 cells previously exposed to CTRL, STS, bortezomib,
rituximab, STS þ rituximab, STS þ bortezomib, bortezomib þ
rituximab, or STS þ bortezomib þ rituximab conditions for 36, 42,
or 48 hours. As shown in Fig. 3A–C (see in Supplementary Fig. S4A–
S4C exemplifying distributions for these treatment conditions at each
timepoint), STS or rituximab did not significantly affect cell-cycle
progression, whereas bortezomib resulted in cell accumulation in the
G2–M phase, likely by preventing the degradation of cyclin B1 and

Figure 1.
FMD reduces lymphocyte counts in CLL patients and it has mild anti-CLL effects in in vitromodels by acting through the IGF axis. A–D, Kinetics of peripheral blood
lymphocytes, neutrophils, and metabolic parameters (blood IGF1, glucose, and insulin, and urinary ketone bodies) in two patients with CLL undergoing 8 FMD
cycles in the NCT03340935 trial. A and C illustrate long-term lymphocyte kinetics to include the timeframes before and after the dietary intervention. During FMD,
blood and urine samples were collected at the initiation and at the end of each FMD cycle to measure the concentration of plasma glucose, serum insulin/IGF1,
urinary ketone bodies, as well as total neutrophil and lymphocyte counts (B andD). C1B, cycle 1, before FMD; C1A, cycle 1, after FMD; C2B, cycle 2, before FMD; C2A,
cycle 2, after FMD; C3B, cycle 2, before FMD; C3A, cycle 3, after FMD; C4B, cycle 4, before FMD; C4A, cycle 4, after FMD; C5B, cycle 5, before FMD; C5A, cycle 5,
after FMD; C6B, cycle 6, before FMD; C6A, cycle 6, after FMD; C7B, cycle 7, before FMD; C7A, cycle 7, after FMD; C8B, cycle 8, before FMD; C8A, cycle 8, after FMD.
E and F, Effects of glucose (Gluc red., 75%) or serum (Serum red., 90%) restriction on the viability of MEC1 (E) and MEC2 (F) cells cultured in control (CTRL), STS
medium, glucose-restricted medium (75% of glucose reduction as compared with CTRL medium), or serum restricted medium (90% of serum reduction as
compared with CTRL medium). Data are presented as the mean � SD of three independent experiments (n ¼ 3). Statistical significance was determined using a
one-way ANOVA test with Tukey post hoc analysis. � , P <0.05; �� , P < 0.01; ��� , P <0.001; ns, not significant.G–L, Effects of IGF1/insulin supplementation and IGFR1
inhibition on the viability of MEC1 (G–I) and MEC2 (J–L) cells cultured in CTRL and STSmedium, alone or in combination with IGF, the IGFR1 inhibitor BMS-754807,
or insulin. Bar plots indicate the percentage of dead cells at the end of the experiments, and the percentage of dead cells in each replicate is indicated by a single
point. The test of proportions was used to compare the ratio of dead cells with or without the IGFR1 inhibitors in each treatment condition.

Cyclic FMD Enhances BTZ/RTX Antitumor Effects against CLL

AACRJournals.org Cancer Res; 84(7) April 1, 2024 1137



Figure 2.

STS activates the proteasome as an adaptive resistance mechanism. A–C, Survival rates of MEC1 (A), MEC2 (B), and L1210 (C) cells cultured in CTRL and STS
medium, alone or in the presence of the indicated drugs. Cell survival was measured by erythrosine B exclusion assay. CTRL, physiological condition; BTZ,
bortezomib (10 nmol/L); IBR, ibrutinib (5 mmol/L); IDE, idelalisib (50 mmol/L); ROM, romodepsin (10 ng/mL); BEL, belinostat (50 mmol/L); RTX, rituximab
(1 mg/mL); DOC, docetaxel (10 mmol/L); PAC, paclitaxel (10 mmol/L); VIN, vincristine (250 nmol/L); doxorubicin (1 mmol/L); ERI, eribulin (10 mmol/L); CPA,
cyclophosphamide (100 mmol/L); GEM, gemcitabine, (5 mmol/L); OXP, oxaliplatin (2 mmol/L); DXR, dexamethasone, (100 mmol/L); PRE, predinisone
(10 mg/mL). Results from three independent experiments. Data are expressed as mean � SD. D and E, Proteasome activity in MEC1 (D) and MEC2
(E) cells cultured in CTRL and STS medium, alone or in the presence of bortezomib. Bortezomib, 10 nmol/L. Results from three independent experiments are
shown. Data are expressed as mean � SD. F and G, Impact of glucose restriction (75% of glucose compared with CTRL medium) or serum restriction (90%
of serum compared to control medium) on the proteasome activity inMEC1 (F) andMEC2 (G) cells cultured in four different conditions, with orwithout bortezomib. Gluc
red., glucose restricted; Serum red., serum restricted. Data are presented as the mean � (SD) of three independent experiments (n ¼ 3). Statistical significance was
determined using a two-way ANOVA test with Tukey post hoc analysis. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ns, not significant.
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Figure 3.

Impact of STS and bortezomib on cell-cycle progression and apoptosis. A–C, Cell-cycle analysis using PI staining and flow cytometry. A, Cell-cycle distribution of
MEC1 cells treated with CTRL, STS, bortezomib (BTZ), rituximab (RTX), STS þ rituximab, STS þ bortezomib, bortezomib þ rituximab, or STS þ bortezomib þ
rituximab for 36 hours, as assessed by FACS analysis of PI incorporation. B, Cell-cycle distribution analysis after 42 hours of treatment. C, Cell-cycle distribution
analysis after 48 hours of treatment. Data are presented asmean� SD of three independent experiments.D and E,Proapoptotic effects of STS, bortezomib, or STSþ
bortezomib, alone or in combination with rituximab, in MEC1 and MEC2 cells. The percentage of Annexin V–positive (apoptotic) cells among total cancer cells was
quantified by FACS analysis at 36 hours in MEC1 cells (D) and MEC2 cells (E) after exposure to the indicated treatments. Data are presented as mean� SEM of three
independent experiments. F and G, Western blot analysis of the expression of caspase-3, cleaved caspase-3, Noxa, PUMA, and BIM protein levels in MEC1 (F) and
MEC2 (G) cells exposed to STS, bortezomib, or their combination, compared to with untreated control cells. Western blot data were replicated in tso independent
experiments. Vinculin was used as a protein loading control.
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Figure 4.

Cyclic fasting synergizes with bortezomib (BTZ)-rituximab (RTX) to retard CLL progression. A, Experimental scheme of fasting and BTX in an intravenous mouse
CLLmodel (MEC1 cells). Three cycles of each of the indicated treatments were administered. B, Bodyweight (g) modifications over the time and under the indicated
treatment conditions are represented. (Continued on the following page.)
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retarding exit from mitosis (39). Interestingly, STS reversed bortezo-
mib-induced G2–M arrest (Fig. 3A–C), thus suggesting that bortezo-
mib-induced mitotic arrest is not crucial for the cooperative anti-CLL
effect of STS and bortezomib. On the other hand, rituximab, either
alone or in combination with STS, bortezomib, or STS þ bortezomib,
did not significantly affect cell-cycle progression (Fig. 3A–C).

Then, we asked whether starvation conditions result in apoptosis
activation in CLL cells. In in vitro experiments, we assessed apoptosis
by FACS analysis through the quantification of the percentage of
Annexin V–positive cells at 36 hours after treatment initiation (Sup-
plementary Fig. S5A and S5B). As shown in Fig. 3D and E, STS caused
a mild increase in the percentage of Annexin V–positive (apoptotic)
cells in both cell lines, which became more pronounced when borte-
zomib was combined with STS. In line with these data, Western blot
analysis revealed an increase in the expression of several apoptotic
markers, such as cleaved caspase-3, Puma, Bim, Noxa in MEC1 and
MEC2 cells exposed to STS (as compared with cells treated with CTRL
conditions; Fig. 3F and G). Of note, combining bortezomib and STS
resulted in a stronger increase in the expression of cleaved caspase-3
andBim (Fig. 3F andG). Interestingly, when comparedwith the STSþ
bortezomib doublet, the STS þ bortezomib þ rituximab triple treat-
ment caused a larger increase in the percentage of Annexin V–positive
cells (Fig. 3D and E), thus suggesting that rituximab boosts the
proapoptotic in vitro effects of the STS þ bortezomib combination
through tumor cell–autonomous mechanisms. These effects could in
part bemediated by bortezomib-induced increase in CD20 expression,
while combining rituximab with bortezomib fully reverses this effect
(Supplementary Fig. S5C).

Together, these data indicate that STS activates apoptosis in CLL
cells, whereas bortezomib, either alone or in combination with ritux-
imab, enhances these proapoptotic effects.

Cyclic fasting synergizes with bortezomib–rituximab
to retard CLL progression

On the basis of in vitro data showing synergistic cytotoxic effects of
STS and bortezomib in CLL models, we investigated the antitumor
activity of combining cyclic fasting with BTZ in an in vivo, intravenous
mouse model of CLL, which recapitulates the systemic nature of CLL
in humans (32, 40).

Because anti-CD20 mAbs are commonly used as part of polyphar-
macologic combinations for CLL treatment, and based on in vitro
experiments showing an increase in the proportion of apoptotic cells
when rituximab is combined with STSþ bortezomib (Fig. 3D and E),
in in vivo experiements we used the bortezomib–rituximab combina-
tion as a pharmacologic backbone to be tested either alone or in
combination with nutrient starvation. Eight-week-old NODSCID
ilrg�/� female mice were injected 1 � 107 MEC1 cells via lateral tail
veins. Six days after injection, mice were randomly allocated to one of

four experimental groups (9 mice per group): ad libitum diet without
pharmacologic treatments (control group), cyclic fasting, here indi-
cated as short-term fasting or STF (48 hours of water-only fasting
followed by 5-day refeeding, up to a maximum of three fasting cycles),
bortezomibþ rituximab, or STFþ bortezomibþ rituximab (Fig. 4A).
At the end of the experiment, peripheral blood, peritoneal exudates,
and organs (bone marrow, spleen, kidneys, and liver) were collected.
Animals treated with STF or STF þ bortezomib þ rituximab under-
went reversible reduction of body weight, but complete weight recov-
ery occurred after 24–48 hours of refeeding (Fig. 4B). Mice in the
control group underwent progressive enlargement of the spleen,
which indicates CLL progression as a result of spleen colonization
by leukemic lymphocytes. Notably, STF significantly reduced spleen
weight, while STF plus bortezomib–rituximab led to complete rever-
sion of splenomegaly, that is, reaching a size similarly to that in control
healthy mice of the same age (Fig. 4C).

To assess the infiltration of peripheral organs by CLL cells, we
evaluated the presence of leukemic lymphocytes in hematoxylin/eosin
(H&E)-stained tumor sections from these organs. In mice fed with ad
libitum diet, we observed either a diffuse lymphocyte infiltration pattern,
or focal discrete aggregates of medium-to-large leukemic lymphocytes
with clumped chromatin and round nucleoli in bone marrow, spleen,
liver, and kidney (Fig. 4D). Both STF and bortezomib þ rituximab,
when used alone, resulted in a reduction of organ-infiltrating lympho-
cytes. The STF þ bortezomibþ rituximab combination caused a more
evident decrease of lymphocyte infiltration in bone marrow and spleen,
with no residual infiltrating lymphocytes observed in the liver and in the
kidney (Fig. 4D; Supplementary Fig. S6A shows H&E sections of the
same organs in healthy mice). IHC analysis using a human anti-nuclei
antibody recognizinghumancells (SupplementaryFig. S6B) confirmeda
significant reduction of leukemic lymphocytes in the bone marrow,
spleen, kidney, and liver of mice treated with STF þ bortezomib þ
rituximab as compared with mice receiving STF or bortezomib þ
rituximab alone (Fig. 4E). To confirm these data, we quantified by
FACS analysis the proportion of cells expressing human CLL markers,
that is, human CD19, CD20, and CD45, in cell suspensions of bone
marrow, spleen, peripheral blood, and peritoneal exudates collected
from animals (40). Antibody specificity and cross-reactivity was eval-
uated in MEC1 cells (positive control; Supplementary Fig. S6C) and in
tissues from mice not injected with MEC1 cells (negative control;
Supplementary Fig. S6D). In line with previous data, cyclic STF signif-
icantly reduced CD19þ, CD20þ, and CD45þ leukemic cells in all these
organs (Fig. 4F). Bortezomib þ bortezomib had potent antileukemic
effects, leading to a significant reduction of CD19þ, CD20þ, andCD45þ

cells in peripheral blood and peritoneal exudates, and to an almost
complete clearance of leukemic cells in the bone marrow and in the
spleen (Fig. 4F). However, the STF þ bortezomib þ rituximab com-
bination resulted in an almost complete clearance of leukemic cells in all

(Continued.) C, Spleen weight (mg) modifications over the time, and under the indicated treatment conditions, are represented. D, H&E staining of bone marrow,
spleen, kidney, and liver. Ad libþVehicle,N¼ 8; STFþ vehicle,N¼ 6; BTZþRTX: Ad libþ bortezomib (0.35mg/kg)þ rituximab (10mg/kg) once aweek for 3weeks
(days7, 14, 21),N¼ 7; STFþbortezomibþrituximab: Fastingþbortezomib (0.35mg/kgonce aweek)þ rituximab (10mg/kg) once aweek for 3weeks (days7, 14, 21),
N ¼ 7. Each treatment was administered for three cycles. Black arrows, lymphocytes. Scale bar, 100 mm E, Immune staining of several mouse tissues through anti-
human nuclei antibody: eight-week-old NODSCID ilrg�/� female mice were injected intravenously with MEC1 cells, and the indicated tissues were collected and
stained to identify the presence of human cells (leukemic lymphocytes; black arrows). Scale bar, 100 mm. Ad lib þ vehicle, N ¼ 8; STF ¼ fasting þ vehicle, N ¼ 6;
bortezomibþ rituximab¼Ad libþbortezomib (0.35mg/kg)þ rituximab (10mg/kg) once aweek for 3weeks (days 7, 14, 21),N¼ 7; STSþbortezomibþ rituximab¼
fastingþ bortezomib (0.35 mg/kg once a week)þ rituximab (10 mg/kg) once a week for 3 weeks (days 7, 14, 21), N¼ 7. F, Effect of STF, bortezomib–rituximab, or
their combination on CLL cell infiltration of the bone marrow, spleen, blood, and peritoneal exudates, as evaluated by FACS analysis. At the end of experimental
procedures, cells collected from different organs or tissueswere analyzed by flow cytometry after stainingwithmAb directed against human CD19, CD20, and CD45,
respectively, to identify leukemic B-cell population. Ad lib þ Vehicle, N ¼ 7; STF ¼ fasting þ vehicle, N ¼ 6; bortezomib þ rituximab ¼ Ad lib þ bortezomib
(0.35mg/kg)þ rituximab (10mg/kg) once aweek for 3weeks (days7, 14, 21),N¼ 7; STFþBTZþRTX¼ fastingþbortezomib (0.35mg/kg once aweek)þ rituximab
(10 mg/kg) once a week for 3 weeks (days 7, 14, 21), N ¼ 7.

Cyclic FMD Enhances BTZ/RTX Antitumor Effects against CLL

AACRJournals.org Cancer Res; 84(7) April 1, 2024 1141



organs and tissues evaluated, including the blood and peritoneal exu-
dates (Fig. 4F).

Together, these data indicate that cyclic STF retards the pro-
gression of an in vivo model of murine CLL, and that it cooperates
with bortezomib þ rituximab to reduce leukemia cell number in
many organs.

Cyclic fasting andbortezomib–rituximab cooperate in retarding
the growth subcutaneous CLL masses

While the intravenous CLL model more reliably recapitulates the
systemic nature of human CLL, subcutaneous CLL models allow
timely measurement of tumor mass volumes and an assessment of
the antitumor activity of experimental therapies. To establish a
subcutaneous xenograft mouse model of CLL, we injected 1 � 107

of MEC1 cells into the left flank of eight-week-old NODSCID ilrg�/�

female mice (40). Approximately 10 days after tumor cell injection
(i.e., when tumor volume was 135 � 49.5 mm3), mice (n ¼ 9) were
randomly assigned to one of the following treatment groups: ad
libitum diet, STF, bortezomib þ rituximab or STF þ bortezomib þ
rituximab (Supplementary Fig. S6E). Fasted animals reversibly lost
10%–15% of their weight, which fully recovered upon refeeding
(Supplementary Fig. S6F). When used alone, STF or rituximab–
bortezomib similarly reduced tumor volume when compared with
tumors from mice in the ad libitum group. Of note, combining cyclic
STF and rituximab–bortezomib caused additive antitumor effects,
with an average, 2-fold reduction of tumor volume at the end of the
experiment (Fig. 5A–C). Inmice fed ad libitum, tumormasses showed
some central necrosis embedded in larger areas of viable tumor cells.
STF and, more evidently, the STF þ bortezomib þ rituximab com-
bination, resulted in major modifications of tumor tissue architecture
and integrity, with large and disseminated necrotic and apoptotic areas
(Fig. 5D). IHC analysis performed in formalin-fixed, paraffin-
embedded tumor specimens collected at the end of the experiment
revealed an increase in the expression of cleaved caspase-3 in tumor
masses from animals treated with STF or bortezomib þ rituximab
when compared with the control group; notably, the STF þ bortezo-
mib þ rituximab triplet resulted in a more significant increase in
cleaved caspase-3 levels when compared with single treatments
(Fig. 5E), which is consistent with the results of in vitro experiments
(Fig. 3F and G). Together, these data indicate cooperative effects of
STF and bortezomib þ rituximab in activating apoptosis and in
retarding the progression of subcutaneous CLL models, with a reduc-
tion of CLL masses and a retardation of CLL metastatic spread to
distant organs.

Cyclic FMD in combinationwithbortezomib–rituximabprolongs
animal survival in systemic CLL mouse model

While water-only fasting is poorly applicable in the clinic, cyclic
FMDs are emerging as a safe, well-tolerated, and potentially active
nutritional intervention when used in combination with standard
therapies in patientswith cancer (7, 8, 41). To increase the translatability
of our previous findings, we investigated whether fasting-induced
enhancement of bortezomib þ rituximab antitumor activity can be
reproduced by a more clinically feasible cyclic FMD. To this aim, in the
intravenousCLLmodel (MEC1 cells), animalswere randomly allocated
to ad libitum diet without pharmacologic treatments (control group),
cyclic FMD, bortezomib þ rituximab, or FMD þ bortezomib þ
rituximab (Supplementary Fig. S7A). FMD-induced reduction of ani-
mal body weight (�16%) was recovered after 24 hours of refeeding
(Supplementary Fig. S7B). When used alone, FMD or bortezomib þ

rituximab reduced spleen weight, while the FMD þ bortezomib þ
rituximab combination showed a trend toward an additional reduction
in splenomegaly (Fig. 6A). Three cycles of 72-hour FMD, or the
bortezomib þ rituximab combination, significantly reduced the num-
ber of leukemic lymphocytes in bonemarrow, spleen, peripheral blood,
and peritoneal exudates (Fig. 6B). Notably, the FMDþ bortezomibþ
rituximab combination almost completely cleared malignant lympho-
cytes in all organs and tissues analyzed (Fig. 6B). The cooperative
antileukemic effects of FMD and bortezomib þ rituximab were espe-
cially evident in peripheral blood and peritoneal exudates (Fig. 6B).
H&E analyses confirmed that FMDþ bortezomibþ rituximab reduces
organ-infiltrating lymphocytes when compared with CTRL, FMD
alone, or bortezomib þ rituximab (Fig. 6C).

To investigate the effect of cyclic FMDplus bortezomibþ rituximab
on animal survival, we performed a similar experiment, butwith longer
treatment duration. In particular, bortezomibwas administered up to a
maximum of 5 cycles, while rituximab and FMD were continued until
excessive toxicity or animal death/sacrifice. Despite a reduction of
organ-infiltrating lymphocytes, cyclic FMD was not potent enough to
prolong animal survival when used alone (Fig. 6D), thus suggesting
that the anti-CLL activity of cyclic FMD is not long-lasting, in line with
what was observed in patients with CLL (Fig. 1A–D). On the other
hand, bortezomib þ rituximab prolonged animal survival when
compared with CTRL and cyclic FMD alone (Fig. 6D). Of note,
combining cyclic FMD and bortezomib þ rituximab resulted in
statistically significant increase of animal survival when compared
with cyclic FMD or bortezomib–rituximab (Fig. 6D). Together, these
data indicate that cyclic FMD and bortezomib þ rituximab not only
cooperate in reducing organ infiltration by leukemic lymphocytes and
in retarding CLL progression, but they also result in meaningful
prolongation of animal survival.

Discussion
Periods of fasting/FMDs slow down tumor growth and synergize

with standard antineoplastic treatments, including endocrine thera-
pies, targeted therapies or immunotherapy, in both tumor-bearing
mice and in patients with cancer (1–6, 9). In a recent work, cyclic
fasting without concomitant pharmacologic treatments inhibited the
development and progression of acute lymphoblastic leukemia (ALL),
but not of acute myeloid leukemia (AML), through the modulation of
the Leptin Receptor (LEPER) pathway (42).

Here, based on anecdotal evidence that cyclic FMD in the absence
of concomitant pharmacologic treatments reversibly reduced
peripheral blood lymphocyte counts in two patients with CLL, we
studied the effect of cyclic fasting/FMD in mouse CLL models. We
provide strong evidence that fasting and FMD cycles slow down the
progression of both intravenous and subcutaneous CLL mouse
models by activating apoptosis in CLL cells as a result of reduced
concentrations of blood growth factors, such as insulin and IGF1.
However, the anti-CLL effects of cyclic fasting/FMD are transient,
and cyclic FMD does not impact on the long-term disease course.
This could be in part due to the ability of CLL cells to activate
proteasome activity as an adaptive resistance mechanism to star-
vation, in agreement with our recent results in triple-negative breast
cancer models in which cancer cells activated various starvation
escape pathways that could be pharmacologically targeted toinduce
durable tumor regression (4). Indeed, combining cyclic fas-
ting/FMD with the proteasome inhibitor bortezomib and anti-
CD20 mAbs cooperatively slowed down the progression of both
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Figure 5.

Cyclic fasting and bortezomib þ rituximab cooperate in retarding the growth of subcutaneous CLL masses. A, Experimental scheme of cyclic fasting and
bortezomib (BTZ) þ rituximab (RTX) in subcutaneous mouse CLL model (MEC1 cells). Each of the indicated treatments was administered for three cycles.
B, Bar plots representing the volume of subcutaneous tumor masses collected at the end of the experiment and estimated through the formula indicated in
Materials and Methods. C, Picture of some tumor masses after dissection. D, H&E-stained tumor sections from subcutaneous tumor masses explanted at
the end of the experiment. Necrotic (Nec) and/or apoptotic areas (Apo) are visible in all experimental group (white boxes and higher magnifications). Scale
bar, 50 mm. E, IHC analysis of cleaved caspase-3 expression in tumor masses collected at the indicated time points from animals exposed to the indicated
treatment conditions. Three pictures are shown for each treatment condition.
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Figure 6.

Cyclic FMD plus bortezomib þ rituximab retards CLL progression in an intravenous CLL model. A, Spleen weight (mg) modifications over the time and under
the indicated treatment conditions are represented. B, Effect of FMD, bortezomibþ rituximab, or their combination, on the percentage of CLL cells in the bone
marrow, spleen, blood and peritoneal exudates, as evaluated by FACS analysis. At the end of experimental procedures, cells collected from the indicated
organs or tissues were analyzed by flow cytometry after staining with mAb against human CD19, CD20, and CD45 to identify leukemic B cell populations. Ad
lib þ Vehicle, N ¼ 8; FMD: Fasting-mimicking diet þ vehicle, N ¼ 6; bortezomib þ rituximab: Ad lib þ bortezomib (0.35 mg/kg) þ rituximab (10 mg/kg) once a
week for 3 weeks (days 7, 14, 21), N¼ 7; FMDþ bortezomibþ rituximab: FMDþ bortezomib (0.35 mg/kg once a week)þ rituximab (10 mg/kg) once a week for
3 weeks (days 7, 14, 21), N ¼ 7. C, H&E staining of bone marrow, spleen, kidney, and liver. Ad lib þ Vehicle, N ¼ 8; FMD: þ vehicle, N ¼ 6; bortezomib þ
rituximab: Ad libþ bortezomib (0.35 mg/kg)þ rituximab (10 mg/kg) once a week for 3 weeks (days 7, 14, 21), N¼ 7; FMDþ bortezomibþ rituximab: fastingþ
bortezomib (0.35 mg/kg once a week) þ rituximab (10 mg/kg) once a week for 3 weeks (days 7, 14, 21), N ¼ 7. Each treatment was administered for three
cycles. Black arrows and higer magnifications indicate hematoxylin-positive lymphocytes. Scale bar, 100 mm. D, Kaplan–Meier survival curves of mice
randomly allocated to ad libitum diet (CTRL, N¼ 18), cyclic FMD (N¼ 18), bortezomibþ rituximab (N¼ 18), or cyclic FMDþ bortezomibþ rituximab (N¼ 18) in
an intravenous CLL murine model. Bortezomib was administered up to a maximum of 5 cycles. FMD and rituximab were administered until unacceptable
toxicities or animal death/sacrifice.
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intravenous and subcutaneous mouse CLL models, thus resulting in
meaningful prolongation of animal survival.

In in vitro experiments, we used two human CLL cell lines obtained
from the same patient at different stages of disease progression, namely
MEC1 andMEC2 cells (34, 35). Both these CLL lines bearmutations in
theTP53 tumor suppressor gene, which represent the worst prognostic
factor in CLL, and which are associated with resistance to most
available pharmacologic treatments, including anti-CD20-based che-
motherapy regimens (13, 20). In these cell lines, combining nutrient
starvation with bortezomib resulted in synergistic antitumor effects.
These results were recapitulated in murine L1210 CLL cells, which is
also characterized by P53 loss of function.

Bortezomib is the first-in-class proteasome inhibitor approved in
the United States and Europe for the treatment of multiple myeloma
andmantle cell lymphoma (43, 44). While proteasome inhibitors have
been initially considered to have limited activity against CLL (45),
recent studies revealed promising anti-CLL activity of bortezomib/-
carfilzomib in combination with ibrutinib or other anti-CLL com-
pounds (27, 28), and prospective trials are currently exploring their
clinical efficacy (NCT00295932 trial).

To explain the observed cooperative in vitro and in vivo anti-CLL
effects of fasting/FMD and bortezomib þ rituximab, we hypothesize
that the activation of the proteasome during nutrient deprivation can
help CLL cells to degrade misfolded/damaged proteins, which can be
toxic to cells, but whose degradation is a source of metabolites that fuel
cancer cell growth (Fig. 7A). Thus, proteasome inhibitionmay prevent
the degradation of misfolded/damaged proteins required for survival
and growth during fasting/FMD, thus precipitating leukemic cell death
(Fig. 7B). In our experiments, bortezomib treatment, which caused
meaningful proapoptotic in vitro and in vivo effects, also caused an

accumulation of CLL cells in the G2/MG2–M phase of the cell cycle.
However, G2–Marrest/delay is unlikely to explain the anti-CLL effects
of bortezomib. Indeed, STS, which caused additive cytotoxic effects
in combination with bortezomib, completely reversed bortezomib-
induced G2–M phase accumulation of CLL cells.

Becaue cyclic FMD is a low-cost and safe dietary interven-
tion (7–9, 46), results of our study pave the way for investigating the
FMD-bortezomib (� rituximab) combination as a well-tolerated,
economically affordable and effective experimental treatment for
patients with p53-defective CLL, which is the most aggressive and
treatment-resistant CLL subtype. The protective effect of fasting/FMD
from bortezomib-induced cytotoxicity in normal cells, as well as the
good tolerability of the fasting/FMD-bortezomib-rituximab combi-
nation in mice (e.g., full recovery of body weight after fasting/FMD,
and lack of progressive body weigth; absence of toxic deaths), is
consistent with a generally protective effect of FMD, and it expands
the spectrum of chemical compounds of which fasting/FMD could
improve the therapeutic index.

Previous in vitro studies with a wide range of human B-cell non-
Hodgkin lymphoma cell lines have revealed the ability of rituximab to
downregulate expression of the antiapoptotic protein Bcl-xL, while
enhancing apoptosis (47, 48). In our experiments, rituximab was
poorly active against CLL cells, and STS only partially improved its
activity. This result could depend on the TP53-mutant status or other
cellular characteristics that render certain leukemic cells relatively
resistant to anti-CD20–induced apoptosis in vitro (20).

In vivo instead, antitumor activity exerted by rituximab is mediated
by ADCC as well as complement-dependent cytotoxicity (CDC;
refs. 47, 49–52). Our in vivo transplantation experiments using
B-/T-/NK cell–deficient mice as recipients postulate the involvement

Figure 7.

Hypothetical model to explain the
cooperative anti-CLL effect of fas-
ting/FMD and bortezomib (BTZ).
A, Because nutrient starvation slows
down protein synthesis, at least in part
as a result of reduced extracellular insu-
lin and IGF1 concentration, it could
result in the accumulation of misfolded
proteins, which are degraded via the
proteasome. B, When the proteasome
is inhibited (through bortezomib) dur-
ing starvation conditions, misfolded
proteins cannot be timely degraded,
and they may accumulate in the cyto-
plasm, with the results of an increased
CLL cell toxicity.
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of CDC in combination with fasting/FMD in rituximab-targeted
elimination of CLL. Notably, bortezomib was previously shown to
increase CD20 expression in rituximab-resistant cell lines (53), pos-
sibly explaining the observed in vivo antitumor effects of bortezomib
and rituximab, in line with studies on follicular lymphoma andmantle
cell lymphoma (54, 55).

In tumor-bearing mice, fasting/FMD reduces blood glucose and
insulin/IGF-I concentration, thus altering nutrient signaling path-
ways. While in some tumors blood insulin/IGF-I reduction results in
PI3K/AKT/mTORC1/S6K axis inhibition at the tumor level (56), in
other tumor models the PI3K/AKT/mTORC1 pathway is activated by
cancer cells in response to starvation in an attempt to compensate for
nutrient deprivation (4). Here, we showed that starvation-induced
inhibition of the IGF1/IGFR-1 axis plays an important role in the anti-
CLL effects of fasting/FMD. These data are in line with results of
experiments conducted in hormone receptor–positive, human epi-
dermal growth factor receptor 2 (HER2)-positive breast cancer (HRþ

HER2� BC) models, in which the antitumor effects of fasting/FMD in
combination with endocrine therapies (� CDK4/6 inhibitors) are
mostly mediated by starvation-induced reduction of extracellular
insulin, IGF1 and leptin (3). Of note, we recently showed that cyclic
FMD not only reduces blood IGF1 concentration, but it also down-
regulates IGFR1 expression and phosphorylation (i.e., activation) at
the tumor level in patients with breast cancer, thus indicating that
changes in blood growth factors (systemic metabolic response) is
reflected by consistent inhibition of the corresponding signaling path-
ways in cancer cells (7). These findings could be especially relevant in
specific tumor types, such as CLL, inwhich FMD-induced reduction of
blood growth factors contributes to its antitumor effects.

In this study, we reported on the effects of eight consecutive FMD
cycles on peripheral blood lymphocyte counts in twopatients withCLL
undergoing FMD without concomitant systemic therapies. Of note,
the fact that after 5–6 years of “watch and wait” approach (with the
exception of 8 FMDcycles) these two patients have not yet necessitated
systemic anti-CLL treatment initiation is a promising finding, and it is
in line with our preclinical findings showing fasting/FMD ability to
slow down CLL progression. On the other hand, the fact that these two
patients underwent slow, but progressive increase of peripheral blood
lymphocytes can be explained by the absence of long-term effects of
cyclic FMD when used alone or, alternatively, by the fact that eight
FMD cycles may be insufficient to produce long-term disease control
in a chronic disease such as CLL. However, because these paients
discontinued the use of FMDafter 8 cycles, our clinical data do not rule
out that continuing periodic use of FMD could extend the duration of
“watch and wait period,” that is, of the time-to-first use of pharma-
cologc therapy. Cyclic FMD followed by normocaloric refeeding has
been recently shown to be safe, well tolerated, and not associated with
progressive weight loss in patients with different tumor types, includ-
ing advanced and deadly malignancies that often cause sarcopenia or
cachexia, such as metastatic pancreatic carcinoma, small-cell lung
carcinoma (SCLC), and colorectal carcinoma (7, 8, 10). Different from
the case of these malignancies, weight loss, sarcopenia or cachexia
rarely occur in patients with CLL, who often present as overweight. For
these reasons, we are confident that cyclic FMD can be tolerated by
CLL also beyond 8 consecutive cycles. Therefore, future clinical trials
evaluating the antitumor effects of cyclic FMD in CLL patients should
use a higher number of FMD cycles, alone or in combination with
standard anti-CLL therapies.

On the basis of results of our study, we can envision two different
clinical scenarios inwhich the FMDcould have therapeutic potential in
CLL treatment: (i) patients with indolent CLL who are candidate to a

“watch and wait strategy”: in these patients, cyclic FMD could be used
to control peripheral blood CLL cell expansion and to prevent lym-
phoid organ infiltration, thus delaying disease progression and the
initiation of pharmacologic treatments. On the basis of our preclinical
and clinical data, prolonged cyclic FMD (i.e., beyond 8 cycles in
patients) might be necessary to achieve long-term control in a chronic
disease such as CLL; (ii) patients with aggressive (e.g., TP53-mutated)
CLL that progresses on first-line regimens: in these patients, the FMD-
bortezomib-rituximab combination could be investigated as a new,
experimental second- or third-line treatment strategy after BTK
inhibitor–containing lines of therapy.

Themain limitations of this study consist in: (i) the very lownumber
of patients with CLL included, which does not allow us to draw any
conclusions about the antitumor activity or efficacy of cyclic FMD
alone in CLL patients; (ii) the use of immunocompromised (NSG)CLL
mouse models for in vivo experiments, which did not allow us to
explore the contribution of antitumor immunity in the observed
antitumor effects of fasting and FMD in both systemic and subcuta-
neous CLL models; (iii) the fact that we combined rituximab and
patients as a backbone pharmacologic treatment in in vivo experi-
ments, which did not allow us to separately evaluate the antitumor
effects of these treatments in combination with fasting/FMD.

In conclusion, cyclic fasting/FMD, which is safe in mouse CLL
models and in CLL patients, cooperates with BTZ-RTX to slow down
CLL progression and to prolong animal survival by activating apo-
ptosis in CLL cells. Clinical trials with appropriate statistic design in
specific CLL patient cohorts are needed to test if cyclic FMD can delay
disease progression when used alone in patients with low-risk CLL,
and if it can synergize with standard therapies in patients with
aggressive disease not responding to standard therapies. Our findings
point to FMD plus BTZ-RTZ as a new therapeutic approach that
merits clinical evaluation in CLL patients.
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