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GRAPHICAL ABSTRACT

EPPA Phagocytosis

o o
o.
o "
M °
o'
o
/ﬁ R=H or methyl
on

Metabo\
i e‘l:'rogram“““g

NS
TFission f‘)
@

NLRP3
inflammasome %%
activation

\
opoosl 9

X factor
> Transcriptional
rewiring
L ]

L X

Tumor growth i

Pro-IL-1B
®

[
IL-1B
sgas Y M1 Macrophage
e @ ©
Tumor cell Macrophage Normal cell
PUBLIC SUMMARY

= An Echinacea purpurea-derived homogeneous polysaccharide (EPPA) is found to have anti-tumor efficacy.
= Single-cell RNA sequencing analysis demonstrates that oral EPPA administration targets immune cell functions in tumor microenvironment.
= EPPA activates inflammasome in M1 macrophages via phagocytosis-mediated endocytosis mechanism.

= EPPA potentiates M1 macrophage polarization by reprogramming transcriptomic and metabolic profiles.
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Echinacea purpurea modulates tumor progression, but the underlying
mechanism is poorly defined. We isolated and purified a novel homoge-
neous polysaccharide from E. purpurea (EPPA), which was shown to be an
arabinogalactan with a mean molecular mass (Mr) of 3.8 x 10* Da and
with a- (1 — 5) -L-Arabinan as the backbone and a-L-Araf-(1 —, — 6)-p-D-
Galp-(1—, and — 4)-0-D-GalpA-(1 — as the side chains. Interestingly, oral
administration of EPPA suppresses tumor progression in vivo and shapes
the immune cell profile (e.g., facilitating M1 macrophages) in tumor micro-
environment by single-cell RNA sequencing (scRNA-seq) analysis. More
importantly, EPPA activates the inflammasome through a phagocytosis-
dependent mechanism and rewires transcriptomic and metabolic profile,
thereby potentiating M1 macrophage polarization. Collectively, we propose
that EPPA supplementation could function as an adjuvant therapeutic strat-
egy for tumor suppression.

INTRODUCTION

The composition and polarization of the cellular constituents (e.g., tumor cells,
endothelial cells, and immune cells) of the tumor microenvironment (TME) deter-
mine tumorigenesis and affect the outcomes of cancer treatment."” Thus, these
cellular constituents (chiefly immune cells) could be considered as attractive tar-
gets for cancer therapy.' Indeed, immunotherapy is a promising approach for
cancer treatment. For example, cytotoxic T lymphocyte-associated antigen-4
(CTLA-4) or programmed death-1 (PD-1)/programmed death ligand 1 (PD-L1)-
based immune checkpoint inhibitors can inhibit tumor growth by affecting
the TME and the functions of immune cells.* ® However, most patients do
not benefit from immunotherapy, as they develop immunotherapy resistance
and/or suffer substantial side effects.” ® Therefore, there is an urgent need to
modulate the microenvironment (e.g., shaping the functions of immune cells)
to avoid immune evasion, and consequently, promote the anti-tumor immunity.

The use of natural products as part of conventional cancer therapy has
received growing attention as an important practical approach.'®'" Echinacea
purpurea is a medicinal plant that is commonly used for the prevention and treat-
ment of upper respiratory tract infections in Europe and North America.'” The
pharmacological activities of Echinacea preparations (e.g., immunomodulatory
activity, antifungal and antibacterial activities, and antioxidant property) depend
on their bioactive constituents, including alkamides, caffeic acid derivatives,
and polysaccharides. However, because of differences in the types of solvents
used for extraction and/or variations in extraction procedures (all of which influ-
ence both the chemical profile and the biological activity of Echinacea prepara-
tions), the functions of different E. purpurea constituents and/or their derivatives
remain largely unknown.

The current interest in the medicinal use of Echinacea is focused on its immu-
nomodulatory effects.'® For example, Echinacea polysaccharides have strong
adjuvant effects on the stimulation of T cell responses.'*'® However, delineation
of specific constituents of Echinacea polysaccharides and their corresponding

immune activities (especially for the anti-tumor immunity efficacy) is poorly
defined.

Here, we first isolated and purified a homogeneous polysaccharide from
E. purpurea (EPPA) and then used H22 ascites tumor-bearing and orthotopic
colorectal cancer mouse models to evaluate the anti-tumor activity of EPPA.
We found that oral administration of EPPA inhibits tumor growth in mice
and promotes M1 macrophage polarization according to single-cell sequencing
(scRNA-seq) analysis. Mechanistically, after phagocytosis, EPPA potently
boosts the production of interleukin (IL)-18 by enhancing the activation of
cellular inflammasome and reprogramming the transcriptomic and metabolic
profile in M1 macrophages. Collectively, these findings highlight the potential
application of EPPA supplementation as an adjuvant therapy in tumor by tar-
geting M1 macrophages.

RESULTS
Chemical structure of EPPA

A crude polysaccharide of E. purpurea was obtained from the roots of
E. purpurea (L) Moench and then eluted, dialyzed, and freeze-dried to prepare
EPPA. The homogeneity and molecular weight of EPPA were then identified
using high-performance gel permeation chromatography (HPGPC). The sym-
metrical peak on the HPGPC indicated that the isolated EPPA had an average
molecular weight of 3.8 kDa (Figure 1A). The monosaccharide composition of
EPPA was composed of L-Ara, D-Gal, and D-GalA in a ratio of 2.7:1:1, as deter-
mined by reduction, acid hydrolysis, aldononitrile acetate derivatization, and
gas chromatography analysis. The corresponding H/C signals were assigned
on the basis of one-dimensional (1D) and two-dimensional (2D) nuclear magnetic
resonance (NMR) spectra and are listed in Table S1. The chemical shifts in the 'H
NMR spectrum exhibited three strong signals in the anomeric region at 5.07,
5.10, and 5.14 ppm, which may be involved in the main chain structure of
polysaccharides. The other three weaker signals were 4.47, 494, and 5.09
ppm. The '3C spectrum of CYP3 (Figure 1B) mainly showed six anomeric car-
bons at3108.2,108.1,103.9,99.8,100.9, and 107.8 ppm, which were designated
as A B, C, D, E, and F residues, respectively.

For residue A, the anomeric proton signal at 3 5.07 ppm correlated with the sig-
nals at & 108.2 ppm in the heteronuclear single quantum coherence (HSQC)
spectrum. The signal values of 81.5, 77.2, and 82.9 were assigned to C2, C3,
and C4 by the heteronuclear multiple bond connectivity (HMBC) and HSQC-total
correlation spectroscopy (HSQC-TOCSY). The correlation between H-5 (3.88,
3.95) and C-5 (66.9) indicated that C-5 was involved in the connection of glyco-
sidic linkage. Thus, the glycosidic linkage was identified to be — 5)-a-L-Araf-
(1—. Similarly, residues B—F were identified as 3,5) -a-L-Araf- (1 —, —6)-B-D-
Galp-(1 —, — 4)-a-D-GalpA-(1—, —4)-0-D-GalpAMe- (1 —, and a-L-Araf- (1 —,
respectively.'® For residue F, according to a previous report,'’ C-2-C-5 was
not involved in the glycosidic linkage. Thus, this glycosidic linkage was
identified to be a-L-Araf- (1 — (residue D), which is the non-reducing end
Ara. The molar ratio of these glycosidic linkages — 3,5) -a-L-Araf- (1 —,
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Figure 1. Extraction, purification, and chemical characterization of homogeneous polysaccharide (EPPA) (A and B) HPGPC (A) and 'H and '°C NMR spectra (B) of homogeneous

polysaccharide. (C) The putative structure of EPPA.

— 5)-o-L-Araf- (1 —,and a-L-Araf- (1 —) was about 1:1:1 by "H NMR integration,
indicating that a-L-Araf- (1 — participated in branch linkage formation. For res-
idue D, the chemical shift of C-6 was 176.1 ppm, suggesting that it presented

as carboxyl acid. For residue E, the chemical shift of C-6 at 171.3 ppm indicated
that the carboxyl group was esterified by methyl (3.79/53.5) group. C-4 of residue
E at 79.7 ppm showed that it is involved in glycosidic linkage formation.
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Figure 2. Effects of EPPA on tumor growth of colorectal cancer in mice (A) Schematic
treatment. (B—D) The tumor number (C) and colon length (D) of the mice in different groups

image for the establishment of colorectal cancer mouse model with or without EPPA
at 15 weeks post-induction (n = 12). (E) Representative IHC staining image for IFN-y and

F4/80. Scale bar, 100 um. (F) Positive staining area/total tissue area in colorectal tumor tissue sections (n = 6—9). Data were analyzed using unpaired t tests (C, D, and F) and are

represented as mean + SD. *p < 0.05, ***p < 0.007, and ***p < 0.0001.

Using the HMBC assay, the sequences of glycoside residues were determined
as shown in Figure 1B. The cross peaks at 3 66.9/5.10 ppm (A [C5]/[H1] B) and
d 67.2/5.07 ppm (B [C5]/[H1] A) suggested that these two glycosidic linkages
were linked to each other, and that the main chain comprised a- (1 — 5) -L-
Arabinan. Also, it suggested that the C-3 of — 3,5) -a-L-Araf- (1 — was involved
in the formation of the branch chain. Similarly, HMBC results indicated that H-1
of residue C was correlated with C-3 of residue B ( — 3,5) -a-L-Araf- (1), indi-
cating that the two glycosidic residues were directly connected. There was
also a correlation between H-1 of residue F and C-4 of residue D or E.

Taken together, these results indicate that EPPA, whose putative structure of
EPPA is presented in Figure 1C, is an arabinogalactan that mainly consists of
L-Ara, D-Gal, and D-GalA.

Oral EPPA administration suppresses tumor growth in mice

To decipher the bioactivity of EPPA, we assessed its effects on tumor growth.
Results showed that EPPA had no effect on the proliferation of tumor cells in vitro
(e.g., H22 cells) (Figures STA=S1F). Subsequently, we investigated the effect
of EPPA on tumor progression in mice that were initially transplanted with
murine H22 hepatocarcinoma cells, with cyclophosphamide as positive
control (Figures S2A and S2C). It was observed that oral EPPA administration,
but not intratumoral EPPA administration, showed inhibitory effects on

tumor growth in mice accompanied by a reduction in tumor weight and size
(Figures S2B—S2N).

We also used the orthotopic colorectal cancer mouse model to further inves-
tigate the anti-tumor efficacy of EPPA in vivo (Figure 2A). It was shown that oral
EPPA administration substantially reduced tumor burden in the colon of mice
(Figures 2B and 2C), but it had little effect on the corresponding colon length
(Figures 2B and 2D). Furthermore, oral EPPA administration increased the num-
ber of IFN-y* and F4/80" cells (marked for T cells and macrophages, respectively,
which are associated with anti-tumor immunity) (Figures 2E and 2F). Taken
together, these findings show that oral EPPA administration inhibits tumor
growth in mice and shapes host immune status.

Oral EPPA administration changes immune responses in the tumor
microenvironment

To further clarify the immunoregulatory effects of EPPA in vivo, we generated
scRNA-seq data from the colorectal cancer tissues of control, model, and
EPPA-treated mice (Figure 3A). We defined immune cell populations in murine
colorectal cancer tissues, including monocytes, macrophages, T cells, and B
cells (Figures 3B, S3A, and S3B). We also determined cell counts and examined
major differences in transcriptional landscape of macrophages, T cells, and B
cells (Figure 3C).
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Figure 3. Transcriptional landscape of macrophages in tumor tissue of colorectal cancer in mice by scRNA-seq analysis (A) Schematic diagram of scRNA-seq process in mice. (B)
Immune cell profiles of tumor tissues in different groups of mice. (C) The percentage of cells in control, model, and polysaccharide group. (D—F) Volcano map (D), GO analysis (E), and
KEGG analysis (F) of differential gene obtained from macrophages between model group and polysaccharide group. (G—I) Immunofluorescence analysis of F4/80* INOS* macro-
phages (G and I) and F4/80* CD206* macrophages (H and I) in tumor tissue of colorectal cancer in mice (n = 5-7). Scale bar, 50 um. Data were analyzed using an unpaired t test (I) and

are represented as mean + SD. *p < 0.05 and **p < 0.01.

Considering macrophages are the most abundant immune cell type in
TME,"®'? we primarily compared the differently expressed genes (DEGs)
in macrophages from the model versus EPPA-treated mice (Figure 3D).
Transcription of genes involved in innate immune response, cellular
response to interferon-gamma/lipopolysaccharide, and immune system
process were observed according to the Gene Ontology (GO) enrichment
analysis (Figure 3E). The Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis demonstrated that the DEGs in macrophages
were highly enriched in HIF-1 signaling pathway, TNF signaling pathway,
NOD-like receptor signaling pathway, and Toll-like receptor signaling
pathway (Figure 3F), which are related to M1 macrophage activation.
These findings were consistent with our immunofluorescent staining anal-
ysis showing that EPPA treatment increased F4/80"iINOS* cells (M1 mac-
rophages, which inhibits tumor growth) and decreased F4/80"CD206" cells
(tumor-associated macrophages [M2-like], which favors tumor growth) in
mouse colorectal cancer tissues (Figures 3G—3l).

Given that EPPA increased the number of IFN-y* cells (Figures 2F and 2G),
we also explored the landscape of T cell subsets (Figures S4A and S4B).
Notably, the KEGG enrichment showed that these DEGs were enriched in
T cell receptor signaling pathway, IL-17 signaling pathway, and MAPK signaling
pathway (Figure S4C). Furthermore, we found that EPPA increased the number
of IFN-y*CD8"* T cells, which exert cytotoxicity response to tumors, suggesting
that oral EPPA treatment also affects T cell function in the context of our exper-
imental settings. Overall, the scRNA-seq analysis indicates that oral EPPA
administration targets immune cell functions (e.g, M1 macrophage polariza-
tion) in TME.

EPPA enhances M1 macrophage inflammation dependent on
transcriptional reprogramming

Considering the importance of macrophages against tumor cells, we
further explored the direct effect of EPPA on cell viability of macrophages.
EPPA did not exhibit significant toxicity against MO macrophages (Fig-
ure SHA). As M1 macrophages determine the orchestration of the immune
responses and exert inhibitory effect on tumor cells,”® we determined
whether EPPA could influence the physiological state of M1 macrophages.
EPPA promoted the proliferation of M1 macrophages, whereas it had little
effect on the apoptosis of M1 macrophages (Figures S5B and S5C), espe-
cially at a dose of 500 pg/mL, which was used in subsequent experiments.
M1 macrophages are characterized by secreting a large amount of media-
tors, including IL-18 and TNF-a.2'?? EPPA significantly enhanced the
secretion of IL-1B (Figure 4A), while reducing the TNF-a. concentration in
M1 macrophages (Figure 4B).

We then conducted bulk RNA-seq to determine how EPPA influences M1
macrophage function. To this end, cluster analysis revealed that EPPA signifi-
cantly affected the transcriptomic profile of M1 macrophages (Figures 4C and
S5D-S5F), in which 591 genes were up-regulated, while 575 genes were
down-regulated (fold change > 2, p < 0.05) (Figure S5D). Functional enrichment
analysis showed that the DEGs were mostly enriched in biological processes
(Figure S5G), including “positive regulation of defense response,” “positive regu-
lation of immune response,” “response to lipopolysaccharide,” and “cellular
response to lipopolysaccharide” (Figure S5H). Moreover, in agreement with the
previous scRNA-seq results, KEGG pathway analysis revealed that the DEGs
(count > 3) were also enriched in signaling pathways (36 items) (e.g., NOD-like
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Figure 4. EPPA suppresses M1 macrophage inflammation (A and B) The secretion of IL-1B8 (A) and TNF-a. (B) from M1 macrophages treated with or without EPPA (500 ng/mL)
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receptor signaling pathway, TNF signaling pathway, HIF-1 signaling pathway,
and Toll-like receptor signaling pathway) (Figures 4D and S5I), and metabolic
pathways (32 items) (Figure S5l), that are crucial for the activation of M1 macro-
phages. Besides, RNA-seq data showed that EPPA significantly promoted the
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expression of M1 polarization-related genes enriched in cytokine-cytokine recep-
tor interaction, NF-kB signaling pathway, and NOD-like receptor signaling
pathway (Figures 4E—4G). These findings suggest that EPPA treatment tran-
scriptionally enhances M1 macrophage inflammation.
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Western blotting results also showed that EPPA substantially increased
the protein abundance of inflammasome components, such as NALPT,
NLRP3, and cleaved caspase-1 (Figure 4H), which are the vital platforms for
the key inflammatory mediator (IL-18) production.® Furthermore, EPPA highly
increased the protein expression of pro-IL-18 and matured IL-18 (Figure 4H).
However, EPPA had little effect on the activation p65 signaling (a proxy for
NF-kB activation, which is the main signaling pathway for TNF-a. expression)
(Figure 4H), despite the fact that EPPA could promote expression of several
genes enriched in NF-kB signaling pathway according to RNA-seq analysis

Figure 5. EPPA activates inflammasome in M1 mac-
rophages via endocytosis (A) The secretion of IL-1B
from M1 macrophages treated with EPPA (500 pg/mL)
or rhodamine B-labeled EPPA (500 pg/mL) (n = 3).
Results represent two independent experiments.
(B) Representative images of the uptake of EPPA
(500 pg/mL) by M0 and M1 macrophages at different
time points (10 min, 30 min, and 1 h) (x100, n = 3). (C)
The secretion of IL-18 from CPZ (10 uM), Col (10 uM),
NY (50 pug/mL), or AMR (50 uM)-pretreated M1 mac-
rophages with or without EPPA (500 pg/mL) supple-
mentation (n = 3). Results represent two independent
experiments. (D and E) Protein abundance of NLRP3,
caspase-1, and IL-18 in CPZ (10 uM) or Col (10 uM)-
pretreated M1 macrophages with EPPA (500 pg/mL)
supplementation (n = 3). (F and G) Representative im-
ages (F) and statistical analysis (G) of the uptake of
EPPA (500 pg/mL) by Col (10 uM)-pretreated M1
macrophages at different time points (10 min, 30 min,
and 1 h) (n = 5). Results represent two independent
experiments. Scale bar, 10 um. (H and ) Representative
images (H) and statistical analysis (I) of the uptake of
EPPA (500 pg/mL) by AMR (50 uM)-pretreated M1
macrophages at different time points (10 min, 30 min,
and 1 h) (n = 6). Results represent two independent
experiments. Scale bar, 10 um. Data were analyzed
using one-way ANOVA with Bonferroni correction (A, C,
and E) or unpaired t tests (G and I) and are represented
as mean = SD. *p < 0.05, **p < 0.01, **p < 0.001,
*kp < 0.0001.

(Figure 4E). In summary, EPPA is critical for
modulating macrophage function through tran-
scriptional reprogramming.

EPPA activates the inflammasome in M1
macrophages through phagocytosis

To investigate how EPPA affects macrophage
function and given that endocytosis is the main
cellular entry mode of macromolecules?* we
used rhodamine B-labeled EPPA and found that
the secretion of IL-1B was comparable between
EPPA-treated M1 macrophages and rhodamine
B-EPPA-treated M1 macrophages (Figure 5A).
Furthermore, using fluorescent inverted micro-
scopy we observed that the uptake of EPPA by
macrophages was obvious and evenly distrib-
uted in the cytoplasm (Figure 4B).

Endocytosis occurs through a variety of mech-
anisms, specifically clathrin-mediated endocy-
tosis and caveolae-mediated endocytosis.?>?°
We treated M1 macrophages with chlorproma-
zine (CPZ; a clathrin-mediated endocytosis inhib-
itor), colchicine (Col; a phagocytosis inhibitor),
nystatin (NY; a caveolae-mediated endocytosis
inhibitor), or amiloride (AMR; a macropinocytosis
inhibitor) before EPPA supplementation. We
found that both CPZ and Col increased IL-18
secretion from M1 macrophages and EPPA
failed to increase IL-1B secretion from CPZ- or
Col-pretreated M1 macrophages, while only Col
inhibited IL-1pB secretion from M1 macrophages
with EPPA treatment (Figure 5C, left). Moreover,

we also demonstrated that both NY and AMR decreased IL-1B secretion from
M1 macrophages and EPPA-treated M1 macrophages, respectively, whereas
EPPA failed to promote IL-18 secretion from AMR-pretreated M1 macrophages
(Figure 5C, right). Notably, the activation of inflammasome (NLRP3 and cleaved
caspase-1) in EPPA-treated M1 macrophages was extremely dampened by Col
(Figures 5D and 5E). Likewise, only Col reduced the abundance of IL-18 in EPPA-
treated M1 macrophages (Figures 5D and 5E). We confirmed that the endocy-
tosis of EPPA by M1 macrophages was significantly inhibited by Col
(Figures 5F and 5G) and AMR (Figures 5H and 5I). Collectively, these data
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demonstrate that EPPA activates inflammasome in M1 macrophages through a
phagocytosis-dependent mechanism.

EPPA shapes the metabolic profile of M1 macrophages

As cellular metabolism is highly associated with the functional output in im-
mune system,”” our bulk RNA-seq data showing that most DEGs enriched
in metabolic pathways (including pentose phosphate pathway, pyruvate meta-
bolism, glycolysis, citrate cycle, and oxidative phosphorylation [OXPHOS]) were
down-regulated (Figures S6A and S6B) suggest that EPPA may affect cellular
metabolism in M1 macrophages. Therefore, we performed metabolomics to
identify the metabolites in M1 macrophages with or without EPPA treatment.
The intracellular metabolites in M1 macrophages were clearly from those in
M1 macrophages with EPPA treatment (Figures 6A, S6C and S6D). The differen-
tial metabolites could be enriched in pyruvate metabolism and glycolysis (Fig-
ure S6E), which are in line with the results of RNA-seq (Figures S5A and S5B).
Furthermore, several significant differential metabolites enriched in cellular meta-
bolism were down-regulated, including glucose, glucose-6P, pyruvate, and lactate
(Figure 6B). These findings indicated that EPPA restricts glycolysis of M1 macro-
phages. Assessment of cellular bioenergetics showed that M1 macrophages
with EPPA treatment had lower ECAR (extracellular acidification rate; a measure
of glycolysis) (Figures 6C and 6D). Taken together, these data show that EPPA
shapes the metabolic profile and restricts glycolysis of M1 macrophages.

EPPA impairs mitochondrial morphology and inhibits OXPHOS in M1
macrophages

It is well documented that mitochondria serves as a signaling platform via the
generation of reactive oxygen species (ROS) and metabolites of the TCA cycle in
regulation of macrophage biology.?® Thus, we investigated whether EPPA treat-
ment could influence mitochondria biology, thereby promoting M1 macrophage
polarization. The results show that EPPA did not have a direct effect on the bio-
logical functions of mitochondria (as shown by the levels of biomass, MMP, and
mtROS) in M1 macrophages (Figures S7TA-S7D). Furthermore, EPPA altered
mitochondrial dynamics (especially inhibiting fusion-related OPAT expression)
(Figures S7E and S7F) and significantly reduced the mean length of mitochon-
driain M1 macrophages (Figures S7G and S7H), which is consistent with reports
that the functional dynamics of metabolism is intertwined with changes in mito-
chondrial morphology.”’

Most DEGs enriched in OXPHOS were down-regulated (Figure S6B), implying
that EPPA blocks OXPHOS in M1 macrophages. We found that EPPA signifi-
cantly reduced electron transport chain (ETC)-related protein abundance
(Figures S71 and S7J). On the basis of this finding, assessment of cellular bioen-
ergetics confirmed that M1 macrophages with EPPA treatment became less
“oxidative” compared with M1 macrophages, on the basis of the lower OCR
(oxygen consumption rate; a measure of OXPHOS) in ATP production, maximal
respiration, and spare capacity (Figures S7K and S7L). Collectively, the aforemen-
tioned findings indicate that EPPA alters mitochondrial morphology and inhibits
OXPHOS capacity of M1 macrophages.

DISCUSSION

A fundamental role of E. purpurea is to stimulate activation of the immune sys-
tem.?%*! In the present study, we also find that EPPA inhibits tumor growth in vivo,
possibly through the regulation of immune responses in the TME, especially for
M1 macrophages and IFN-y*CD8"* T cells. Specifically, EPPA potentiates IL-1B
production in M1 macrophages by promoting the activation of cellular inflamma-
some, and rewiring the transcriptomic and metabolic profile in M1 macrophages
involved in phagocytosis-associated endocytosis. This study, thus supports
EPPA supplementation as an adjuvant therapy in macrophage-associated in-
flammatory diseases (e.g., cancer).

The putative active compounds in E. purpurea include polysaccharides,
cichoric acid, alkamides, and glycoproteins. Unfortunately, the understanding
of the precise chemical structure of these active compounds is still limited.
For example, only 4 different polysaccharides with immune stimulating proper-
ties have been isolated from E. purpurea and characterized, including two neutral
fucogalactoxyloglucans with a mean molecular mass (Mr) of 1x10% and 2.5 x
10* an acidic arabinogalactan with a mean Mr of 7.5x 107, and a 4-0-methylation
of glucuronic acid xylan with a mean Mr of 3.5 x 10%?7>* In the present study,
we isolated and purified an EPPA from E. purpurea that that was shown to be an

REPORT

arabinogalactan with a mean Mr of 3.8 x 10 Da, and with a- (1 — 5)-L-Arabinan
as backbone and a-L-Araf-(1—, — 6)-B-D-Galp-(1 — and — 4)-a-D-GalpA-(1 — as
the side chains.

Echinacea polysaccharides show highly immunomodulatory effects'®; howev-
er, the immunological and pharmacological potentials of Echinacea polysaccha-
rides, especially for the anti-tumor immunity efficacy, are poorly understood.
Results of the present study demonstrate that oral EPPA administration
inhibits tumor growth in vivo by affecting the immune cell profile in TME, espe-
cially macrophages and IFN-y*CD8" T cells, by conducting scRNA-seq analysis.
This finding is consistent with the fact that macrophages are the key inflamma-
tory cells in the TME and pro-inflammatory macrophages always have anti-
tumor and immune-enhancing effects.®® As scRNA-seq data demonstrate
that oral EPPA administration affects the landscape of T cell subsets in tumor
tissues, it will be interesting to further explore the effects of EPPA on T cells
(e.g., IFN-y"CD8" T cells). Also, considering that intestinal microbiota is closely
related to tumor pathogenesis and only oral EPPA administration represses tu-
mor growth, it will be meaningful for future studies to investigate whether
EPPA supplementation inhibits tumor growth by shaping intestinal microbiota
composition and metabolism.

It has been well demonstrated using cell culture assays that high-purity poly-
saccharides from Echinacea effectively activate macrophages®° ' by promot-
ing the production of inflammatory mediators (e.g., IL-10 and IL-1B) from macro-
phages. We also find that EPPA enhances IL-1B production in activated
macrophages. However, similar to a previous study demonstrating that Echi-
nacea polysaccharides inhibit the production of inflammatory cytokines in mac-
rophages, including TNF-a,*” we notice that EPPA reduces TNF-a. production in
macrophages. The possible explanation for the discrepancy in the production of
inflammatory mediators (e.g., IL-1B and TNF-a) may due to the diverse varieties
and origins of Echinacea and the different types of solvent and extraction proced-
ures used. These factors influence both the chemical profile and the biological
activity of Echinacea preparation.

The production of IL-1B in pro-inflammatory macrophages (M1) mainly de-
pends on canonical inflammasome-mediated processing.** The canonical in-
flammasomes include cytosolic sensor molecules (NOD-like receptor [NLR]
[e.g., NALP1, NLRP3, NLRC4] and absent in melanoma [AIM] 2-like receptor
[ALR] families), caspase-1, and adaptor molecule ASC.** The present study pro-
vides evidence that EPPA provokes the inflammasome-mediated IL-18 produc-
tion, especially via NALP1 and NLRP3 activation. However, whether and how
EPPA regulates the assembly of NLRP3 and activation of NLAP1 into functional
inflammation still needs to be investigated. Additionally, ASC is an adapter pro-
tein that is required for the formation of the inflammasomes.*>“® Therefore, it
is interesting to investigate whether EPPA influences NLRP3 inflammasome
activation by modulating their physical interaction with several components
(e.g., ASC).

Innate immune cells, such as macrophages, internalize biomacromolecules
and the invading pathogens by endocytosis mediated by various mechanisms,
including clathrin- and caveolae-mediated endocytosis, macropinocytosis, and
phagocytosis.*” Our results show that EPPA activates phagocytosis to promote
inflalmmasome activation in M1 macrophages. Endocytosis broadly participates
in the signaling of inflammation. For example, macrophages stimulated by LPS
activate TLR4, which is translocated to endosomes where it activates the down-
stream pathways (e.g, TRAM/TRIF) and consequently amplifies inflammatory
responses.*“® Thus, research on the function of EPPA in the modulation of
phagocytosis-associated endocytosis involved in the signaling transduction of
TLR4 requires further clarification.

Macrophage metabolism is highly associated with the corresponding
functions*® and the metabolic conversion of macrophages from OXPHOS to
glycolysis alters macrophage gene expression and ultimately affects tumor
growth.® On the basis of our RNA-seq and metabonomics data, we clearly
demonstrated that EPPA affects glycolysis and OXPHOS of M1 macrophages
to boost IL-1B8 production. Likewise, there were considerable alterations of intra-
cellular metabolites in EPPA-treated M1 macrophages, but how EPPA influences
the levels of those metabolites and whether EPPA potentiates IL-18 production in
M1 macrophages via those metabolite-mediated mechanisms remains to be
investigated.

In conclusion, we identified and purified a new EPPA derived from Echinacea
and showed that oral EPPA administration could be a strategy to tackle tumors
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Figure 6. EPPA shapes the metabolic profile of M1 macrophages (A) Heatmap analysis of different metabolites in M1 macrophages treated with or without EPPA (500 pg/mL)
(n = 6). (B) Fold change of the levels of different metabolites in glucose metabolism of M1 macrophages treated with or without EPPA (500 pg/mL) (n = 6). Blue, decreased; gray,
undetermined; black, unchanged. (C and D) The glycolysis, glycolic capacity, and glycolic reserve of M1 macrophages treated with or without EPPA (500 pug/mL) (n = 10). Results
represent two independent experiments. Data were analyzed using unpaired t tests (B and D) and are represented as mean = SD.*p < 0.05, *p < 0.01, **p < 0.001, and

*rkkn < 0.0001.

by tailoring M1 macrophage function. Nevertheless, further research using the
mouse model to assess the “clinic significance” (e.g., the pharmacologic mech-
anism, pharmacokinetics, clinical application, and adverse reaction) of EPPA will
be warranted before conducting any human experiments with this product.

MATERIALS AND METHODS

Antibody information, preparation, and structural characterization of homogeneous poly-
saccharide (EPPA), establishment of tumor model, isolation of peritoneal macrophages, cell
proliferation and cytotoxicity analysis, cell apoptosis analysis, analysis of EPPA uptake,
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immunohistochemistry, immunofluorescence, western blotting, ELISA, detection of mito-
chondria function, RNA-seq, metabolite profiling analysis, seahorse assay, transmission
electron microscopy (TEM), Chromium 10x Genomics library and sequencing, and statisti-
cal analysis are described in the supplemental information.
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