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Intermittent Fasting Primes the Tumor Microenvironment
and Improves Nanomedicine Delivery in Hepatocellular

Carcinoma

Svea Becker, Jeffrey Momoh, llaria Biancacci, Diana Mdéckel, Qingbi Wang,
Jan-Niklas May, Huan Su, Lena Susanna Candels, Marie-Luise Berres, Fabian Kiessling,
Maximilian Hatting, Twan Lammers,* and Christian Trautwein*

Fasting has many health benefits, including reduced chemotherapy toxicity
and improved efficacy. It is unclear how fasting affects the tumor
microenvironment (TME) and tumor-targeted drug delivery. Here the effects
of intermittent (IF) and short-term (STF) fasting are investigated on tumor
growth, TME composition, and liposome delivery in allogeneic hepatocellular
carcinoma (HCC) mouse models. To this end, mice are inoculated either
subcutaneously or intrahepatically with Hep-55.1C cells and subjected to IF
for 24 d or to STF for 1 d. IF but not STF significantly slows down tumor
growth. IF increases tumor vascularization and decreases collagen density,
resulting in improved liposome delivery. In vitro, fasting furthermore
promotes the tumor cell uptake of liposomes. These results demonstrate that
IF shapes the TME in HCC towards enhanced drug delivery. Finally, when
combining IF with liposomal doxorubicin treatment, the antitumor efficacy of
nanochemotherapy is found to be increased, while systemic side effects

are reduced. Altogether, these findings exemplify that the beneficial effects of
fasting on anticancer therapy outcomes go beyond modulating metabolism at
the molecular level.

tumor cells more susceptible to therapy.!>©!

It furthermore remodels intratumoral
immunity so that antineoplastic treat-
ments benefit from activated antitumor
immune programs.[}) Fasting has also
been shown to improve the response to
hormone therapy in breast cancer, demon-
strating its utility as an adjuvant therapy.[?!

Many mechanisms have been proposed
to explain the benefits of fasting in tumor
therapy. For example, tumor cells rely on
the Warburg effect to maintain their high
proliferative activity. Here, the cells engage
in anabolic pathways, such as glycolysis, de-
spite their energetic inefficiency compared
to oxidative means. This causes tumor cells
to become more dependent on an increased
external glucose supply.’1%1 Additionally,
they lack compensatory maintenance mech-
anisms such as autophagy, which enhances
the susceptibility of the tumor cells to sys-
tematic nutrient deprivation by fasting.['"]
Reducing glucose levels creates an “anti-
Warburg” effect, forcing tumor cells to

1. Introduction

In recent years, fasting has been shown to have beneficial effects
on both the efficacy and the tolerability of anticancer therapy.l'*
By stimulating systemic and intracellular metabolism, it makes

down-regulate anaerobic glycolysis and revert back to oxidative
phosphorylation resulting in oxidative stress and apoptosis.['?!
This is further reinforced by oncogenes preventing the activation
of stress resistance mechanisms and causing cells to maintain
a high proliferation level.[>!% Due to these mechanisms tumor
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cells become more sensitive toward DNA damage and oxidative
stress upon fasting, which is defined as differential stress sensiti-
zation (DSS).>%1% This leads to an increased sensitivity towards
chemotherapy, allowing equal therapeutic effects at lower doses
of chemotherapy with reduced risk of side effects.[*?]

An additional and thus far unstudied mechanism through
which fasting can improve tumor treatment might be via modu-
lation of the tumor microenvironment (TME) and tumor-directed
drug delivery. Important components of the TME include tu-
mor vascularization, infiltration of immune cells and extracellu-
lar matrix (ECM) characteristics, which are known to affect can-
cer cell survival, local invasion, and metastatic dissemination.®!
However, they are also known to have an effect on tumor-
directed delivery with tumor vascularization directly affecting
perfusion and delivery,['2) immune cells acting as a slow drug
release reservoir,[*! and the ECM functioning as a barrier for
drug transport into tumor tissue.'*! Delivery of conventional
chemotherapeutics often exhibits unfavorable distribution, poor
target selectivity and high toxicity to nontargeted tissues due to
their systemic application and low specificity.*>! These issues
can cause dose-limiting side effects over time hindering their
clinical application, and creating the need for refined treatment
options.['®l Improving drug delivery can be achieved through
nanomedicines, which uses physical and biological characteris-
tics of nanocarriers to increase selective accumulation at tumor
sites. Organic nanoparticles like liposomes can help deliver drugs
directly into cells, avoiding high concentrations of free drugs and
reducing adverse reactions.[*] As the TME and tumor-directed
delivery of nanoparticles might be influenced by fasting, it could
provide a useful strategy to further improve nanomedicine ther-
apies.

Nanomedicine has been progressively advancing, making
it an ever more prominent approach in many tumor enti-
ties including liver tumors such as hepatocellular carcinoma
(HCC).I'8] Conventional treatment options in advanced or ir-
resectable HCC are typically limited to systemic and local ab-
lative therapies.")] To improve treatment outcomes, combin-
ing radiofrequency ablation with nanotherapeutics like Ther-
modox (lyso-thermosensitive liposomal doxorubicin) has been
explored.?!l Despite strong nanoparticle accumulation in the
liver in general, difficulties of selectively targeting tumoral hep-
atocytes in HCC remain. As an example, a rapid sequestration
of nanocarriers by macrophages can influence nanomedicine
tumor accumulation, compromising therapeutic efficacy.’’! In-
creasing target localization and specificity towards tumoral
hepatocytes is a crucial aspect to improve (nano-) pharma-
cotherapies in HCC, which may be achieved by concomitant
fasting.

Here, we investigated the effect of short-term fasting (STF) and
intermittent fasting (IF) on tumor growth of hepatomas, TME
composition and tumor-targeted liposome delivery. Notably, we
find that IF but not STF significantly primes the TME and posi-
tively affects liposome tumor targeting. Moreover, studying the in
vitro impact of fasting on liposome internalization by Hep-55.1C
and Hepal.6 cells reveals significantly enhanced uptake of lipo-
somes upon fasting-mimicking treatments. We further demon-
strate an increased chemotherapeutic effect of liposomal doxoru-
bicin in intermittently fasted mice. Due to the beneficial effects
of fasting at both the cellular and systemic level, it is considered a
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potent and useful adjuvant to improve drug delivery and enhance
anticancer (nano-) therapy.

2. Results

2.1. IF Reduces Subcutaneous Tumor Growth and Improves
Liposome Accumulation

To study the impact of fasting on tumor-targeted drug delivery,
mice were inoculated subcutaneously with Hep-55.1C cells and
divided into three groups. The control group (ctrl) had ad libitum
access to food and water. Short-term fasted mice (STF) were fed
ad libitum, except on day 21, when they were fasted for 12 h. In-
termittently fasted (IF) mice alternated between 12 h of fasting
and 12 h of ad libitum food supply for 24 consecutive days. Mice
were fasted overnight, i.e., during their active phase (Figure 1A),
following previously established procedures.[1*?2] The effects of
fasting on tumor growth were monitored by micro-computed to-
mography (uCT). On day 22, Cy7-labeled liposomes were admin-
istered i.v. to all mice. Their biodistribution and tumor accumu-
lation were measured up to 72 h postinjection (p.i.), by combined
uCT and fluorescence tomography (uCT-FLT; Figure 1B).

IF initially resulted in significant weight loss (Figure 1C), but
after 10 d mice were acclimatized, and no significant weight dif-
ferences could be observed compared to the ad libitum-fed mice.
Mice subjected to STF lost weight significantly on day 22, but this
was found to be regained on the following day upon refeeding
(Figure 1C). Consistent with previous observations about the im-
pact of fasting on tumor growth,[2>?*] we found via pCT imaging
that tumor growth was significantly suppressed upon IF com-
pared to STF and control groups (Figure 1D,E).

We next studied the effect of IF and STF on tumor-directed
drug delivery. To this end, after 3 weeks (IF) or 1 d (STF) of
fasting, Cy7-labeled liposomes were administered i.v., and their
biodistribution and tumor accumulation were visualized and
quantified via uCT-FLT at 0.25, 4, 24, 48, and 72 h p.i. (Figure 1F).
At early time points (0.25 and 4 h p.i.), liposome localization in all
three groups was most pronounced in well-perfused organs, in-
cluding heart, liver and spleen (Figure S1, Supporting Informa-
tion). Liposome tumor accumulation started to become promi-
nent at later time points, showing a clearly distinct pattern be-
tween controls and the different fasting conditions (Figure 1G).
We observed a significantly higher tumor accumulation of lipo-
somes in the IF group, with 12.8%ID/g compared to 2.5%ID/g
in the control group (P < 0.0001) at the 48-h timepoint. This
increase was still evident 72 h after injection (P = 0.005). Mice
fasted just once (STF) before liposome injection also showed a
higher level of liposome tumor accumulation compared to con-
trol animals, but this difference was not statistically significant
(P=0.15 at 72 h).

We confirmed the effect of IF on liposome tumor accu-
mulation in ex vivo tissue sections. To stain for areas pos-
itive of PEG-liposomes, we employed anti-PEG antibodies
providing a strong signal to detect intracellular liposomes
(Figure 1H). In line with the in vivo findings, we found that
IF substantially increases the accumulation of pegylated lipo-
somes in tumors as compared to control and STF, as ev-
idenced by enhancements of relative PEG" area fraction of
7.04% for IF (P = 0.001) and 1.90 for STF (P = 0.002).
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Figure 1. Intermittent fasting increases liposome accumulation in subcutaneous tumors. A,B) Schematic overview of fasting conditions and exper-
imental timeline. C) The body weight was measured every morning. IF was initiated two days after tumor inoculation. On day 22, STF was per-
formed for 12 h. Values represent mean + SEM (ctrl n = 10, STF n = 11, IF n = 11 mice). Two-way ANOVA and Dunnett's multiple comparisons
test were used for statistical analysis. D) Representative weekly uCT scans shown in 2D cross-sectional transverse plane. The tumor is color-coded in
green and its location is indicated with a white circle. E) CT scans showed a significant reduction in tumor growth upon IF. Values represent mean
+ SEM (ctrl n = 4, STF n =5, IF n = 5 mice). Two-way ANOVA and Dunnett’s multiple comparisons test were used. F) Liposome biodistribution
and tumor accumulation were assessed via pCT-FLT shown as 3D reconstruction. Organ segmentation was performed using uCT. Lu. = lungs, Li.
= liver, St. = stomach, Sp. = spleen, K. = kidneys, Tu. = tumor. The tumor location is indicated with a white circle. Representative uCT-FLT scans
are shown for 72 h post i.v. injection of Cy7-labeled liposomes. G) Quantification of liposome distribution demonstrates a significantly higher tumor
accumulation upon IF. Values represent mean + SEM (ctrl n = 10, STF n = 11, IF n = 11 mice). Two-way ANOVA and Dunnett's multiple compar-
isons test were used. H) Representative fluorescence microscopy images showing liposome distribution in tumors (anti-PEG staining), blood ves-
sels (CD31), and cell nuclei (DAPI) for control and fasting groups. The scale bar indicates 25 um. I) Analysis of liposome tumor accumulation upon
fasting, based on quantification of the microscopy images. Values represent mean + SD. Statistical analysis based on one-way ANOVA and Tukey‘s
multiple comparisons test. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns = not significant (P > 0.05). Figure was created with Bioren-
der.
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Figure 2. Intermittent fasting alters the composition of the tumor microenvironment. A) Fluorescent microscopy images showing CD31% blood vessels,
lectin® perfused functional blood vessels, and aSMA™ pericyte covered blood vessels. Nuclei are counterstained using DAPI. B-E) Quantifying tumor
vasculature features upon fasting shows a significant increase in vessel perfusion upon IF. F) Fluorescence microscopy images showing DAPI* cell
nuclei, blood CD31% vessels (CD31), VEGFR2*' angiogenic vessels. G) Quantifying the fraction of VEGFR2" blood vessels indicate an increase in
angiogenesis upon IF. H) Fluorescence microscopy images showing DAPI™ cell nuclei, F4/80% macrophages, and CD206* macrophages upon fasting.
I-L) Quantification of macrophage and cell density in tumors upon fasting. M) Fluorescence microscopy images showing collagen | (Col 1) deposition,
blood vessels, and cell nuclei upon fasting. N) Quantification of microscopy images shows a significant decrease in collagen deposition upon IF. All
scale bars indicate 25 um. O) Two-photon laser scanning microscopy images showing collagen density. Scale bars indicate 100 um. All values represent

means + SD (n =4 ctrl, n =5 STF, IF). One-way ANOVA and Tukey's multiple comparisons test were used for statistical analysis. **

< 0.001, **P < 0.01, *P < 0.05, ns = not significant (P > 0.05).

Thus, intermittent fasting reduces tumor growth and improves
liposome delivery in subcutaneous hepatoma tumors.

2.2. IF Primes the TME of Subcutaneous Tumors in Favor of
Tumor-Targeted Delivery

Encouraged by the notion that IF improves liposome delivery,
we next investigated the impact of IF and STF on the compo-
sition of tumor microenvironment (TME) that may impact the
transport and uptake of liposomes. One central aspect of drug
delivery is tumor vascularization and perfusion.l®! Hence, we
analyzed changes in vessel formation and angiogenic factors
via immunofluorescence staining (Figure 2A-E). We found a
significantly higher count of functional vessels as indicated by
lectin perfusion (Figure 2B) as well as total CD31* blood ves-
sels upon IF (Figure 2C). Also, the percentage of perfused vessels
(Figure 2D) and the number of angiogenic VEGFR2-expressing
blood vessels (Figure 2F,G) were increased. Conversely, the per-
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#P < 0.0001, **%P

centage of pericyte-coverage on blood vessels, an essential part
of the vascular endothelial barrier, was found to be reduced
(Figure 2E). Taken together, IF leads to increased tumoral vascu-
larization and perfusion, which likely accounts for the improved
tumor-targeted delivery of liposomes.

The presence of tumor-associated macrophages (TAMs) also
influences liposome uptake,*! and as of yet, the impact of fast-
ing on TAMs has not been studied.!**) We therefore examined the
accumulation of macrophages under the different fasting condi-
tions (Figure 2H-K). The number of F4/80" macrophages, i.e.,
all macrophages, did not differ between the two fasting groups
(Figure 2I). A slight increase in CD206* macrophages, i.e., M2-
like macrophages, was observed for STF and IF (Figure 2]). The
fraction of M2-like macrophages was higher upon IF but this was
not statistically significant (Figure 2K). In addition, the total cell
density (i.e., all DAPI* nuclei) was also not affected by fasting
(Figure 2L).

Another main component of TME is the extracellular matrix
(ECM), which acts as a barrier in the penetration of drugs and
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drug delivery systems into tumor tissue.'"*! The abundance of
collagen 1 (Col I), a main structural part of the ECM, was studied
upon fasting (Figure 2M-0). In the IF group, there was a signifi-
cantly lower abundance of Col I, with an area fraction of 37.98%,
compared to control (59,86%; P = 0.0001) and STF (60.64%; P
= 0.0001). Hence, IF impacts TME by increasing functional vas-
cularization and decreasing collagen density, together promoting
tumor-directed liposome delivery.

2.3. Fasting Increases Liposome Tumor Cell Uptake via
Caveolae-Mediated Endocytosis

We next examined the impact of fasting on liposome uptake at the
cellular level. To this end, we studied the effect of the adenylyl cy-
clase inhibitor forskolin on Hep-55.1C and Hepal.6 cells (Figure
3A). Forskolin stimulates lipid and carbohydrate metabolism
by activating intracellular cAMP pathways, as does fasting in
vivo.[?’] In order to differentiate the mechanism by which li-
posome cancer cell uptake is performed, we employed differ-
ent endocytosis inhibitors. Nystatin, which sequesters choles-
terol and other lipids from cell membranes thereby inhibiting
caveolae-mediated endocytosis,[?®! was found to be the most po-
tent inhibitor of liposome uptake by hepatocellular carcinoma
cells (Figure suppinfol, Supporting Information). Nystatin was
subsequently combined with forskolin to study liposome uptake
upon fasting mimicry. This was examined by flow cytometry
and/or immunofluorescence microscopy. Forskolin stimulation
produced a significant increase in liposome uptake in Hep-55.1C
and Hepal.6 cells (Figure 3B,C,F,H,J,L). Nystatin cotreatment
completely abolished the uptake-enhancing effects of forskolin
in both cell lines (Figure 3D,E,G,I,K,M). Together, these find-
ings show that liposome internalization by hepatoma cells is in-
creased upon fasting and that this effect is mediated by caveolar
endocytosis.

2.4. IF Attenuates Intrahepatic Tumor Growth and Enhances
Liposome Delivery

Subcutaneous and orthotopic tumors can differ substantially
in terms of tumor development, vascularization and TME
composition,??! which may impact the effect that fasting has on
tumor-directed delivery and accumulation. Liver cancer in gen-
eral exhibits a high drug clearance rate and unfavorable drug
distribution using conventional chemotherapy, making alterna-
tives employing drug delivery systems conceptually appealing.3°!
To evaluate whether fasting also influences orthotopic hepato-
cellular carcinomas, we surgically inoculated Hep-55.1C cells
into the left lateral liver lobe of mice. Since we did not find
significant differences between the control and the STF group
in the subcutaneous model in terms of liposome accumulation
and TME composition, mice were then either fed ad libitum
in the control group or intermittently fasted for three weeks
in the IF model. To support postsurgical recovery, IF was not
started until day 3 after tumor inoculation. Similar to the sub-
cutaneous model (Figure 1C), mice in the IF group initially
lost a significant amount of weight but recovered to match the
weights of animals in the control group from day 9 onwards
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(Figure 4A). Weekly MRI scans showed reduced intrahepatic tu-
mor growth upon IF (Figure 4B,C). Due to the strong intrahepatic
tumor growth under ad libitum conditions, we observed a pro-
nounced displacement of the liver, which was macroscopically
visible in the upper right abdominal quadrant (Figure 4D). Im-
portantly, no such displacement was observed in the IF group
(Figure 4D). In line with this, we saw a lower tumor-to-body
weight and tumor-to-liver weight ratio upon IF (Figure 4E-H).
These results confirm that hepatoma tumor growth is reduced
upon IF.

To investigate the impact of IF on the tumor accumula-
tion of Cy7-labeled liposomes in the intrahepatic model, uCT-
FIT was again performed up until 72 h p.. (Figure 4I-K).
To localize intrahepatic tumors more accurately, the CT con-
trast agent Imeron400 was also injected. At all-time points
p-i., the tumor accumulation of liposomes was much higher
for IF than for controls (Figure 4]). The IF group had 2.9-
fold increase 72 h p.i. compared to the control group (control:
14.41%I1F/g, IF 41.45%ID/g; P = 0.18). Liposome accumula-
tion in the healthy liver tissue was comparable in both groups
(Figure 4K). Semi-quantitative ex vivo FRI analysis of resected
tissues confirmed the in vivo biodistribution patterns (Figure 4L—
N). Increased tumor uptake was furthermore validated by as-
sessing the percentage of PEG*-stained area, which was signif-
icantly increased (Figure 40). Altogether, IF attenuates intrahep-
atic tumor growth and enhances liver tumor-targeted liposome
delivery.

2.5. The Intrahepatic Tumor Microenvironment is Altered upon IF

To strengthen the above findings, we next examined the intrahep-
atic TME upon fasting. As in the subcutaneous tumor model,
IF beneficially primed hepatomas towards improved liposome
delivery, as evidenced by increased vessel density and enhanced
vascular perfusion (Figure 5A-E). Also, VEGFR2 expression on
blood vessels, as a marker of angiogenesis, was significantly in-
creased (Figure 5F,G). The percentage of pericyte-covered blood
vessels, as part of the endothelial barrier, was significantly re-
duced (Figure SE). IF did not impact the number and polariza-
tion of infiltrating TAMs, determined by the fact that the counts
of F4/80% macrophages and of CD206" macrophages were not
significantly different (Figure 5SH-K). Fasting also did not impact
the overall intrahepatic cellular density, as the count of DAPI*
nuclei did not differ between both groups (Figure 5L). Regard-
ing ECM deposition, we visualized and quantified collagen I (Col
I), observing a significant decrease in collagen density upon IF
as compared to the control group (Figure 5M—-O). In summary,
the results obtained in the intrahepatic model are consistent with
those of the subcutaneous model, and they together support the
concept that IF remodels the TME and enhances tumor-targeted
liposome delivery.

2.6. IF Improves Therapeutic Outcome Following Doxil
Treatment and Reduces Chemotherapy-Associated Side Effects
We further examined if IF influences treatment response in ad-

dition to its intrinsic impact on tumor growth. We studied the
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Figure 3. Fasting stimulates liposome cell uptake via caveolae-mediated endocytosis. A) Schematic representation of the experiment performed with
the hepatoma cancer cell lines Hepal.6 and Hep-55.1C. Fasting was mimicked using forskolin, and nystatin inhibited its effect on liposome uptake.
The uptake of fluorescently labeled liposomes was analyzed via flow cytometry and fluorescence microscopy. B,C) Flow cytometry analysis and quan-
tification of the uptake of Cy5.5-labeled liposomes upon forskolin treatment in Hep-55.1C (B) and Hepal.6 (C) cells, showing significantly increased
liposome uptake upon forskolin-based fasting mimicry. D,E) Forskolin-enhanced liposome uptake is significantly reduced by the caveolae-mediated
endocytosis inhibitor nystatin in Hep-55.1C (D) and Hepal.6 (E) cells. F-I) Representative fluorescence microscopy images (F, G) and quantifica-
tion (H, 1) of Cy5.5-liposome uptake upon forskolin and forskolin in costimulation with nystatin in Hep-55.1C. ]|-M) Representative fluorescence mi-
croscopy (), K) images and quantification (L, M) of Cy5.5-liposome uptake by Hepal.6 cells upon treatment with forskolin and/or nystatin and their
uptake of liposomes. All values represent means + SD. One-way ANOVA and Tukey’s multiple comparisons test were used for statistical analysis.
#%xkP < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns = not significant (P > 0.05). Scale bars indicate 25 pm. The figure was created with Bioren-
der.
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Figure 4. Intermittent fasting increases liposome accumulation in intrahepatic tumors. A) Mice were inoculated intrahepatically with Hep-55.1C cells.
The third night after tumor inoculation, overnight IF was initiated. Body weight was monitored daily. Values represent mean + SEM (n = 8 ctrl, n = 10
IF). Two-way ANOVA and Sidék’s multiple comparisons test were used for statistical analysis. B,C) Representative MRI scans (B) and quantification (C)
of the effect of IF on intrahepatic tumor growth. Tumors are indicated with white arrows. Values represent mean + SEM (n = 8 ctrl, n = 10 IF). Two-way
ANOVA and Sidak’s multiple comparisons test were used. D) Representative images of the torso of mice fed either ad libitum (ctrl) or subjected to IF
show that increased tumor growth could be observed externally in ctrl mice, whereas in IF mice, not. Scale bar indicates 1 cm. E-H) Upon sacrifice,
the whole-body, liver, and tumor weights were determined and compared. Values represent mean + SD (n = 8 ctrl, n = 10 IF). An unpaired t-test was
performed for body weight and liver/body weight ratio. Mann—Whitney test was performed for tumor/body weight ratio and tumor/liver weight ratio
due to non-normal distribution. 1) Liposome distribution and tumor accumulation were assessed via uCT-FLT. 3D reconstruction of uCT-based organ
segmentation is shown on the left. Lu. = lungs, Li. = liver, St. = stomach, Sp. = spleen, K. = kidneys, Tu. = tumor. Representative scans are shown for
72 h post i.v. injection of Cy7-labeled liposomes. J,K) Quantification of liposome biodistribution shows higher tumor accumulation (%ID/g) upon IF,
while accumulation in the liver is similar between control and IF-fasted mice. Values represent mean + SEM (n =4 ctrl., n =5 IF). Two-way ANOVA and
Sidak’s multiple comparisons test were used for statistical analysis. L) Representative ex vivo 2D FRI scans of livers and tumors. M,N) Quantification of
ex vivo 2D FRI scans confirmed increased liposome accumulation in tumors and livers upon IF. Values represent mean + SD (n = 8 ctrl, n = 10 IF). An
unpaired t-test was performed. O,P) Fluorescence microscopy images exemplifying liposome distribution (anti-PEG staining), cell nuclei (DAPI), and
blood vessels (CD31) in intrahepatic tumors (O), showing that IF increases liposome accumulation and lowers liver localization. Scale bars indicate
25 um. Values represent mean + SD (n = 4 ctrl, n =5 IF). Unpaired t-tests were performed for statistical analysis. *P < 0.05, ns = not significant (P >
0.05).

effect of IF on drug delivery and efficacy using free and liposo-  into subgroups receiving either a control saline solution (NaCl),
mal doxorubicin in the subcutaneous Hep-55.1C tumor model.  free doxorubicin (Dox), or liposomal doxorubicin (Doxil) twice a
Animals were divided into two groups: one group was subjected ~ week for three weeks (Figure 6A,B).

to intermittent fasting, and the other group was provided unre- To examine the impact of combining IF with chemother-
stricted access to food and water. Each group was further divided  apy on the well-being of the mice, we closely monitored their
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Figure 5. Intermittent fasting alters the intrahepatic tumor microenvironment. A) Fluorescent microscopy images showing CD3 1% blood vessels, lectin®™
perfused blood vessels, and aSMA* pericytes. Nuclei are counterstained using DAPI. B-E) Quantification shows an increase in vessel density and
perfusion and a decrease in pericyte coverage upon IF. F,G) Fluorescence microscopy analysis (F) and quantification (G) of VEGF receptor 2 (VEGFR2)
expression in CD31% blood vessels, showing a significant increase in the fraction of angiogenic blood vessels upon IF. H) Fluorescence microscopy
images showing DAPI* cell nuclei, F4/80% macrophages, and CD206% M2-like macrophages. I-L) Quantification of macrophage and cell density shows
no significant differences upon IF. M,N) Fluorescence microscopy images (M) and quantification (N) of collagen | (Col I) expression showed significantly
less collagen deposition in tumors upon IF. All scale bars indicate 25 pm. O) Two-photon laser scanning microscopy images showing collagen density.
The scale bars indicate 100 um. Values represent mean + SD (n = 4 ctrl, n =5 IF). An unpaired t-test was used for statistical analysis. ***P < 0.001, **P
< 0.01, *P < 0.05, ns = not significant (P > 0.05). Scale bars indicate 25 um.

body weight (Figure 6C). Here, the previously observed recov-
ery of weight loss in mice during IF was also found in the
chemotherapy groups. After an initial period of weight loss, the
body weight of mice treated with Dox remained stable. Con-
versely, IF mice treated with Doxil consistently increased in
body weight throughout the duration of treatment. By the end
of the treatment, no significant difference in the average body
weight between the fasting control mice and the Doxil-treated
mice was observed. This suggests that employing IF could serve
as a promising strategy to mitigate detrimental health conse-
quences associated with weight loss in cancer (nano)therapy
(Figure 6D).

Consistent with previous results, assessing the effect of dietary
restriction on tumor progression confirmed that IF attenuates tu-
mor growth (Figure 6E), a trend that applied to all therapeutic

Small 2023, 19, 2208042
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conditions. Additionally, IF in combination with Doxil treatment
not only had a significant impact on tumor progression, but ex-
hibited a further decrease in overall tumor volume compared to
treatment with Doxil alone (Figure 6F). Moreover, IF significantly
lowered the final tumor volume compared to all other therapy
groups.

To investigate the impact of fasting on Doxil efficacy at the tis-
sue and cellular level, we stained ex vivo tumor sections for DAPI
(cell nuclei) and TUNEL (apoptotic cell death), as presented in
the immunofluorescence images in Figure 6G. While the num-
ber and density of nuclei in tumor sections remained unchanged
between IF and non-fasting treatment groups (Figure 6H), ad-
ministering Doxil in combination with IF significantly increased
cell death (Figure 6I), as evidenced by the significantly greater
number of cells positive for TUNEL staining.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 6. Intermittent fasting increases Doxil treatment efficacy and intratumoral cell death. A) Schematic timeline of intermittent fasting conditions
concomitant to therapy. B) Overview of the therapy conditions applied. C) The body weight was measured every morning. IF was initiated two days after
tumor inoculation. Therapy conditions were applied 12 d after tumor inoculation, twice per week over three weeks. Values represent mean + SEM (ctrl
NaCl n =8, ctrl Dox n =9, ctrl Doxil n =9, IF NaCl n = 8, IF Dox n = 9, IF Doxil n = 10 mice). D) Quantification of the body weight differences due to
IF concomitant to chemotherapy upon sacrifice. Values represent mean + SD (ctrl NaCl n = 8, ctrl Dox n =9, ctrl Doxil n =9, IF NaCl n = 8, IF Dox n
=9, IF Doxil n = 10 mice). E) Weekly uCT scans showed a reduction in tumor growth upon IF in each therapy condition. Values represent mean + SEM
(ctrl NaCl n =8, ctrl Doxn =9, ctrl Doxil n =9, IF NaCl n =8, IF Dox n =9, IF Doxil n = 10 mice). F) End tumor volumes measured in the last uCT scan
before sacrifice showed significant reductions in tumor volumes upon IF in each therapy condition. Values represent mean + SEM (ctrl NaCl n = 8, ctrl
Dox n =9, ctrl Doxil n =9, IF NaCl n =8, IF Dox n =9, IF Doxil n =10 mice). G) Representative fluorescence microscopy images showing the induction
of intratumoral apoptosis (TUNEL) by the therapy conditions in cell nuclei (DAPI). H,1) Quantification of cell density and percentage of TNUEL+ cell in
tumors upon IF concomitant to therapy conditions. Values represent mean + SD (ctrl NaCl n =5, ctrl Dox n = 4, ctrl Doxil n =5, IF NaCl n = 6, IF Dox
n =6, IF Doxil n =5 mice). The scale bar indicates 25 um. All statistical analyses are based on Two-way ANOVA and Sidak’s multiple comparisons test.
*xx%P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns = not significant (P > 0.05).

3. Discussion drug delivery, altogether improving nanochemotherapy treat-

ment outcome. Short-term fasting was applied in a subcutaneous
In this study, we demonstrate that intermittent fasting (IF) atten-  HCC model, while intermittent fasting was evaluated in both
uates tumor growth, alters the tumor microenvironment (TME),  gybcutaneous and intrahepatic HCC models. Chemotherapy effi-
improves liposome cell uptake and enhances tumor-targeted  cacy was only studied in the subcutaneous IF model, since results
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obtained in the subcutaneous model did not differ significantly
from the intrahepatic model.

In both allogeneic models, we found reduced tumor growth
upon IF, but not STF in the subcutaneous model. This is in line
with previous studies that have shown that IF can suppress tumor
progression.[2*31-3] An important contributing factor is a high
energy and nutrient demand of tumor cells to achieve continu-
ous cell proliferation, which cannot be maintained under fasting
conditions.!) Nutritional supply and intratumoral metabolism
are also controlled to a greater extend by the extracellular ma-
trix (ECM).* Upon IF, we saw a significant reduction in colla-
gen abundance (Figures 2M-0 and 4M-0), which may also con-
tribute to reduced tumor growth, since a lower collagen density
results in lowered activation of certain growth-promoting factors,
such as TGF-f and EGFR.[**! The finding of increased angiogene-
sis stands in contrast to reduced tumor growth upon IF. However,
this could be attributed to compensatory mechanisms induced
by nutrient-deprived tumor cells to maintain nutrient supply and
might not have a strong enough net effect to counteract growth
reduction. Notably, IF should not be considered as a stand-alone
therapeutic modality to suppress tumor progression in a clinical
setting, but rather as a neo/adjuvant treatment option to increase
the efficacy and tolerability of systemic drug therapy.®!

Upon IF, we achieved a fivefold increase in tumor liposome
uptake in the subcutaneous model, and a 2.5-fold increase in the
intrahepatic model (Figures 1F-I and 41-P). These results, in line
with previous reports showing increased efficacy upon fasting,
make IF an attractive approach to combine with nanomedicine
therapy. At the tumor cell level, a contributing factor to increased
liposome accumulation appears to be increased liposome in-
ternalization, given that forskolin treatment-mimicking fasting
prominently promoted Hep-55.1C and Hepal.6 hepatoma cell
uptake (Figure 3B,C,F-I).[’] Concurrent inhibition with nystatin
decreased uptake to levels below baseline (Figure 3D,E,]-M), im-
plicating caveolae-mediated endocytosis as the primary mech-
anism of fasting-induced uptake in vitro. At the tumor tissue
level, we found that IF induced angiogenesis and reduced ECM
deposition. It has been shown that during wound healing fast-
ing facilitates neovascularization through upregulating proangio-
genic genes.’] This aligns with our findings that vascular den-
sity, perfusion, and VEGFR2 expression were significantly in-
creased upon IF (Figures 2F-L and 4F-L), ensuring that drugs
and drug delivery systems enter and access tumors more effi-
ciently. We furthermore found that the percentage of pericyte-
covered blood vessels decreased (Figures 2] and 4]), which may
result in increased permeability and enhanced drug delivery sys-
tem extravasation.l¥”38] Considering that a dense ECM typically
acts as a barrier for nanoparticle penetration,['* we next stud-
ied collagen density in tumors and observed a significant reduc-
tion (Figures 2M,N and 4M,N). This may allow liposomes and
other nanomedicine formulations to penetrate deeper and dis-
tribute more homogenously. Lastly, we studied tumor-associated
macrophages (TAMs), which can act as a slow release reservoir
for nanomedicines.l3! IF did not change TAM infiltration and
polarization (Figures 2A-D and 4A-D), thus the retention com-
ponent of nanomedicine tumor accumulation appears to be un-
affected.

Since IF showed enhanced liposome accumulation, we also
studied its impact on treatment response. We observed a signif-

Small 2023, 19, 2208042

2208042 (10 of 13)

www.small-journal.com

icant reduction in tumor volume following treatment with free
Dox and Doxil in IF mice. Notably, during IF, we observed en-
hanced vascularization and reduced collagen deposition, which
likely promoted the tumor accumulation of both chemotherapeu-
tic drugs. Combining IF with Doxil treatment resulted in a sig-
nificantly greater reduction in tumor growth as compared to IF
plus free Dox. This finding was corroborated by an increased rate
of cell death in tumors following Doxil treatment in IF mice, sug-
gesting a synergistic effect of combined nanotherapy and inter-
mittent fasting.[* Taken together, these results support the hy-
pothesis that the modulation of angiogenesis and collagen in-
duced by intermittent fasting constitutes a key enabling factor
in the overall enhancement of nanochemotherapy efficacy.3%40]

Earlier reports indicate that caloric restriction, including inter-
mittent fasting, has a mitigating effect on chemotherapy-related
side effects, positively impacting patient or subject well-being
during treatment.[*1*?] Consistent with these reports, our study
demonstrates a positive impact of IF during treatment, as mice
exhibited rapid recovery and improved body weight maintenance
throughout the duration of treatment. This improvement in
weight regulation during concomitant IF and Doxil therapy may
result from the reduced tumor growth combined with the im-
proved therapy response. These findings emphasize the potential
synergistic benefits of combining IF with nanotherapies, present-
ing an opportunity to improve cancer therapy in terms of their
efficacy as well as tolerability.

Our findings suggest that IF is a promising neo/adjuvant ad-
dition to treatment to help improve nanomedicine delivery and
potentiate therapy outcome. Strategies to improve tumor target-
ing that do not rely on stimuli-responsive materials and targeting
ligands have remained relatively elusive.l'”] Our TME priming re-
sults and efficacy enhancement suggest that IF may be a low-cost,
broadly applicable, and easily accessible strategy to boost drug de-
livery to HCC lesions. This is independent of whether they are
passively or actively targeted, and/or whether they rely on local
triggering of, e.g., temperature-sensitive liposomal drugs to en-
hance drug release.[?!] Importantly, the observed IF-induced in-
creases in vascularization and tumor perfusion, as well as the re-
duced collagen density contribute to the improvement of HCC
drug targeting and therapy. Altogether, we conclude that con-
comitant fasting primes tumors for better drug delivery and nan-
otherapy efficacy.

4. Experimental Section

Animals:  All mice were treated in accordance with the criteria of the
German administrative panels on laboratory animal care as outlined in
the “Guide for the Care and Use of Laboratory Animals” prepared by the
National Academy of Sciences and published by the National Institutes of
Health (NIH publication 86-23 revised 1985). All animal experiments were
approved by the appropriate German authorities (LANUV. North Rhine-
Westphalia).

Seven-week-old C57BL/6) male mice were purchased from Janvier Labs
(Le Genest-Saint-Isle, France) and housed in a specific pathogen-free en-
vironment (maximum four per cage), under standard 12-h light/12-h dark
cycles and at a temperature of 21-23 °C with a relative humidity of 35—
65%. After 7 d of acclimation, mice were initiated on tumor injection un-
der anesthesia. The tumor protocol was adapted from Wirtz et al. 2022.143]
The subcutaneous tumor was placed in the left flank upon hair removal.
Fasting began the following day. Due to surgery, mice with an intrahepatic
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tumor were given two days to recover before fasting therapy was applied.
Mice were randomly assigned to the respective groups, with 8—11 mice per
group. At the time of sacrifice, mice were anesthetized using isoflurane,
followed by cervical dislocation and organ removal.

Fasting Therapies: The protocol for fasting therapies was adapted from
Hatting et al. 2017,122] with slight modifications. Mice were treated with
two fasting therapies throughout the studies. On the evening of 0 d of
therapy (DOT), the intermittent fasting (IF) group was initiated to fast for
12 h every night during the active phase. In the evening, after 20 DOT, the
short-time fasting (STF) group was fasted once. The control group was
treated ad libitum. In all cases, mice have changed between two cages al-
ternatively. In the fasting cage, no food was added, but drinking water was
always supplied. In order to reduce autofluorescence, especially in the gas-
trointestinal region, and thus improve fluorescence imaging, the animals
were fed a specific chlorophyll-free diet (Sniff, E15051, Soest, Germany).
The body weight and condition of the animals were observed daily.

Chemotherapy: Mice were divided into a control and IF group. Eleven
days post-tumor inoculation, chemotherapy was administered i.v. twice a
week over a three-week period. Chemotherapy consisted of either a control
saline solution (NaCl), free doxorubicin (Dox), or liposomal doxorubicin
(Doxil). A dose of 5 mg kg ™" of doxorubicin was administered per injection.
All injections were performed under anesthesia.

Imaging Protocol:  Tumor growth was evaluated in weekly scans using
either uCT (subcutaneous tumor) or a 7-T MRI scanner (BioSpec 70/20
USR; Bruker, Ettlingen, Germany) with a transceiver mouse volume coil.
Mice were imaged according to a representative MRI protocol:l'] localiza-
tion of liver by transversal T1-RARE sequences,?] T2-weighted spin echo
liver MRI with respiratory gating. Analysis of MRI scans was performed
with the ParaVision 6 software (Bruker, Billerica, USA).

For the dehairing of the abdomen and imaging procedures, mice were
anesthetized using isoflurane (Forene, Abbott, Wiesbaden, Germany) in
oxygen-enriched air using a vaporizer. Eyes were protected with bepan-
then eye ointment (Bayer Vital GmbH, Germany) from desiccation. For
intravenous injection, a sterile catheter was placed into the lateral tail vein
of the mouse. The catheter was prepared beforehand by connecting a 30
G cannula (B.Braun, Melsungen, Germany) to a polyethylene tube with an
inner diameter of 0.28 mm and outer diameter of 0.61 mm, and a wall
thickness of 0.165 mm (Hartenstein, Wiirzburg, Germany). Mice were i.v.
injected with Cy7-labeled liposomes (2 nmol dye content; in 50 uL 0.9%
NaCl sterile solution) for quantifying the biodistribution and tumor ac-
cumulation. Each mouse was scanned before injection and 0.25, 4, 24,
48, and 72 h post-injection (subcutaneous model). In the intrahepatic
model, Imeron 400 MCT (Bracco Imaging GmbH, Germany) was i.v. in-
jected 4, 24, and 72 h post-injection with a dose of 5 mL kg“ BW. The
mice were placed in an animal cassette which holds the animal tightly be-
tween two acrylic glass plates (3 mm thickness). The pCT-FLT device (U-
CT Ol, MlILabs B.V., Utrecht, The Netherlands) used in this study, consists
of a cooled CCD camera (—65 °C) in combination with a high-resolution
uCT. First, the animal holder was automatically moved to the front of the
device between FLT laser and cooled CCD camera. For scanning, a laser
with 730 nm wavelength and an emission filter (775 nm + 25 nm) were
used to acquire excitation and emission images of ~#130 laser points. After
acquiring the FLT scan, the animal holder was automatically moved to the
CT to acquire a total body uCT scan. In a full-rotation in step-and-shoot
mode, 480 projections (1944 x 1536 pixels) were acquired with an X-ray
tube voltage of 55 kV, power 0.17 mA, exposure time of 75 ms, and low-
dose (x0.1 Gy/whole body scan). To cover the entire animal, two subscans
were acquired. After uCT-FLT imaging, organs were excised and scanned
by 2D reflectance imaging at 750 nm excitation wavelength (FMT 4000,
PerkinElmer, Waltham, MA, USA). After the last CT-FLT scan, the animals
were sacrificed, and organs were excised for ex vivo evaluation.

Two-Photon Laser Scanning Microscopy:  Unstained 100 um thick cryo-
sections were imaged via two-photon laser scanning microscopy (TPLSM)
using a Leica Stellaris 8 Dive Falcon multiphoton microscope equipped
with a 25x/1.00 HC IRAPO water-immersed objective (Leica Microsys-
tems, Germany) to assess collagen content. To visualize second harmonic
generation of collagen, emission was detected using the HyD NDD2
hybrid-detector tuned to an emission range of 390-420 nm, following ex-
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citation by a pulsed InSight X3 dual laser (Spectra Physics, United States)
tuned to 800 nm. A series of subsequent 1024 x 1024 pixel xy-stacks were
imaged in 1.5 um z-steps and constructed into a maximal projection. 3D
reconstruction and image processing was conducted using Leica LAS X 3D
(Leica Microsystems, Germany) and Imaris (Bitplane, Switzerland) soft-
ware.

Image Analysis:  All acquired 3D uCT images were reconstructed at an
isotropic voxel size of 80 um using a Feldkamp type algorithm (filtered
backprojection). 3D organ segmentations were generated based on the
uCT data using interactive segmentation operations (Imalytics Preclini-
cal, Gremse-IT GmbH, Aachen, Germany). Segmentations of heart, lungs,
liver, spleen, kidneys, and tumor were generated for all mice at all points in
time. For calibration, the fluorescence signal in the entire animal in the FLT
scans directly after injection was used to generate a scale factor and con-
centrations (%ID g~') were computed by assuming density of 1 g cm~3
for each voxel.[#4]

Liposomes: Liposomes were prepared by ethanol dilution.[45:46]
Briefly, 0.246 x 10=3 m DPPC (Lipoid, Germany), 0.133 x 1073 m Choles-
terol (SigmaAldrich, Germany), and 0.02 x 1073 m PEG (2000)-DSPE
(Lipoid, Germany) were diluted in 10 mL Chloroform (AppliChem, Ger-
many) together with 0.75 x 107° m Cy7-DPSE or Cy5.5-DPSE (AvantiPo-
larLipids, United States). Under a low vacuum at 70 °C, the solution was
dried for 1 h in the rotary evaporator. Then, 10 mL PBS was added and
stirred without vacuum at 70 °C. To extrude, liposomes were filtered twice
at 200 nm, three times 100 nm (Liposofast LF-50; Avestin, Germany), and
sterilized with a 0.2 um syringe filter. Characterization was performed with
DLS (Zetasizer Nano; Malvern, UK) and a plate reader (M200pro; Tecan,
Switzerland) for fluorescence.

Histology and Immunohistochemistry:  After collection, tissue speci-
mens were immediately embedded in Tissue-Tek. Tissues were cut into
8 um-thick sections by using a cryotome (CM3050S, Leica Biosystems,
Germany). Slides were air-dried for 30 min at RT. Stainings for vessel for-
mation, macrophage accumulation, and Collagen1 abundance were per-
formed according to Biancacci et al. 2022.144] VEGFR2 and PEG stainings
were performed with the respective primary and secondary antibodies.
Briefly, the tissue slides were washed three times 1 min in phosphate-
buffered saline (PBS) and fixed for 5 min in 80% Methanol (Honeywell
Research Chemicals, 10 163 383), followed by 2 min in ice-cold Acetone
(Honeywell Research Chemicals, RD32201). Then, the slides were washed
three times for 5 min in PBS and blocked for 45 min using 12% bovine
serum albumin (BSA; SigmaAldrich, A7030) or the Biotin/Avidin kit (PEG
staining; Abcam, ab64212). After another washing step, primary antibod-
ies were incubated at 4 °C overnight in a humidity chamber. Samples were
washed thoroughly in PBS and then incubated with the secondary anti-
bodies for 1 h in a humidity chamber. After incubation, sections were
rewashed thoroughly in PBS. Finally, sections were mounted in a DAPI
(Prolong Gold antifade reagent with DAPI; Invitrogen, P36935) mounting
medium to counterstain nuclei. Matched images were taken with the same
exposure and were processed and analyzed identically with the Axioscope
5 (Zeiss, Germany).

The primary antibodies used were PEG (1:100, Abcam, ab53449),
CD31 (1:100, Abcam, ab28364), aSMA (1:100, Progen Biotechnik,
BK61501), Collagen1AT (1:100, BioRad, 2150-1410), F4/80 (1:100, Abcam,
ab111101), CD206 (1:100, Acris, SM1857P), and VEGFR2 (1:20, R&D Sys-
tems, AF644). As secondary antibodies Alexa Fluor 488 (1:200, Invitrogen,
A21208) was used for Collagen1A1, CD206, and VEGFR2 staining. For
F4/80 stainings, Alexa Fluor 594 (1:200, Invitrogen, A21207) was used.
Cy2 (016-220-084) was used for PEG and aSMA, and Cy5 (712-175-153)
for CD31 stainings (1:500, Dianova). The analysis of TUNEL* apoptotic
cells was performed using the TUNEL kit from Roche (11684 795 910).

In Vitro Uptake Studies: Hepal.6 and Hep-55.1C cells were purchased
from American Type Culture Collection (ATCC) and maintained under
standard cultivation conditions (37 °C, 5% CO2) in Dulbecco’s modi-
fied Eagle’s medium (DMEM; w: 4.5 g L' Glucose, w: L-Glutamine, w/o:
Sodium pyruvate, w: 3.7 g L= NaHCO3, PAN-Biotech, P04-03550) sup-
plemented with 10% fetal bovine serum (FBS, PAN-Biotech, P40-37500)
and 1% Penicillin-Streptomycin (SigmaAldrich, P4333). Cells were pas-
saged when reaching confluency of 80% using Trypsin (Hepal.6; Trypsin
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EDTA+, Thermo Fisher Scientific, 25300096) or Accutase (Hep-55.1C;
Gibco, A1110501). In all studies, cells were seeded into 12-well plates
(Greiner Bio-one, Germany) with 0.1 x 108 cells/well and allowed to at-
tach over 24 h. All experiments were performed with at least two technical
and three biological replicates.

For the immunofluorescence imaging analysis of in vitro uptake stud-
ies, the cell lines Hepal.6 and Hep-55.1C were seeded on coverslips
(Thermo Scientific, Germany). The next day, cells were stimulated with
10 x 107® m forskolin (diluted in DMSO, Sigma-Aldrich, F6886) for
another 24 h. Inhibitory studies were based on Macia et al. 2006 for
Dynasore,[*’] Vercauteren et al. 2010 for Genistein,[*®] Yang et al. 2017 for
nystatin,[28] or Dutta et al. 2012[4°] for Pitstop2. Briefly, cells were washed
three times with 1 mL of PBS, and 1 mL of media supplemented with the
respective inhibitor was added. All inhibitors were diluted in DMSO. Con-
trols were either nonsupplemented media or media supplemented with
DMSO (AppliChem, A3672,0250). When combining forskolin with nys-
tatin incubation, cells were first incubated with forskolin for 24 h, and after
washing three times with 1 mL PBS, nystatin was added. After incubating
each respective stimulant, cells were washed three times with 1 mL PBS,
and 5 x 1072 m of Cy5.5-labeled liposomes were added for 24 h. The next
day, cells were washed thoroughly three times with 1 mL of PBS and fixed
for 15 min with 4% paraformaldehyde (PFA; ThermoFisher, |19943.K2). Af-
ter another washing step, the cells were mounted in DAPI to counterstain
nuclei and kept at 4 °C until image acquisition.

For the flow cytometry analysis of in vitro uptake studies, the cells were
pretreated with stimulants as described in the immunofluorescence imag-
ing analysis. After incubating each respective stimulant, the cells were
washed three times with 1T mL PBS, and 10 x 10~° m of Cy7-labeled lipo-
somes were added for 1 h. Then, the cells were washed three times with
1 mL PBS and 250 pL trypsin-EDTA was added for 3 min. The cells were
harvested with 500 uL medium and centrifuged for 10 min, 12000 g, 4 °C
(Centrifuge 5242R, Eppendorf). The pellet was resuspended in 250 pL cold
PBS. Cells were sorted with a fluorescent-activated cell sorting analyzer
(FACS; BD FACSCanto Il System). Using the FlowJo v10 software, single
cells were gated, and the APC-Cy7 positive cells were calculated using the
median of fluorescent intensity (MFI).

Statistics:  All experiments were performed at least three times inde-
pendently if not stated otherwise. Data were quantified using the software
linked to the indicated instruments and validated in GraphPad Prism 9
(San Diego, CA, USA). Statistical significance was assessed using Stu-
dent’s t-test, OneWay, or TwoWay analyses of variance (ANOVAs) followed
by multiple comparisons and Mann-Whitney tests wherever appropriate.
Statistically significant differences were determined as described in the
figure legends.
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