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Oral Immunotherapy Reshapes Intestinal
Immunosuppression via Metabolic Reprogramming to

Enhance Systemic Anti-Tumor Immunity
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Wang Jia, Chunru Wang,* and Mingming Zhen*

Tumor immunotherapy offers a new paradigm to treat cancer; however, the
existing regimens are accompanied by the dilemma of insufficient therapeutic
outcomes and off-target adverse effects. The intestinal immune system
contains a bulk of immune cells, which can be important contributors to the
maintenance of systemic immune homeostasis. However, manipulating
intestinal immunity to achieve systemic anti-tumor immunity is extremely
challenging. Here, an oral immunotherapy strategy is reported using
immune-enhancing fullerenes (IEF) that can reinvigorate anti-tumor immunity
via immune cell-metabolic reprogramming of intestinal immune cells.
Findings show that IEF can remodel anti-inflammatory macrophages into
tumor-killing macrophages by regulating the energy metabolism pathway
from oxidative phosphorylation (OXPHOS) to glycolysis. Consequently, IEF
can reprogram the immunosuppressive intestinal immunity and enhance sys
temic immunity in vivo, thereby boosting anti-tumor immunity and converting
“cold” tumors into “hot” tumors. Oral immunotherapy strategy, modulating
autoimmune cells in the intestine and achieving systemic anti-tumor
immunity, can ensure safe and efficient tumor immunotherapy.

1. Introduction

Tumor immunotherapy has been widely
used in clinical trials by enhancing the
body’s intrinsic immune system for killing
tumors.['l  Currently, the representative
therapies mainly include adoptive cell
therapy (ACT) and immune checkpoint
blockade (ICB), which greatly improve the
survival rate of most patients with cancer.
ACT provides autologous or allogeneic
T cells, edited and expanded in vitro, to
patients with cancer.’>] However, it has
limited therapeutic effects in solid tumors
and its operation steps are tedious.[“®/ On
the other hand, ICB blocks the immuno-
suppressive pathway of T cells or tumor
cells and enhances the systemic anti-tumor
immune response.>’] However, it is less
effective in patients with immunosuppres-
sive “cold” tumors, which have low levels of
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antigen-specific T cells at the tumor site.[®!

Both ACT and ICB are commonly associ-

ated with serious immune-related adverse
events. Thus, novel tumor immunotherapy strategies for enhanc-
ing tumor immune response with high efficiency and safety need
to be explored urgently.

The mucosal immune system is the largest immune tissue
in the body. The intestinal mucosa contains a large number of
lymphocytes (70% of the total lymphocytes in the body) and
intrinsic immune cells, playing a crucial role in systemic im-
mune homeostasis.’! Particularly, the immune cells in the gut
have contact with the whole body through the peripheral blood
system or lymphatic system.'% This offers the possibility to
modulate immune cells at the intestinal site, thereby achiev-
ing systemic immune regulation. Normally, intestinal tissues se-
crete a bulk of anti-inflammatory factors in order to resist the
complex microenvironment of the gastrointestinal tract (com-
mensal microorganisms, food, pathogens, etc.), resulting in the
formation of an immunosuppressive microenvironment in the
intestine.'%!! Hence, activating immune cells in the intestine
and reshaping the intestinal immunosuppressive microenviron-
ment might enhance the body’s immunity and provide a new
strategy for tumor immunotherapy.

Accumulating studies show that the specific energy meta-
bolism of immune cells controls their growth, differentiation,
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IEF reshape intestinal immunosuppression via metabolic reprogramming to enhance systemic anti-tumor immunity. a) Immunosuppressive

microenvironment in intestine and tumor. b) |IEF activate immunity via immune-metabolic reprogramming.

and activation.['> In particular, tumor-killing immune cells,
including M1-type macrophages, neutrophils, and cytotoxic T
cells, mainly rely on a glycolytic metabolism to rapidly generate
energy. While anti-inflammatory M2-type macrophages and
resting dendritic cells (DC) follow an oxidative phosphoryla-
tion (OXPHOS) metabolism pattern,[!2147161 polarization of
M2 to M1 macrophages can be facilitated by regulating the
metabolic dynamics of M2-type macrophages. Overall, we can
regulate cellular metabolic dynamics to activate immune cells
in the intestine and remodel the intestinal immunosuppressive
microenvironment.

To achieve these goals, we explored oral immunotherapy to
reshape the intestinal immunosuppressive microenvironment
and enhance systemic anti-tumor immunity via metabolic re-
programming (Figure 1). We used fullerene, which can activate
immune cells,['’] as the key ingredient, mixed with some phar-
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maceutical excipients to design immunoenhancement fullerenes
(IEF) for oral administration. For the first time, we demonstrated
that IEF could convert tumor-promoting immune cells with OX-
PHOS metabolism into anti-tumor type immune cells with
glycolytic metabolism by diminishing OXPHOS. In zebrafish
and mouse xenograft tumors, IEF exhibited notable anti-tumor
and anti-metastasis effects. In addition, IEF could act directly
on the gut, rebuild the immunosuppressive microenvironment
in the intestine, and enhance the systemic immune function
of the body. Subsequently, the robust immune response in the
tumor was greatly enhanced, achieving excellent tumor-killing
effects without significant immune-related side effects. The oral
immunopotentiator was validated to have a high potential for
clinical translation in tumor immunotherapy by modulating
its own immune cells to achieve safe and efficient anti-tumor
effects.
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2. Results and Discussion

2.1. Formulation, Characterization, and Macrophage Polarization
Function of IEF

IEF was prepared by mixing C, fullerene powders, silicon diox-
ide (Si0,), co-polyvidone (PVP/VA), microcrystalline cellulose
(MCC), and other pharmaceutical excipients, and pressed into
tablets (Figure S1, Supporting Information). For ease of admin-
istration on cells and mice, IEF was dispersed in water to form
a dispersion (Figure 2a). We used transmission electron mi-
croscopy (TEM) and atomic force microscopy (AFM) to observe
the morphology and size of IEF. IEF suspension was found to
have irregular spheroids with a size of 1.5 + 0.5 um (Figure 2b,c).
To investigate the cytotoxicity of IEF, we co-incubated IEF with
cells, such as IEC-6, L02, and HUVEC for 24 h and assayed
their cell viabilities using a cell counting kit-8 (CCK-8). IEF was
demonstrated to not be significantly toxic to normal cells (Figure
S2, Supporting Information).

Next, we investigated the effect of IEF on macrophage polar-
ization in vitro. Flow cytometry results revealed that RAW264.7
cells (murine macrophage leukemia cells, RAW) showed a no-
table increase in M2-type macrophages (F4/80* CD206%) af-
ter interleukin-4 (IL-4) stimulation. Following co-incubation of
IEF, M2-type macrophages were found to be significantly de-
creased (Figure 2d,e). Subsequently, we confirmed the influ-
ence of IEF on macrophages by western blot (WB). RAW cells
were incubated with IEF, and protein expression of representa-
tive markers, including M2-type macrophage marker (CD206)
and M1-type macrophage markers 81 (CD86 and inducible
nitric oxide synthase (iNOS)), was detected. The results sug-
gested that IEF significantly reduced the protein expression of
CD206, and increased the protein expression of CD86 and iNOS
(Figure S3, Supporting Information). In M2-type macrophages,
IEF could reduce the protein expression of M2-type macrophage
markers and enhance that of M1-type macrophage markers
(Figure 2f). The results collectively indicated that IEF could re-
model both RAW 264.7 cells and M2-type macrophages to M1-
type macrophage transformation. Observation of the morphology
of M2 macrophages after co-incubation with IEF, by transmis-
sion electron microscopy (TEM), revealed that IEF affected the
morphology and number of mitochondria in M2 macrophages
(Figure 2g). Besides that, IEF decreased the ratio of red fluo-
rescence of JC-1 (a mitochondrial membrane potential detection
probe) to green fluorescence, suggesting that its incubation with
IEF greatly reduced the mitochondrial membrane potential and
affected the mitochondrial function of M2 macrophages (Figure
S4, Supporting Information). Since mitochondria serve as the
main site of cellular oxidative phosphorylation metabolism, re-
ducing the number of mitochondria would reduce intracellular
energy production and thus affect cellular function.[121°]

2.2. Proteomics Profile of M2-Type Macrophages Treated with IEF

To further confirm the mechanism of macrophage polarization
by IEF, we performed quantitative proteomics using the tandem
mass tag (TMT) to detect the differential proteins between M2-
type macrophage (M2) and M2-type macrophages treated with
IEF (M2+1EF) groups (Figure 3a). We found 153 differential pro-
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teins (fold change >1.2 or <0.8, p-value < 0.05) by Gene Ontol-
ogy (GO) enrichment analyses, including biological process (BP),
cellular component (CC), and molecular function (MF). The re-
sults of BP analysis showed the differential proteins to be primar-
ily enriched in interleukin-12 production and cellular response
to interferon-alpha, which were involved in immune-related
pathways. The others were enriched in mitochondrial electron
transport from Nicotinamide adenine dinucleotide (NADH) to
ubiquinone, mitochondrial respiratory chain complex [ assem-
bly, and mitochondrial ATP synthesis coupled proton transport,
which were associated with the mitochondrial oxidative phospho-
rylation pathway (Figure 3b). In addition, CC and MF analyses
showed the differential proteins to be mainly concentrated in
the mitochondrial respiratory chain and Toll-like receptor bind-
ing and NADH dehydrogenase activity, respectively (Figure 3c,d).
Further, we analyzed the differential proteins in the Kyoto En-
cyclopedia of Genes and Genomes (KEGG) pathway and found
them to be predominantly gathered in oxidative phosphoryla-
tion, Toll-like receptor signaling pathway, Fc gamma R-mediated
phagocytosis, and NF-kappa B signaling pathway (Figure 3e).
To further analyze the close relationship across the differential
proteins and identify the core differential proteins, a protein—
protein interaction network (PPI) was used. Twenty-seven pro-
teins were screened out with a high confidence of 0.7, and dis-
connected nodes were rounded off, being further divided into two
clusters, including immune response and oxidative phosphoryla-
tion (Figure 3f). These differential proteins were then expressed
separately in the form of heat maps (Figure 3g). The differen-
tial proteins assigned to immune response were all found to be
increased in M2-type macrophages after being co-cultured with
IEF. As for the oxidative phosphorylation pathway, IEF was found
to reduce the expression of oxidative phosphorylation-related pro-
teins in M2-type macrophages.

2.3. IEF Reprogrammed Macrophage Metabolism

Based on the proteomics profiles, we further monitored the cellu-
lar metabolism of mitochondrial oxidative phosphorylation in the
M2-type macrophages affected by IEF using a Seahorse XFe96
cell energy metabolism analyzer. Mitochondrial oxidative phos-
phorylation was assessed by oxygen consumption rate (OCR)
after treatment with an ATP synthase inhibitor (oligomycin),
H* ionophore (the cyanide p-trifluoromethoxyphenyl-hydrazone
[FCCP]), and electron-transport chain inhibitor (rotenone and
antimycin A, Rot/Ant A, Figure 3h). Results revealed that IEF
treatment significantly diminished the basal respiratory, total
ATP production, and maximal respiratory capacity of mitochon-
dria in M2-type macrophages accompanied by increased proton
leak, which coincided with the above result of IEF incubation
remarkably reducing the mitochondrial membrane potential
(Figure 3i,j; Figure S4, Supporting Information). Furthermore,
glycolysis capabilities, another type of metabolism in the cell, in
M2-type macrophages were evaluated and presented as the extra-
cellular acidification rate (ECAR)*?! (Figure 3k). Results showed
that IEF notably enhanced the glycolysis, glycolytic capacity,
and glycolytic reserve of M2-type macrophages (Figure 3l,m).
Additionally, the rates of ATP production by mitochondrial ox-
idative phosphorylation and glycolysis were detected (Figure 3n).
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Figure 2. Synthesis, characterization of IEF and macrophage polarization in vitro. a) Photographs of IEF in water. b) TEM image of IEF. Scale bar, 500 nm.
c) AFM image of IEF. Scale bar, 400 nm. d) Schematic diagram of co-incubation of IEF with M2-type macrophages. e) Representative flow cytometric
analysis of CD206 in CD11c* F4/80" cells and corresponding quantification results in different group (n = 4, RAW group is RAW 264.7 cells). f) The
protein expressions of M2 marker (CD206), and M1 markers (CD86, iNOS, and IFN-y) in M2-type macrophages before and after co-incubation with IEF
(n = 3). g) The TEM image of M2 macrophages and the M2 macrophages after co-incubation with IEF (red arrows, mitochondria. blue arrows, IEF).
Scale bar, 2 um (top) and 400 nm (bottom). The data are shown as the mean =+ s.d. Student’s t-test, “p < 0.05, “p < 0.01, **p < 0.001.

Adbv. Sci. 2023, 10, 2302910 2302910 (4 of 16) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE

www.advancedscience.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a b BP g
Cell Peptide ~ HPLC  Analyse interleukin-12 production M2 M2+IEF
itochondrial electron transport, NADH to ubiqui P oh
P mitochondrial electron transport, 0 ubiquinone ° -log10 Jmmune response
{ z‘é‘g ] mitochondrial respiratory chain complex | assembly P .
— mitochondrial ATP synthesis coupled proton transport ° 7.8 &score
cellular response to interferon-alpha ) Celd 1.2
| I I positive regulation of nitric oxide biosynthetic process ° 25 Slc15a3
positive regulation of superoxide anion generation . Eouit Ptgs2
positive regulation of macrophage cytokine production . ozun
— leukocyte cell-cell adhesion| - . b Clec4d 08
- tumor necrosis factor production . Emr1 :
= regulation of immune response ° ®6 Cd40
Protein  Label Mass spectrum intereukin-6 production 5 2 === Ifit1
Fold Enrichment Lirb4 0.4
c cc d MF 23';6
mitochondrial respiratory chain ® |PValue Toll-like receptor binding e | P Value
complex | respiratory chain ° -log10 NADH dehydrogenase activity ° -log10 Tir2
membrane raft| e NADH dehydrogenase (ubiquinone) activity ™ Fcgr2b
mitochondrial inner membrane | e 10 pattern recognition receptor activity | - 6 Slc2a1
receptor complex| - 4 iron, 4 sulfur cluster binding | e 4 Mpea1
external side of plasma membrane | o 5 beta-amyloid binding | e 2 peg
apical plasma membrane | - Bount iron-sulfur cluster binding | e Count Spp1
cell surface | e 03un non-membrane spanning protein tyrosine | - .0 Fabp5
mitochondrion |e . kinase activity  phosphotyrosine binding | - . Plak
cytoplasmic vesicle | e *6 integrin binding | e o6
intracellular membrane-bounded |e 9 signaling receptor activity | e Syk
organelle Golgi apparatus |e transmembrane transporter activity | e Itgh2
0 50 100 0 200 400 1fit3
Fold Enrichment Fold Enrichment
e KEGG Oxidative phosphorylation
Oxidative phosphorylation ° z score
Toll-like receptor signaling pathway ° Ndufs5 1.50
Fc gamma R-mediated phagocytosis L I
NF-kappa B signaling pathway o Ndufa13 125
C-type lectin receptor signaling 2 ’
pat¥1way Phagosome 1 Ndufs8 I
Alzheimer disease ° Ndufs7 ®1.00
Lipid and atherosclerosis ° Ndufs2
Neutrophil extracellular trap formation s
Metabolic pathways| e Ndufa10
0 10 20 ) oxidati i
Fold Enrichment O Immune response » Oxidative phosphorylation - Ndufa8
Oli i FCCP  Rot/AntA Ol i FCCP  RotAntA M2
R IQOmY(EJIn OE ni _ 800 lgorrilYCIn . 0 / il ﬁ600 - L M2+IEF
G i ; B o ; i £ T kkx
= i i ] = —3—4 i =S 400 :
£ : [ Maximal | g 400+ S g * %
£ BRasal espiration = - I ] 2 200 —
% | Respiration: j % 200 i - ! &
o Proton Leak o 5 i R o -
T - : : 0 T T T T
5 . G 2 K
Time (minutes; 0 20 40 60 80 252 pctio” iation Le?
" ¢ ) I Time (minutes) L prod - Res?™® prot”
m Max
= Gluc::ose Oligon:wcin 2-;DG __ 240 Glucqse Oligomycin 2.-DG 240
e i i i £ i ] ; E * % %
£ i\ Glycolytic £ . £
T i/ Glycolytic: \ Reserve 5 160 1 Y I 5 150 A%
£ ; | Capacity | £ i S EEE| E = * %
| " : ¢ 80 AT T x 804 - — =
< lycolysis: ] < YA i \ <C
I3) i 9] —s—i : = O
w w o 4 — T ——— w o 4 — T T ~e
; i 20 40 60 80 WsiS acty . Res®
cO :
Time (mirjutes) Time (minutes) ey o cotic GaP G\\;co\\l“c
N Oligomycin Rot/AntA o 800 Oligomycin  Rot/AntA p 250, Oligomycin  Rot/AntA q @ 4500 MitoATP
© glycoATP < 600 i g i i P2 . = glycoATP
S - £ 200 g § g 3000
w g S } g £
5 g 400 £ I 23
& _ % 560 o 150 o § 1500
8 mitoATP o = S &=
© 04 ; ; : , 21004 sy : . o
0 20 40 60 80 0 20 40 60 80 0

M2

Time (minutes) M2+IEF

Time (minutes) Time (minutes)

Figure 3. Analysis of quantitative proteomics and energy metabolism in M2-type macrophages treated with |EF. a) The schematic diagram of proteomics
in M2-type macrophages treated with IEF. b—d) GO annotation of differential proteins for BP (b), CC (c), and MF (d). €) Enrichment of differential proteins
on KEGG pathways. f) Interaction network analysis of differential proteins. g) Heat map of differential proteins expression. h) The schematic diagram of
OCR assessment by a Seahorse XFe96 cell energy metabolism analyzer. i) OCR of M2-type macrophages after IEF treatment. j) Corresponding calculated
parameters of mitochondrial respiration in M2-type macrophages after IEF treatment (n = 6). k) The schematic diagram of ECAR assessment. |) ECAR
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IEF was found to primarily reduce the rate of ATP production
by oxidative phosphorylation (mito-ATP) while they barely af-
fected the ATP production by glycolysis (glyco-ATP) in M2-type
macrophages (Figure 30-q) as well as in RAW cells (Figure
S5, Supporting Information). The results indicated that IEF
could affect macrophage mitochondrial function, diminish mi-
tochondrial oxidative phosphorylation, and enhance glycolysis
of M2-type macrophages and RAW cells, resulting in the repro-
gramming of M2 and RAW intracellular metabolism, inducing
their polarization toward M1-type macrophages.

2.4. Potent Antitumor Efficacy of IEF both in Zebrafish and in
Mouse Models

Considering the superior immune activation effect of IEF, we
investigated the anti-tumor effects of IEF both in zebrafish
and mouse models. For zebrafish tumor models, the fluores-
cent transfected human colon cancer cells HCT-116 were trans-
planted into perivitelline space (PVS),[?° and the anti-tumor and
anti-metastatic effects of IEF were evaluated (Figure 4a). Our re-
sults revealed that the fluorescence intensity in PVS after IEF and
5-fluorouracil (a chemotherapeutic agent) treatments was signif-
icantly decreased than in the controls (Figure 4b,c). In addition,
the distances migrated by tumor cells were calculated to eval-
uate the anti-metastatic effect of IEF. The latter was found to
significantly reduce the migration distance of tumor cells in ze-
brafish (Figure 4d). To investigate the anti-tumor effects of IEF in
mice, BALB/c mice bearing 4T1 murine breast tumors or CT26
colon tumors were established. When the tumor volume reached
100 mm?, mice were randomly grouped and administered IEF
by gavage twice a day. We collected the tumor growth curves
and assessed the anti-tumor efficacy of IEF by measuring tumor
weights at the end of the treatment. We observed that a high dose
of IEF (50 mg kg™!) had inhibition rates of 51.2% and 61.0% in
4T1 and CT26 tumor-bearing mice, respectively, without signifi-
cant changes in weight (Figure 4e-1; Figure S6, Supporting Infor-
mation). Hematoxylin and eosin (H&E) and Ki67 staining of tu-
mor tissues further confirmed the significant tumor-suppressive
effect of IEF in CT26 tumor-bearing mice (Figure S7, Supporting
Information). Further, no palpable lesions were seen in the main
organs, including the heart, liver, spleen, lung, and kidney, by
H&E staining, which indicated that [EF caused no obvious harm
to the body (Figure S8a, Supporting Information). Subsequently,
we gave high doses of IEF to KM mice to observe the acute toxi-
city of IEF. Results showed no significant change in body weight
and organ coefficient after [EF gavage, relative to thatin the saline
group. Based on these results, IEF was considered safe for admin-
istration (Figure S8b,c, Supporting Information). In addition, we
established a melanoma lung metastasis model in mice by inject-
ing B16-Luc melanoma cells in mice via tail vein and evaluated
the efficacy of IEF in inhibiting tumor metastasis (Figure 4m).
At the end of the experiment, the lungs of tumor-bearing mice
were collected and imaged by in vivo fluorescence imaging. We

www.advancedscience.com

observed that both the number and the fluorescence intensity of
melanoma in the lung prominently declined after IEF treatment
(Figure 4n). Moreover, the malignant melanoma cells were ob-
servably reduced by IEF (Figure 40). The above results collec-
tively indicated that IEF not only inhibited tumor growth and
metastasis significantly but also had no significant side effects
in mice.

2.5. IEF Remodeled the Intestinal Inmunosuppressive
Microenvironment

Before we explored the molecular mechanism of tumor treat-
ment by IEF, we studied the biodistribution of IEF in mice using
the liquid chromatography-mass spectrometer (LC-MS) to detect
Cy, contents in the main organs, blood, intestines, urine, and
excrement. [EF was not detected in the liver, spleen, lung, kid-
ney, blood, tumor, and urine, and was rather mainly distributed
in the intestinal contents, and excreted out after 12 h (Table S1
and Figure S9, Supporting Information). This indicated that IEF
could not be absorbed by the body Based on this, we speculated
that IEF inhibits tumors by primarily remodeling the intesti-
nal immunosuppressive microenvironment and activating the
intestinal mucosal immune system. Thus, we systematically in-
vestigated intestinal immunity in multiple ways.

Considering that the ileum plays an important role in mucosal
immunity,®?! we examined changes in the ileum before and af-
ter IEF treatment. H&E staining of the ileum of tumor-bearing
mice showed a significant reduction of goblet cells, which was
significantly restored after IEF treatment (Figure 5a,b). Gob-
let cells are mucus-secreting cells distributed between mucosal
columnar epithelial cells, whose main function is to synthesize
and secrete mucin and form a mucosal barrier. A decrease in gob-
let cells in the ileum of tumor-bearing mice resulted in decreased
mucus secretion and an impaired mucosal layer barrier. The Im-
paired mucosal layer barrier results in impaired immunity of the
intestinal mucosa, which occupies an important position in the
immune system of the organism. After treatment with IEF, there
was an increase in goblet cells in the ileum, which promoted
mucus secretion and restored the integrity of the mucosal bar-
rier. To further investigate the role of IEF in intestinal immune
function, we used proteomics to detect changes in all proteins
in the ileum after IEF treatment (Figure 5c). There were 88 dif-
ferential proteins with a fold change >1.2 or < 0.8 and p < 0.01,
overlapping in groups of normal versus control and control ver-
sus IEF treatment (Figure 5d). BP analysis revealed that the dif-
ferential proteins mainly participated in cell adhesion mediated
by integrin, integrin-mediated signaling pathway, immune re-
sponse, and positive regulation of cell migration (Figure 5e). Par-
ticularly, the differential proteins were significantly involved in
integrin complex according to CC analysis (Figure 5f). In ad-
dition, the differential proteins were principally related to im-
munoglobulin binding, collagen binding, and integrin binding
based on the MF analysis (Figure 5g). Subsequently, the KEGG

of M2-type macrophages after IEF treatment. m) Corresponding calculated parameters of glycolytic capacity in M2 macrophages after IEF treatment
(n = 6). n) The schematic diagram of ATP production rate assessment. o—q) The measurement flow and quantitative analysis of mitochondrial ATP
(mitoATP) production rate and glycolytic ATP (glyATP) production rate of M2-type macrophages after IEF treatment (n = 6). The data are shown as the

mean =+ s.d. Student’s t-test, “p < 0.05, ““p < 0.01, “*p < 0.001.
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Figure 4. Anti-tumor and anti-tumor metastatic effects of IEF in zebrafish and mice. a) Scheme illustrating of anti-tumor and anti-tumor metastasis by
IEF in zebrafish tumor xenografts models. b) Representative pictures of fluorescence images in PVS. ¢,d) Quantitative values of fluorescence intensity (c),
and migration distance of HCT-116 cells (d) (n = 8). e) Scheme of anti-tumor process by IEF in subcutaneous 4T1 mouse tumor models. f) Photographs
of tumors treated with different concentrations of IEF. Scale bar, 1 cm. g,h) Tumor growth curve (g), and tumor weights (h) of 4T1 tumor-bearing mice
(n = 8). i) Scheme of anti-tumor process by IEF in subcutaneous CT26 mouse tumor models. j) Photographs of tumors treated with IEF. Scale bar,
2 cm. k,I) Tumor growth curve (k), and tumor weights (I) of CT26 tumor-bearing mice (n = 8). m) Scheme of anti-tumor metastasis process by IEF in
melanoma lung metastasis mice models. n) Pictures and fluorescent imaging of mouse lung metastasis tumors obtained from day 21 (n = 5). o) H&E
staining of lung tumors. Scale bar, 2.5 mm. The data are shown as the mean + s.d. One-way ANOVA, “p < 0.05, ““p < 0.01, “*p < 0.001.

analysis yielded that the above differential proteins were mainly
enriched in complement and coagulation cascade, focal adhesion
in the regulation of actin cytoskeleton (Figure 5h). The differen-
tial proteins were further imported into PPI and classified into
two categories including integrin-related pathway and immune
response (Figure 5i). They are shown in a heat map, which re-
vealed that most integrin-related proteins as well as the immune-
related proteins were reduced in the ileum of tumor-bearing mice
than in the normal group and increased after treatment with [EF
(Figure 5j). To further identify the effect of IEF on these two cat-
egories of proteins in ileum, we performed the following experi-
ments, described below.

Adv. Sci. 2023, 10, 2302910

For integrin-related pathway, we observed that the node counts
ofintegrin 1 (Itgp1), integrin a5 (Itga5), integrin A6 (Itgf6), and
integrin a9 (Itga9) were obviously high (Figure 6a). Thus, we de-
tected the gene expressions of these in the ileum by quantitative
real-time polymerase chain reaction (QRT-PCR) and found that
all of them were reduced in the control group while being no-
tably enhanced after IEF treatment (Figure 6b). One of the im-
portant roles of integrin is to increase the adhesion between im-
mune cells and vascular endothelial cells, thus promoting the
recruitment of immune cells. Specifically, the very late activa-
tion antigen-4 (VLA-4, integrin a4f1) is a ligand for endothelial
vascular cell adhesion molecule-1 (VCAM-1), and participates in

2302910 (7 0f16) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 7. IEF treatment boost tumor immunity. a) Scheme of serum proteomics. b) Annotation of GO for BP in serum. c) Annotation of GO for MF in
serum. d) Heat map of differential expression proteins in serum (fold change, >1.2 or <0.8; p < 0.01, n = 3). €) Routine blood tests for WBC, including
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the recruitment and migration of lymphocytes and monocytes.[2?!

We examined the protein expression of VLA4 and its correspond-
ing ligand VCAM-1 in the ileum. Both were decreased in tumor-
bearing mice and increased after IEF treatments (Figure 6¢,d).
The immunofluorescence staining results of VCAM-1 were con-
sistent with the above conclusion (Figure 6e).

For immune response, we primarily detected the immune
state of ileum using macrophages as one type of representative
immune cells. Western blot results showed that the protein
expression of M1-type macrophage markers (CD86 and IFN-y)
were reduced in the ileum of tumor-bearing mice, and was
remarkably increased after IEF treatment (Figure 6f). Given that
the nuclear transcription factor-« B (NF-x B)-related pathway was
closely associated with M1-type macrophage polarization,!?}]
we examined the protein expression of phosphorylated IxB
kinase-a (p-IxBa, an inhibitor of NF-kB) and NF-xB. Results
revealed that the protein expression of p-IkBa was reduced
while that of NF-xB was enhanced by IEF treatment (Figure 6g;
Figure S10a, Supporting Information). The level of interleukin
12 (IL-12) that was secreted by M1-type macrophages was also
enhanced after IEF treatment (Figure S10b, Supporting Infor-
mation). Immunofluorescence images of CD86 were totally
consistent with the above results (Figure 6h). With the increase
and activation of M1 macrophages in the ileum, the number
of T cells were increased remarkably (Figure 6i,j). The above
results suggested that the M1-type macrophages in ileum were
significantly activated and the intestinal intrinsic and adaptive
immune states were notably improved by IEF. This indicated
that IEF could promote the adhesion and aggregation of im-
mune cells to the ileum, stimulate the activation of immune
cells, and rebuild the immunosuppressive microenvironment
in ileum.

2.6. IEF Treatment Boosted Systemic Immunity and Anti-Tumor
Immunity in “Cold” Tumor

Blood vessels are the key channels for the recruitment and
migration of immune cells to effector sites. To observe the
effects of [EF treatment on systematic immunity, we performed
proteomics of serum (Figure 7a). Results showed that the differ-
ential proteins of BP terms were enriched in cellular response
to interleukin-4, positive regulation of cell-substrate adhesion,
positive regulation of endothelial cell migration, phagocytosis,
B cell activation, and so on (Figure 7b). For MF terms, they
were enriched in immunoglobulin receptor binding, antigen
binding, and so on (Figure 7c). Accordingly, the differential
proteins were further classified into two categories. One was an
immune response, including immunoglobulin heavy constant
mu (Ighm), immunoglobulin heavy variable 9-4 (Ighv9-4), and
immunoglobulin heavy variable V14-3 (Ighv14-3). The other
category was cell adhesion and migration (CMA), including
activated leukocyte cell adhesion molecule soluble isoform
(Alcam), neural cell adhesion molecule 1 (Ncam1), and vascular

www.advancedscience.com

endothelial growth factor receptor (Flt4). A significant increase
in the two kinds of differential proteins was found in the IEF
treatment group than in the control group (Figure 7d). Routine
blood tests of mice showed that the number of white blood cells
(WBC) of the tumor-bearing mice was significantly reduced
relative to that of normal mice, and the number of neutrophils,
lymphocytes, and monocytes were also reduced. After IEF treat-
ment, the WBC counts of the mice returned to the normal level,
and the number of neutrophils, lymphocytes, and monocytes
were also increased (Figure 7e). All the above results indicated
that the systematic immunity was prominently boosted after
IEF treatment.

To determine the effects on immune status in CT26 “cold”
tumors after treatment with IEF, the proteomic profile of tu-
mor tissues was evaluated (Figure 7f). The proteins with a
fold change > 1.5 or < 0.5, and P < 0.01 were considered as
differential proteins, and 197 differential proteins were screened
out. Among them, 57 were primarily related to immunity, which
were imported into PPI to observe the close relationship across
the differential proteins. Twenty-three proteins were obtained
with a set of confidence score >0.7 and diffusion proteins were
removed (Figure S11, Supporting Information). The differential
proteins are shown in a heatmap (Figure 7g). We found that all
23 differential proteins were up-regulated after IEF treatment.
In addition, BP analysis of these differential proteins revealed
that IEF treatment mainly affected neutrophil aggregation,
positive regulation of inflammatory response, innate immune
response, and so on (Figure 7h). Accordingly, we validated cer-
tain key differential proteins in tumors by WB. The neutrophilic
granule protein (NGP), a negative regulator of tumor vascular
development, mainly expressed in neutrophil precursors,[?* was
observably increased by IEF treatment. Additionally, expression
of S100 calcium binding proteins A8 and A9 (S100A8 and
S100A9), which were involved in neutrophil aggregation and the
innate immune response,!®! was significantly enhanced after
IEF treatment. Further, the protein expression of cathelicidin
antimicrobial peptide (Camp, which participates in the defense
response to bacteria and in the innate immune response)!?%! was
also boosted after treatment by IEF (Figure S12, Supporting In-
formation). Subsequently, we determined the state of innate and
specific immunity in tumor tissues. Our results revealed that the
levels of M1-type macrophage-related markers, including CD86,
iNOS, IL-12, and IFN-y, were all increased after IEF treatment
(Figure 7i). The counts of intrinsic immune cells, including neu-
trophils (labeled by LY6G) and M1-type macrophages (labeled by
CD86), were notably enhanced by IEF treatment, as seen by im-
munohistochemical or immunofluorescent staining (Figure S13,
Supporting Information). In addition, the immunofluorescence
results revealed that anti-inflammatory M2-type macrophages
remarkably declined after IEF treatment. It was noteworthy that
the levels of cytotoxic T cells (including CD4*+ T cell and CD8*
T cell) were observably enhanced by IEF treatment (Figure 7j,k).
The results collectively suggested that both innate and acquired

staining for M 1-type macrophages (labeled by CD86) and M2-tpye macrophages (labeled by CD206) in tumor (n =5). MIF: mean immunofluorescence.
Scale bar, 150 um. k) Representative pictures and quantitative analysis of immunofluorescence staining for CD4* T cells and CD8" T cells staining in
tumor (n = 5). Scale bar, 150 um. Images were representative of four biologically independent mice in each group. The data are shown as the mean +

s.d. Student’s t-test, “p < 0.05, ““p < 0.01, “*p < 0.001.
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immunity in tumor tissues were remarkably enhanced after IEF
treatment.

3. Conclusion

In this study, we developed an oral immunotherapy primar-
ily based on fullerenes, to enhance anti-tumor immunity via
immune-metabolic reprogramming of intestinal immune cells.
Specifically, our study revealed for the first time that I[EF could
inhibit intracellular OXPHOS and promote its conversion to a
glycolytic metabolic mode, using macrophages as a representa-
tive. This induced the conversion of tumor-promoting immune
cells with OXPHOS as the main metabolic mode, such as M2,
to tumor-suppressive immune cells with glycolysis as the main
metabolic mode, such as M1. Compared to the technically de-
manding and expensive disadvantages of ACT, the use of IEF in
active immune cells is easy to operate, without causing severe
cytokine release syndrome.

Nanomaterials have the potential to alter drug pharmacoki-
netics and are often used as carriers for loaded small molecule
drugs,[#¢! which can enhance ICB therapy for oncology treat-
ment. However, their potential as a platform for antitumor im-
munity still suffers from serious immune-related side effects.
The innovative aspect of the current work, was that oral im-
munotherapy could act directly on the gut to activate a large num-
ber of immune cells, enhancing systemic immunity and achiev-
ing superior tumor-killing effects. Compared to other medicines
given intravenously, oral administration has a higher adherence,
can enhance intestinal and systemic immune responses,['!) and
has less side effects. Fullerene (as IEF) was found to be more
stable to resist the breakdown by gastric acids and intestinal di-
gestive enzymes, and could finally act on the ileum. It further
activated the intestinal immune cells, reshaped the intestinal im-
munosuppressive microenvironment, and greatly enhanced sys-
temic immunity. This promoted the adaptive immune response
mediated by CD4* T cells and CD8" T cells in the “cold” tumor,
enhancing the immunogenicity of the tumor site and convert-
ing it from a “cold” to “hot” tumor for superior tumor-killing ef-
fect. Such an oral immunotherapy for achieving tumor-killing ef-
fect by making full use of the body’s own immune cells did not
cause serious immune-related side effects. On the other hand,
compared to other nanomaterials, IEF showed great potential for
clinical translation, owing to their simple production process, the
absence of other by-products, and established large-scale manu-
facturing.

In conclusion, we presented a generalizable oral im-
munotherapy for tumor treatment. By modulating immune
cell metabolism to achieve remodeling of the intestinal im-
munosuppressive microenvironment and enhancement of
systemic immunity, IEF exhibited striking therapeutic benefits
in a variety of tumor models. The oral immunotherapy achieved
systemic immune enhancement by activating the body’s own
largest immune system, the mucosal immune system, avoid-
ing complex in vitro manipulations and immune-related side
effects. This could pave the way for the development of a
highly innovative and translational approach for tumor im-
munotherapy, and have implications in the treatment of other
immunosuppression-related diseases.

Adv. Sci. 2023, 10, 2302910
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4. Experimental Section

Synthesis and Characterization of IEF:  |EF were synthesized as follows:
Cgo, silicon dioxide (SiO,), co-polyvidone (PVP/VA), microcrystalline cel-
lulose (MCC), and other pharmaceutical excipients in the mass ratio of
20:50:7:3:20. SiO, was an excellent flow promoter, which could increase
the inter-particle mobility during mixing for a more homogeneous mix. Co-
polyvidone represented were water-soluble organic polymer compounds
that were linear copolymers of N-vinylpyrrolidone (NVP) and vinyl acetate
(VA), and was used to increase the adhesion between the particles in the
mixing process. MCC was an excellent emulsifier and disintegrating agents
that could promote the rapid disintegration of IEF after oral administra-
tion, releasing the active ingredient Cg to play the corresponding role.
The above materials were mixed well in a certain ratio and pressed into
tablets by the ZP5A Rotary Tablet Press (Shanghai Tianhe Pharmaceutical
Machinery, China) for easy storage and oral administration. In this experi-
ment, |IEF were dissolved in water in order to facilitate their administration
into cells and mice. The morphology and size of IEF were characterized by
TEM (Tecnai Spirit, FEI, USA) and AFM (MultiMode 8-HR, Bruker, Ger-
many).

Cell Culture: Intestinal epithelial cells (IEC-6), human liver normal
cells (L02), human umbilical vein endothelial cells (HUVEC), RAW 264.7
macrophages, human colon cancer cells (HCT116), mouse breast can-
cer cells (4T1), mouse colon cancer cells (CT26), and mouse melanoma
cells (B16-luc) were purchased from the Institute of Basic Medical Sci-
ences, Chinese Academy of Medical Sciences (China). IEC-6, L02, and
HUVEC were cultured in DMEM with 10% (v/v) FBS, 1% (v/v) penicillin
(100 ug mL™"), and 1% (v/v) streptomycin (100 ug mL~") in an incubator
with 5% CO, at 37 °C. RAW 264.7 macrophages were cultured in DMEM
containing 10% FBS at 37 °C in an incubator containing 5% CO,. 4T1,
CT26, and B16-luc cells were cultured in RPMI-1640 medium with 10%
(v/v) FBS, 1% (v/v) penicillin (100 ug mL™"), and 1% (v/v) streptomycin
(100 pg mL=") in an incubator with 5% CO, at 37 °C.

Cytotoxicity Testing:  1EC-6, L02, or HUVEC cells were seeded in 96-well
plates at a density of 5 x 10%. After the cells were attached to the wall, dif-
ferent concentrations of IEF were added separately and incubated for 24 h.
Finally, 100 uL of CCK solution was added to each well and the absorbance
at 450 nm was measured after 1h of incubation.

Macrophage Culture and Polarization: For the culture of RAW
macrophages, RAW 264.7 were cultured in large dishes, and after 24 h, the
medium was replaced with fresh medium or medium containing IEF and
co-incubated for another 4 h. For the culture of M2 macrophages, RAW
264.7 were cultured in large dishes, and after 24 h, macrophages were
stimulated with 20 ng mL~" of IL-4 for 24 h to polarize them into M2-type
macrophages. Subsequently, the medium was replaced with fresh medium
or medium containing IEF (500 ug mL™") and co-incubated for 4 h.

Flow Cytometry (FCM): Approximately 1 x 108 cells from RAW, M2,
and M2+IEF groups were taken into a flow-through tube. 2 mL PBS was
added to wash the cells, which were then centrifuged at 500 g for 5 min.
Monoclonal antibodies 0.25 ug CD11c (45-0114-82, Invitrogen, USA), 0.25
ug F4/80 (58-4801-82, Invitrogen, USA), and 0.125 ug CD86 (11-0862-82,
Invitrogen, USA) were added to each tube, vortexed and mixed well, and
incubated at 37 °C. Avoiding light for 15 min, 0.5 mL of fixation solu-
tion was added at the end of the incubation, kept at 37 °C, and avoid-
ing light for another 20 min, was centrifuged at 500 g for 5 min. Two
milliliters of 1x film-breaking solution were added to resuspend the pre-
cipitate, which was then incubated in the dark at room temperature for
10 min, and centrifuged at 500 g for 5 min. One milliliter of 1x membrane-
breaking solution was added to resuspend the precipitate. Next, 0.125
ug of CD206 (MMR) antibody (12-2061-82, Invitrogen, USA) was added
to each tube and incubated in the dark at room temperature for 30 min.
One milliliter of 1x membrane-breaking solution was added next, and after
mixing by gentle blowing with buffer, the supernatant was centrifuged at
500 g for 5 min and discarded. In the end, 500 pL of PBS were added to re-
suspend the cells and then 30 000 cells were collected in each tube by flow
cytometry.

Western Blot (WB) Analysis: Detailed information of the antibodies
used for WB is as follows: anti-CD206 (24 595, Cell Signaling Technology

2302910 (12 O‘F]G) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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(CST), USA), anti-CD86 (19 589, CST, USA), anti-iNOS (ab178945,
Abcam, UK), anti-IFN-y (ab133566, Abcam, UK), anti-GAPDH (2118,
CST, USA), anti-f-actin (4970, CST, USA), anti-VLA4 (ab81280, Abcam,
UK), anti-VCAM-1 (ab134047, Abcam, UK), anti-IxB-P (2859, CST, USA),
anti-NF-xB (8242, CST, USA), anti-IL-12 (100 321, Sino Biological, China),
anti-NGP (600-401-GW9, Rockland, USA), anti-CAMP (12009-1-AP,
Proteintech, USA), anti-ST100A8 (ab92331, Abcam, UK), and anti-S100A9
(26992-1-AP, Proteintech, USA).

RAW 264.7 cells were seeded in six-well plates at a density of 1 X 10°,
and after 24 h apposition, they differentiated into M2 cells; thereafter, co-
incubate the cells with 1EF (500 ug mL~") for 4 h. The medium was then
discarded and the cells were collected. Lysis was performed in radioim-
munoprecipitation assay lysis buffer (RIPA, P0013, Beyotime, China) con-
taining protease phosphatase inhibitor mixture (P1048, Beyotime, China).
For ileum and tumor tissues, an appropriate amount of tissue sample was
weighed into a mortar (pre-cooled with liquid nitrogen), added liquid ni-
trogen to fully grind it to powder, and then added RIPA lysis buffer to the
extracted protein. Subsequently, the BCA protein quantification kit (P0010,
Beyotime, China) was used to quantify the total protein.

Approximately 30 ug protein, in each well, was separated by 4-20% poly-
acrylamide gel electrophoresis gels submerged in running buffer, and then
transferred from the gel to polyvinylidene fluoride (PVDF) membranes
(0.45 um, Millipore, USA) in transfer buffer. Subsequently, the membranes
were blocked with 5% non-fat milk for 1h at room temperature. After rins-
ing with TBST, the membranes were incubated with the primary antibodies
at 4 °C, with overnight shaking. Next day, the membranes were rinsed and
incubated with the secondary antibodies at room temperature, shaking for
1 h, and then rinsed with TBST for imaging. Proteins were visualized by
electrochemiluminescence (Millipore, USA) and imaging system (Tanon
4200, Tanon, China). Finally, the gray values of the bands were quantified.

Transmission Electron Microscopy (TEM) of Cells: Cells were stored
in 2.5% glutaraldehyde. They were subsequently soaked in 1% osmium
tetroxide (2 h), dehydrated with ethanol fractionation (30, 50, 70, 80, 90,
100%, 100%, 7 min per stage), and again dehydrated with acetone (10 min,
2 twice). Cells was then allowed to be infiltrated by a fractional mixture of
acetone and SPI-PON812 resin (3:1, 1:1, 1:3), which was then replaced by
pure resin. The sample was embedded in the resin with 1.5% BDMA. After
12 h polymerization at 45 °C and 48 h polymerization at 60 °C, the samples
were sectioned with a micro-tome (EM UC6, Leica, Germany). Finally, this
study double-stained the sections with uranyl acetate and lead citrate, and
scanned each sample with TEM (Tecnai Spirit, FEI, USA).

Proteomics Experiment and Bioinformatics Analysis: RAW 264.7 cells
were seeded in six-well plates at a density of 1x 10°, and after 24 h appo-
sition, they differentiated into M2 cells by different treatments, after which
IEF (500 ug mL~") was added for co-incubation for 4 h. The medium was
discarded thereafter and the cells were collected. For tissue samples, ileum
and tumor were wiped clean and put in liquid nitrogen; the removed intes-
tine was stripped the mesentery and cut longitudinally to clean the con-
tents. Next, an appropriate amount of tissue sample was weighed into a
mortar (pre-cooled in liquid nitrogen) and liquid nitrogen was added to
fully grind it to powder.

To the samples of each group, four times the volume of powdered lysis
buffer was added, and lysed by ultrasound. Subsequently, the turbid liquid
was centrifuged at 12 000 g for 10 min at 4 °C to remove the cell debris.
Finally, the supernatant was collected and transferred to a new centrifuge
tube, and the protein concentration of each sample was determined using
the BCA kit (P0010, Beyotime, China).

Next, an equal amount of each sample protein was taken for enzymatic
hydrolysis, added an appropriate amount of standard protein, and ad-
justed the volume to the same with lysis solution. TCA (L020000, Sigma—
Aldrich, USA) at a final concentration of 20% was slowly added, vortexed to
mix, and settled at 4 °C for 2 h. The turbid liquid was centrifuged at 4500 g
for 5 min to discard the supernatant, and the precipitate was washed 2—
3 times with pre-cooled acetone. After drying the pellet, TEAB (140 023,
Sigma—Aldrich, USA) was added at a final concentration of 200 mwm,
the pellet was dispersed ultrasonically, trypsin was added at a ratio of
1:50 (protease: protein, m/m), and the mixture was hydrolyzed overnight.
Dithiothreitol (DTT) was added to a final concentration of 5 mm, and re-
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duced at 56 °C for 30 min. Finally, iodoacetamide (IAA) was added to make
the final concentration 11 mm, and incubated for 15 min in the dark at
room temperature. For TMT label, the labeling reagent was dissolved in
acetonitrile after thawing to mixed with the peptide, and incubated for 2 h
at room temperature. When the labeled peptide was mixed, it was desalted
and freeze-dried in vacuum.

Next, peptide segments were graded according to the following steps: a
step gradient of 8-32% acetonitrile, pH 9, was used, and the peptides were
combined into six components for vacuum freeze-drying. Subsequently,
the peptides were dissolved in the mobile phase A of liquid chromatogra-
phy and then separated using the EASY-nLC 1200 ultra-high performance
liquid system, after which they were injected into the NSI ion source for
ionization, and then taken for the Orbitrap Exploris 480 mass spectrome-
try analysis.

From mass spectrometry analysis, the mass-to-charge ratio and signal
intensity of fragment ions were obtained after peptide fragmentation, and
compared the results with the theoretical secondary spectrum database
based on the protein sequence in UniProt. After completing the database
search, a series of quality control evaluations were required to ensure that
the quality of the results meets the standards, including peptide length dis-
tribution, peptide number distribution, protein coverage distribution, and
protein molecular weight distribution. Based on the signal intensity value
of each peptide in different samples from the database search, differential
proteins were screened out between every two groups.

To identify whether the differentially expressed proteins had a signif-
icant enrichment trend in certain functional types, DAVID was used to
get the GO annotation proteome and Gene Ontology enrichment analy-
sis, including biological process, cellular component, and molecular func-
tion and KOBAS database to get the KEGG pathway enrichment analysis.
The functional classification and pathways in which the differentially ex-
pressed proteins were significantly enriched (p-value <0.05) were shown
by means of bubble charts. Clustering analysis was based on the p-value
of the Fisher’s exact test, obtained by enrichment analysis, using the hi-
erarchical clustering method, to gather the related functions in different
groups together and draw them as a heatmap. Finally, the differential pro-
teins were imported into STRING, the online database platform for net-
work interaction analysis.

Seahorse Extracellular Flux Analyzer Assay: RAW 264.7 cells were incu-
bated in Seahorse XFe96 cell culture microplates (Agilent, USA) at a den-
sity of 2 x 10* for 24 h. Thereafter, the cells were cultured in a changed
medium (RAW) or in a medium with IL-4 to differentiate them into M2
cells. Subsequently, different reagents were added for different assays ac-
cordingly. The corresponding values were detected using the Seahorse
XFe96 Analyzer (Agilent, USA).

For ECAR assay, 25 uL of glucose (G7528, Sigma, USA), 25 pL of
1.5 umol L™! oligomycin (ab141829, Abcam, USA), and 25 pL of 2-
deoxyglucose (2-DG, D8375, Sigma, USA) were added sequentially. For
OCR assay, 25 uL of 1.5 umol L~ oligomycin, 25 L of 1 umol L~ mesox-
alonitrile 4-trifluoromethoxyphenylhydrazone (FCCP, C2920, Sigma, USA),
and 25 pL of antimycin A (ab141904, Abcam, USA)/rotenone (R8875,
Sigma, USA) were added sequentially. For real-time ATP rate assay, cells
were sequentially treated with 25 L of 1.5 umol L= oligomycin and 25 L
of antimycin A/rotenone.

Mitochondrial Membrane Potential Assay: The mitochondrial mem-
brane potential was detected using the JC-1 staining kit (M8650, Solarbio,
China) as follows: RAW 264.7 cells were seeded at a density of 1 x 10*
in a confocal dish and incubated for 24 h at 37 °C in an incubator. Af-
ter the cells were walled, they were differentiated into M2 cell, and then
IEF (500 pg mL~") was added for 4 h. The culture medium was aspirated
thereafter, and the cells were washed once with PBS, and then with 1 mL of
culture medium. Next, 1 mL of JC-1 staining working solution was added
and mixed thoroughly, incubated for 20 min at 37 °C in a cell incubator,
and the supernatant aspirated and washed twice with |C-1 staining buffer.
Thereafter, T mL of cell culture medium was added, and the fluorescence
intensity at 488 nm versus that at 535 nm was observed by laser confocal
microscopy.

Zebrafish Transplantation Tumor Model: Zebrafish were purchased
from Hangzhou Huante Biotechnology Co, China. Human colon cancer
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(HCT-116) cells were labeled with red fluorescent dye and microinjected
into the yolk sacs of 2 dpf wild-type AB strains of zebrafish. Approximately
200 cells were transplanted per tail to establish a zebrafish human colon
cancer transplantation model. The zebrafish injected with HCT-116 were
cultured at 35 °C until 3 dpf. At 3 dpf, zebrafish with good tumor cell con-
sistency were selected under the microscope (SZX7, OLYMPUS, Japan).
Next, they were randomly assigned to six-well plates and divided into con-
trol group, 5-fluorouracil (1000 uM) group, IEF low concentration group
(156.25 ug mL™"), IEF medium concentration group (312.5 pg mL™"),
and IEF high concentration group (625 ug mL™"). They were given the
corresponding drug treatments for 2 days. Ten zebrafish were randomly
selected from each group and photographed under a fluorescence micro-
scope. The data were acquired using NIS-Elements D 3.20 advanced image
processing software to analyze the fluorescence intensity of tumor cells.
The data were further acquired with Image ] software to analyze the mi-
gration distance of tumor cells.

Animal Models and Treatments: Female Balb/c mice (5 weeks old) and
male KM mice (18-22 g), were purchased from Beijing Huafukang Bio-
science Co. Inc. (Beijing, China), and all mice were reared in a temperature-
controlled environment with a 12 h light-dark cycle. All the experimental
protocols involving live animals were reviewed and approved by the Ani-
mal Ethics Committee of the Institute of Chemistry, Chinese Academy of
Sciences (approval number SYXK (Jing) 2018-0033).

For the Mouse Model of Subcutaneous Tumor, the Operation was as
Follows: 4T1 breast cancer cells and CT26 colon cancer cells were cul-
tured to logarithmic growth phase, digested, and collected with trypsin,
and washed and resuspended with normal saline to reach a final cell con-
centration of 2 x 107 cells mL~! suspension. Thereafter, 0.1 mL of cell
suspension was injected into the mice subcutaneously under the axilla.
Three days later, the mice were divided into four groups, namely a) nor-
mal group, b) control group + saline, c) IEF (20 mg kg™"), and d) IEF
(40 mg kg™") group. Saline and IEF were gavaged twice a day until the end
of the experiment. Survival of the animals was observed daily, and body
weight and tumor volume were measured every alternate day. After ~12
days, the experiment ended, when the tumor volume reached 1000 mm3,
calculated by the following formula: width 2 x length x 0.5.

For the acute toxicity of IEF, KM mice were randomly grouped accord-
ing to body weight. The mice were divided into saline and IEF groups,
with ten animals in each group. |IEF was administered once, at a dose of
5000 mg kg~ by gavage. Body weights of the mice were recorded on days
0, 1,3, 7, and 14. On day 14, the experiment was terminated, the animals
were executed, and major organs of the mice were removed and weighed
to calculate the organ coefficient.

Organ Coefficient = Organ weight/Mouse body weight (1)

For the metastasis-resistant mouse model, B16-luc cells were cultured
to logarithmic growth phase, digested and collected with trypsin, and then
washed and resuspended in normal saline to reach a final cell concen-
tration of 1 x 107 cells mL™" suspension. Thereafter, 0.1 mL of cell sus-
pension was injected into mice via tail vein. The mice were randomly di-
vided into two groups, namely a) control group + saline group and b)
IEF (20 mg kg™") group. Saline and |EF were gavaged twice a day, until the
mice in the control group appeared dead and the experiment was finished.

IVIS:  The anti-pulmonary metastasis assay was completed and sam-
pling was started on day 20. At the time of sampling, 200 uL of 15 mg mL~!
D-fluorescein sodium salt (D1007, US EVERBRIGHT INC, China) was in-
jected intraperitoneally into the mice, and the lung tissue was removed
after 10 min and imaged with a Xenogen IVIS Lumina in vivo imaging sys-
tem (PerkinElmer, USA).

Histopathology Examination: Tumor, intestine, and the main organs
were fixed in formalin and embedded in paraffin wax blocks through a se-
rial alcohol gradient. Next, 5 um slices were cut and stained with H&E, with
dewaxing, hydration, staining, dehydration, and sealing. The slide was then
placed in the scanner (Nano Zoomer-SQ, HAMAMATSU, Japan), and at
least five areas were selected for per-film for analysis.

Immunohistochemistry (IHC) in Tumor:  Antibodies for IHE were pur-
chased from Abcam, including anti-Ki67 (ab15580, Abcam, UK), and Cell
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Signaling Technology (CST), including anti-LY6G (75 082, CST, USA) and
anti-CD86 (20 018, CST, USA).

Tumors were embedded in paraffin wax blocks. They were cut into 4 pm
slices. After washing, antigen retrieval solution was used to repair tissue
antigen, and 3% BSA (ST025, Solarbio, China) was used to block non-
specific protein binding sites. Primary antibody was used for specificity
staining. After washing with PBS, they were incubated with secondary an-
tibody, color rendered with DAB, and covered with coverslip.

IEF Biodistribution Detected In Vivo: The heart, liver, spleen, lung, kid-
ney, urine, intestine, contents of the intestine and blood were collected
after the mice were given IEF by gavage at 1, 4, 8, and 12 h and urine
and stool were collected within 12 h. Next, 2 mL of hydrochloric acid was
added to an appropriate amount of each matrix sample, and the latter was
digested at 75 °C for 30 min. O-xylene solution was added after the sam-
ple was placed at room temperature, and it was vortexed for 10 min before
liquid—liquid extraction. Next, the sample was centrifuged at 4000 rpm for
5 min at room temperature; 100 uL of the supernatant was mixed with
100 pL of acetonitrile, and the mixture was transferred to a sample bottle
for injection, followed by the performance of LC-MS/MS analysis.

Analyst 1.6.2 software was used to integrate, calculate, and process the
chromatographic peaks. Taking the peak area of the analyte as the ordi-
nate (y) and concentration as the abscissa (), the weighted least squares
method (weight coefficient of 1/x?) was used to perform regression calcu-
lation and calculate the concentration of the analyte.

Immunofluorescence (IF) Assay: After the mouse ileum and tumors
were removed, they were cleaned with saline, embedded with OCT, and
cut into 4-um-thick slices, which were left at room temperature and then
washed with TBS. They were then soaked in PBST containing 5% skim
milk powder to block the non-specific binding sites. After washing with
TBST, they were incubated with the corresponding primary anti-VCAM-
1(ab134047, Abcam, UK), anti-CD86(ab119857, Abcam, UK), anti-CD4
(GB15064, Servicebio, China), anti-CD8 (ab217344, Abcam, UK), and anti-
CD206(24 595, CST, USA) at 4 °C overnight, protected from light. This
was followed by three washes with TBST and incubation with the cor-
responding secondary antibody. Finally, the slides were blocked with an
anti-fluorescence quencher containing 4,6-diamidino-2-phenylindole, di-
hydrochloride (DAPI, for labeling nuclei) and covered with coverslip. The
samples were then imaged with a laser confocal scanner. Average fluores-
cence was quantified using Image-Pro Plus 6.0 (Media Cybernetics, USA).

Blood Routine Test: Mouse orbital blood was collected, placed in an
anticoagulant tube, and then used in an automated blood analyzer (BC-
5000VET, Mindray, China) to perform hematological analysis to detect
white blood cell (WBC) indicators, mainly neutrophils, lymphocytes, and
monocytes.

ELISA: The proteins were extracted in PBS using protease inhibitors
and phosphatase inhibitors. Protein concentration was quantified with
BCA protein assay kit. Cytokines of NF-kB and IL-12 were detected in the
ileum by ELISA kits (Neobioscience, China) according to the manufac-
turer’s instructions.

qRT-PCR Assay: A certain amount of frozen ileal tissue was weighed,
to which 1 mL of TRIzol reagent (Invitrogen, USA) was added; it was
ground and crushed by a tissue grinder, shaken thoroughly, centrifuged at
12 000 g for 10 min at 4 °C, and the supernatant extracted. To the super-
natant, 200 uL of chloroform (C/4920/17, Innochem, China) was added,
shaken thoroughly, left to stand at room temperature for 5 min, and then
centrifuged at 12 000 g for 15 min at 4 °C. Approximately 0.5 mL of pre-
chilled isopropanol (11700, Innochem, China) was added to the super-
natant, mixed thoroughly, precipitated for 10 min at room temperature,
and centrifuged at 12 000 g for 15 min at 4 °C. After discarding the su-
pernatant, 1 mL of pre-chilled 75% DEPC ethanol was added, mixed thor-
oughly, centrifuged at 7500 g for 5 min at 4 °C, the supernatant discarded,
and washed again with DEPC ethanol. The precipitate was dried at room
temperature for 20 min; 20 uL of DEPC water was added according to the
amount of precipitate, blown well, heated at 58 °C for 10 min, and then
centrifuged instantaneously to obtain the total RNA.

The sample solution containing 1 ug of RNA was added to the PCR tube,
after which 1L of gDNA was added and the volume made up to 10 uL with
RNase-free water; thereafter, 10 uL of first strand cDNA synthesis superMix
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(Novoprotein, China) was added, gently mixed and transiently centrifuged,
and the RNA was reverse transcribed by programmed warming at 50 °C
for 15 min and 75 °C for 5 min, to cDNA.

Finally, 10 pL of SYBR, 1.2 uL of mixed solution containing 10 um up-
stream primer and downstream primer, 1 uL of cDNA sample solution,
0.4 uL of ROX 11, and 7.4 uL of RNase-free water were added to the octuple
rows of tubes. Expression levels of the target protein mRNA were detected
in a gPCR detection system (CFX96, BioRad, USA).

ltgb1 forward primer: 5’- ATGCCAAATCTTGCGGAGAAT-3';

Itgb1 reverse primer: 5'- TTTGCTGCGATTGGTGACATT-3/;

Itga5 forward primer: 5'- CTTCTCCGTGGAGTTTTACCG-3/,

Itga5 reverse primer: 5'- GCTGTCAAATTGAATGGTGGTG-3%

Itgb6 forward primer: 5'- CAACTATCGGCCAACTCATTGA-3’,

Itgb6 reverse primer: 5'- GCAGTTCTTCATAAGCGGAGAT-3/;

Itgad forward primer: 5'- AAGTGTCGTGTCCATACCAAC-3/,

Itga9 reverse primer: 5'- GGTCTGCTTCGTAGTAGATGTTC-3".

Statistical Analysis: Data are presented as mean + standard deviation.
Differences between groups were tested by Student’s t-test or one-way
analysis of variance (ANOVA).
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