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Abstract

Traditional medicinal herbs as Echinacea purpurea and Erigeron canadensis are recommended as a complementary sup-
plementation for the treatment of diseases associated with immunological inflammation (e.g. common cold, coughs, bron-
chitis, upper respiratory infections, immunodeficiencies). This pathologic conditions are accompanied by the wide range of
malfunctions or imbalances of the immune system, thus there is increased necessity for search of novel immunomodulation
trends and immunopharmacologically active phytosubstances for effective pharmaco-immunomodulatory therapy. Anti-
inflammatory immunobiological activity of polyphenolic polysaccharide-proteins of Echinacea purpurea and Erigeron
canadensis are still not studied. Our results demonstrated the immunobiological effectivity of selected herbal polyphenolic
polysaccharide-proteins isolated from flowers of medicinal plants Echinacea purpurea and Erigeron canadensis resulting
into the significant immunostimulation of inflammatory TNF-a, IL-6, IL-16 and IL-12 cytokines (p < 0.001). Both herbal
polyphenolic polysaccharide-proteins triggered cell release of anti-inflammatory interleukin IL-10 (p <0.001). Furthermore,
the inductive cell release of growth factors M-CSF and GM-CSF has been demonstrated (p <0.001). E. purpurea and E.
canadensis polyphenolic polysaccharide-proteins accelerated the efficacy of cellular phagocytosis and free radical release,
more pronounced with Erigeron treatment.

Keywords Echinacea purpurea - Erigeron canadensis - Polyphenolic polysaccharide-protein - Immunobiological activity -
Cytokines - Phagocytosis - Proliferation
Introduction

Currently, according to the increase of immune system dis-
orders as autoimmune diseases, immune deficiencies, allergy
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(Muiioz-Carrillo et al. 2018) there is an intensive search
for new immunobiologically active substances capable to
modulate the innate and adaptive immune responses. The
immunobiological study of various medicinal plants and the
active structural components thereof is promising prerequi-
site for development new pharmacologically active drugs
suitable for effective pharmaco-immunomodulatory therapy.
Moreover, the traditional use of medicinal herbs for remedial
purposes represented a precondition for successful phyto-
therapeutic application.

Traditional medicinal herbs as Echinacea purpurea (L.)
Moench (Purple coneflower) and Erigeron canadensis
L.(synonym Conyza Canadensis, Canadian horseweed), are
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considered as plants with various biological and pharma-
cological activities (Manayi et al. 2015; Kozuharova et al.
2019). The main active ingredients of Erigeron canaden-
sis represent flavonoids, essential oils, tannins, choline,
gallic acid, resins, waxes and the others. (Strzelecka and
Glinkowska 1981; Weaver 2001; Al-Snafi 2017). Plant
extracts and essential oils from E. canadensis has been dem-
onstrated to have various pharmacological and biological
activities such as anticancer, mutagenic, antioxidant, anti
inflammatory, antiproliferative, immunostimulating, antico-
agulant and antiplatelet, antiallergic, antibacterial, antifungal
(Pawlaczyk et al. 2011; Al-Snafi 2017; Kozuharova et al.
2019). Recently, the radioprotective ability of a polyphenolic
polysaccharide-protein (PPP) complex isolated from flower-
ing parts of E. canadensis has been described (Zbikowska
et al. 2016).

Echinacea purpurea (L.) Moench (Purple coneflower) is
a medical plant traditionally used for wound healing. The
treatment of the common cold, cough, bronchitis, upper res-
piratory infections, bacterial inflammation of the nasal and
oral cavities as well as pharynx has been described (Percival
2000; Hudson 2012). The most important biological activi-
ties of E. purpurea herb include antioxidant activity, antibac-
terial and antifungal activities, antiviral and mosquitocidal
properties, as well as anti inflammatory, hypoglycaemic,
antiproliferative and anticancer effects (reviewed in Manayi
et al.2014; Aarland et al. 2016; Sharifi-Rad et al. 2018).
Nowadays, several articles pointed out the effective activity
of E. purpurea towards Coronavirus disease 2019 (COVID-
19) (Aucoin et al. 2020; Nugraha et al.2020; Khalifa et al.
2021; Nagoor Meeran et al. 2019).

The numerous chemical, pharmacological and biological
studies have been performed to identify variety of medically
important substances in Echinacea species and their possible
therapeutic effects. Although many of the active compounds
of Echinacea have been isolated and identified to date, their
possible biological activities, mechanisms of action or their
synergistic effects remain unknown. The studies summarized
in the reviews (Liun et al. 2015; Wiesner and Knoss 2017,
Dobrange et al. 2019; Percival 2000) identified the main
active ingredients related to healthy properties of Echinacea
plant. The bioactive compounds of distinct parts of E. pur-
purea are known for their immunomodulative properties as
enhancement of immune responses, immunomodulation of
immunocyte (e.g. monocytes, macrophages, NKT cells, T
cells and dendritic cells), selected interleukins and growth
factors release, enhancement of phagocytosis, modulation
of cell proliferation, (reviewed in Manayi et al. 2014; El-
Ashmawy et al. 2015). Furthermore, Echinacea is known to
induce transcriptional changes activating immunomodula-
tory pathways (Liun et al. 2015; Dobrange et al. 2019).

The interactive plant-immunocytes sensing and rec-
ognition during the course of innate immune responses is
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processed by conserved species—specific signature structures
(arabinogalactan, galactomannan and the others). Immune
sensing of these plant structural moieties initiates the cell
signaling resulting in activation of transcription factors,
interferon regulatory factors, and various cellular responses,
including the production of interferons and pro- and anti-
inflammatory cytokines. Moreover, these polysaccharides
have been shown to increase immunocytes cytotoxic activ-
ity against tumor cells and microorganisms (Schepetkin
and Quinn 2006; Mahla et al. 2013).Polysaccharides and
their conjugates with proteins or phenolics represent a large
group of plant macromolecules, which in addition to struc-
tural function also exhibit a number of biological functions
(Liun et al. 2015).

In our previous studies (Pawlaczyk et al. 2011; Zbikowska
et al. 2016) the anticoagulant, antiplatelet and radioprotec-
tive activities of PPPs isolated from flowering parts of E.
canadensis have been preliminarily studied. In addition,
pharmacological effects (antitussive, bronchodilatory, and
anti asthmatic) of PPPs isolated from flowering parts of E.
purpurea and E. canadensis have been described (Capek
etal. 2015; Sutovska et al. 2015, 2022). It should be empha-
sized that the isolation of these complexes was carried out
under hot alkaline conditions, in order to isolate the poly-
meric material with the highest possible content of phenolics
and uronic acids (Pawlaczyk et al. 2011; Zbikowska et al.
2016). Both complexes are interconnected polysaccharides,
proteins and phenolic compounds that cannot be separated
without destruction of the individual components.

The aim of this study was to compare the chemical
composition of two polyphenolic polysaccharide-protein
complexes isolated from flowering parts of the medicinal
plants E. purpurea and E. canadensis and to verify their
possible immunomodulatory effects on RAW 264.7 mouse
macrophage cells, as these natural complexes have not yet
been tested for the immunobiological effects, characterizing
macrophages innate immune responses.

Material and Methods

Plant material and isolation of polyphenolic
polysaccharide-proteins

Dry flowering parts of Erigeron canadensis and Echinacea
purpurea were obtained from the Central European market
(F-DENTAL Hodonin s.r.o, Czech Republic) and a market
in Wroclaw, Poland, respectively. The identity of the plants
was certified by Prof. Krystyna Kromer and Dr. Magdalena
Mularczyk from Wroctaw University, Wroctaw, Poland, and
the voucher specimens, No 019361 for E. canadensis and
No 011493 for E. purpurea respectively, have been depos-
ited in the Botanical Garden of the University of Wroctaw,
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Wroctaw, Poland. The isolation of the E. purpurea and E.
canadensis polyphenolic polysaccharide-proteins was made
according to already described procedure (Pawlaczyk et al.
2009).

The isolation of the E. purpurea and E. canadensis poly-
phenolic polysaccharide-proteins was executed according to
previously described method (Pawlaczyk et al. 2009).

Homogeneity and molecular weight distribution
analysis of PPPs

The gel permeation chromatography (GPC) of E. canaden-
sis and E. purpurea PPPs was performed on a column
(151000 mm) of Sephacryl S300 HR. Sephacryl was
eluted with 0.1 M NaOH solution, with the flow rate of
0.3 mL/min. Fractions were analyzed spectrophotometri-
cally for carbohydrate and phenolic contents (Dubois et al.
1956; Singleton et al. 1999). To evaluate the molecular
weight distribution pattern, the GPC column was calibrated
using dextran standards with Mp 1,5, 12, 25, 50, 70 and
500 10° g/mol.

General methods

The protein, carbohydrate, uronic acid and phenolic contents
were estimated by the phenol- sulfuric acid, Folin—Ciocal-
teu, Lowry and m-hydroxybiphenyl reagent assays using
serum albumin, glucose, galacturonic acid and gallic acid
as reference compounds, respectively (Lowry et al. 1951;
Dubois et al. 1956; Blumenkrantz and Asboe-Hansen 1973;
Singleton et al. 1999). The colorimetric assays were meas-
ured using UV- VIS 1800 spectrophotometer (Shimadzu,
Japan).

PPPs were hydrolyzed with 2 M TFA for 1 h at 120 °C and
the quantitative determination of the neutral sugars was car-
ried out in the form of their alditol acetates by gas chroma-
tography on a TRACE Ultra Gas Chromatograph (Thermo
Scientific, USA) equipped with a SP-2330 (Supelco, USA)
fused silica capillary column (30 mx0.25 mm X 0.2 pm) at
a temperature program of 80 °C (4 min)—(8 °C/min)-160 °C
(4 min)—(4 °C/min)—250 °C (20 min), the flow rate of
helium was 0.4 mL/min. The gas chromatograph was cou-
pled with TSQ Quantum XLS mass spectrometer (Thermo
Scientific, USA) with EI ionization under standard 70 eV
electron energy, emission current 25 pA, ion source tem-
perature 200 °C. A mixture of alditol acetates of Rha, Fuc,
Rib, Ara, Xyl, Man, Gal, and Glc was used as a standard.

Cell maintenance and culture, cell exposure
RAW 264.7 cell line murine macrophages (ECACC, Salis-

bury, UK) were cultured in complete DMEM for 24 h (till
confluence of approximately 80%) at 37 °C in a humidified

atmosphere with 5% CO,. Cell viability has been assessed
with the Trypan blue dye exclusion method using TC20™
automated cell counter (Bio-Rad Laboratories, Inc., USA).
The starting inoculum of 1 x 10° cells/mL/well (with 93.1%
viability) was plated on 24-well cell culture plate (Sigma-
Aldrich, USA), and exposed to 100 pg per well of Erigeron
(EC) and Echinacea (EP) PPPs complexes for 24 and 48 h.
The sensitized cells were subjected to flow cytometry evalu-
ation of fagocytic activity and phenotyping. The cell surface
expression of macrophages antigens F4/80 and CD11b had
been used to ascertain phenotypic diversity. Culture media
were stored at -20 °C until further use.

Cell proliferation and cytotoxicity

Cell proliferation and cytotoxicity of RAW 264.7 mac-
rophage cells induced by Erigeron (EC) and Echinacea (EP)
PPPs complexes exposure was evaluated by bioluminescent
measurement of adenosine triphosphate (ATP) using the
ViaLight™ plus kit (Lonza, USA) according to the instruc-
tions of the manufacturer. The intensity of emitted light
was measured with Cytation 5 Cell Imaging Multi-Mode
Reader (BioTek Instruments, Inc., USA). Light emission,
expressed as relative light units (RLU), was recorded con-
tinuously for one second and evaluated on the basis of peak
values. Proliferation of unstimulated cells was considered
to be the baseline. The proliferation index was determined
as ratio of induced proliferation (exposed cells) to baseline
(non-exposed cells) proliferation.

Determination of cytokines

The levels of interleukins and growth factors in cell culture
supernates following Erigeron (EC) and Echinacea (EP)
PPPs exposure, were determined using ELISA method
(Quantikine ELISA® Mouse M-CSF (R&D, USA), Plati-
num ELISA: Mouse MCP-1, Mouse IL-12,Mouse GM-
CSF, Mouse 1L-17, Mouse IL-2 and Mouse IL-6,; Instant
ELISA®: Mouse IL-18, Mouse TNF-a, Mouse IL-10,
(e-Bioscience, USA) according to the instructions of the
manufacturer .

Determination of free radicals

Cell culture supernates following Erigeron (EC) and Echina-
cea (EP) PPPs treatment of RAW 264.7 cells were assayed
for total content of free radicals (Free radicals kit; Sedium
R&D, Czech Republic). The assay is based on the ability of
chlorophyllin to transfer electrons due to its electron-rich
double-bonds structure. The quantification of free radicals
was assayed using a calibration based on a Fe>*/Fe** reac-
tive shift and was expressed as mmol/L Fe?*. Free radical

@ Springer



3584

Biologia (2022) 77:3581-3593

production of the unstimulated cells was used to determine
the baseline value.

Immunocytometry

RAW?264.7 cells, exposed to Erigeron (EC) and Echina-
cea (EP) PPP complexes, were subjected to immuno-flow
cytometry using a Beckman Coulter FC 500 flow cytometer
equipped with CXP software (Beckman Coulter, Fullerton,
CA, USA). Gates were set to exclude the debris and dam-
aged cells using FSC vs SSC discrimination. The settings
were optimized using proper isotype control (immunophe-
notyping assay) and C. albicans FITC conjugate (phagocy-
tosis). For each sample fluorescence histograms of 10 000
cells (immunophenotyping) or 5000 cells (phagocytosis)
were generated and analyzed (green fluorescence, 525-nm
band-pass filter, FL1 channel). All samples were analyzed
in duplicates. The data are expressed as percentage (Avg
% + SD) or as a mean of fluorescence intensity (MFI+ SD).

Phagocytosis

RAW264.7 macrophages phagocytosis was evaluated by
immunoflow cytometry (CytoFLEX, Beckman Coulter
Life Sciences, Inc., Indianapolis, US). For each sample, a
fluorescence histogram of 5000 cells was generated and ana-
lyzed. Gates were set around the macrophages population to
exclude debris. Phagocytosis, i.e. the ingestion of Candida
albicans yeast cells took place under controlled conditions
using a fluorescein-labeled C. albicans. Aliquots of (30 pL)
post-exposed cells were incubated with C. albicans —FITC
(3uL) for 15 min at 37 °C. Following treatment, the reaction
was ice-stopped. The mean percentage of phagocytic cells
represents the percentage of cells ingesting at least one C.
albicans —FITC cell.

Statistical analysis

Results of in vitro experiments with RAW 264.7 cells
were evaluated as Mean + SD values from two biological
and three technical replicates. Normality of data distribu-
tion was evaluated according to Shapiro—Wilk’s test at the
0.05 level of significance. Statistical comparison was per-
formed using one-way ANOVA and post hoc Bonferroni’s
tests. The results were significant if the differences equaled
or exceeded the 95% confidence level (P <0.05). Statistics
was performed using ORIGIN 2018 software (OriginLab
Corporation, Northampton, Massachusetts, USA). Pearson’s
correlation coefficient was used to compare the strength of
the relationship between immunobiological variables.
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Results

Isolation and chemical characterization of Echinacea
and Erigeron polyphenolic polysaccharide-protein
complexes

Air-dried flowering parts of the medicinal plants of E.
purpurea (EP) and E. canadensis (EC) were ground to a
powder and subjected to hot alkaline treatments in order
to obtain polyphenolic polysaccharide-protein complexes
(PPPs) with the highest possible content of phenolics and
uronic acids. These polymeric compounds have been found
to have interesting anticoagulant, antiplatelet and radio-
protective effects (Pawlaczyk et al. 2011; Zbikowska et al.
2016). Dark brown PPPs were isolated in 1.8 wt% (EP) and
0.9 wt% (EC) yields of dried plant materials. In HPLC anal-
yses, they showed molecular weights (M,,) of 10,000 (EP)
and 38,000 g/mol (EC) (Pawlaczyk et al. 2009; Sutovska
et al. 2015, Sutovska et al. 2022). Compositional analyses of
Echinacea and Erigeron PPPs revealed the presence of car-
bohydrates, phenolics, proteins and uronic acids (Table 1).
It is evident from Table 1 that both PPP complexes differ
in protein, phenolics and uronic acid contents. A relatively
significant difference was recorded in the case of yields,
e.g. the Echinacea complex showed twice as high a yield
as of Erigeron, but in the case of molecular weight it was
the opposite, where the Erigeron complex had a signifi-
cantly higher molecular weight. To verify homogeneity, i.e.
whether it is a mixture or a single compound, PPPs were ana-
lyzed by gel permeation chromatography. Analysis showed
that both PPP complexes have a macromolecular character,
the polysaccharide and the polyphenolic components had the

Table 1 Characteristics of E. purpurea (EP) and E. canadensis (EC)
polyphenolic polysaccharide-proteins (PPPs)

Composition of PPP complexes Ep (w/w) Ec (w/w)
Carbohydrates 26.3 13.3
Protein 14.0 16.3
Phenolics 17.5 13.2
Uronic acids 11.2 6.3
Yield 1.8 0.9
M., (g/mol) 10,000 38,000
Sugars

Rhamnose 18.6 3.8
Fucose 1.4 1.9
Arabinose 24.2 24.1
Xylose 12.9 12.1
Mannose 2.9 3.8
Galactose 314 41.0
Glucose 8.6 13.3
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same mobility, indicating their interconnection. This is also ~ were not bound to the polysaccharide backbone, they would
confirmed by the fact that if the polyphenolic compounds  be insoluble (Fig. 1).
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Fig. 1 Gel permeation chromatography (GPC) of the E. canadensis (A) and E. purpurea (B) PPPs, on Sephacryl S300 HR column. M —repre-
sents peak molecular weight, V, — void volume and V,—total volume of the column
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Monosaccharide analyses of PPP complexes showed the
prevalence of four sugar constituents, i.e. uronic acids, galac-
tose, arabinose, and rhamnose indicating the dominance of
arabinogalactan (56%) associated with rhamnogalacturonan
(30%) in Echinacea. Other sugars such as fucose, xylose,
mannose and glucose, derived from other minor types of
polysaccharides, have been found in much smaller amounts
(Table 1). The monosaccharide composition of the carbo-
hydrate part of Erigeron PPP differed from Echinacea one
mainly in the content of rhamnose, galactose, glucose and
uronic acid. Erigeron PPP was shown to have higher levels
of galactose and glucose residues, and much lower rham-
nose content, while the amounts of other monosaccharides
were comparable to Echinacea complex. Based on sugar
analysis, the main polysaccharide component in Erigeron
PPP appears to be arabinogalactan (~ 65%), while the acidic
polysaccharide content is significantly lower (~ 10%) than
in the Echinacea complex (Table 1). It is evident that the
investigated PPPs differ mainly in the content of dominant
polysaccharide components, i.e. arabinogalactan and an
acidic heteropolysaccharide, i.e. rhamnogalacturonan and
glucuronoxylan.

A characteristic feature of arabinogalactans is the pres-
ence of proteins which are bound to saccharide moieties.
Similarly, phenolic compounds can be attached to the side
chains of the pectin material (arabinogalactan-rhamnoga-
lacturonan, RG-I) by covalent and ester bonds and to form
a complex composed of polysaccharides, proteins, and phe-
nolics. The natural products tested are interconnected poly-
saccharides, proteins and phenolic compounds that cannot
be separated without destroying the individual components.

Proliferation of RAW 264.7 cells

The ability of Echinacea and Erigeron PPP complexes to
modulate the proliferation of RAW 264.7 macrophage cells
was assayed with cell viability indicator adenosine triphos-
phate using bioluminescence ViaLight™ plus kit (Fig. 2).
The cell proliferation of Echinacea and Erigeron PPPs
exposed cells has been followed after 24 h and 48 h. Evi-
dently, both formulas reflected after 24 h cell exposure the
comparable (p <0.01) antiproliferative pattern vs. baseline
untreated cells. The treatment for the next 24 h exerted the
increasing trend vs. values of baseline untreated cells, i.e.
for Echinacea complex the ratio between exposed and unex-
posed cells was 0.9777, and 1.001for Erigeron complex. In
contrast, cell mitogen Concanavalin A (ConA) increased the
RAW 264.7 macrophage cell proliferation 1.25-fold follow-
ing 24 h treatment, and 1.4-fold after next 24 h. The impact
of time-exposure of Con A on cell proliferation overcame
ratios of both Echinacea and Erigeron PPPs: ratio Echinacea
vs. ConA 0.53 (24 h) and 0.67(48 h), and ratio Erigeron vs
ConA 0.54 (24 h) and 0.71 (48 h).
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Fig.2 Proliferation of RAW 264.7 macrophages. RAW 264.7 cells
were stimulated for 24 h or 48 h with 100 ug/mL of Echinacea (EP)
and Erigeron (EC). As a negative control, RAW 264.7 cells cultured
without stimulants were used. Concanavalin A (Con A (10 pg/mL))
was used as positive control. Results are expressed as a mean stim-
ulation indexes (average relative light units in the presence of anti-
gens/average relative light units obtained without antigen). All data
are presented as a mean stimulation indexes+SD values from two
biological and three technical replicates. The statistical significance
of differences between untreated cells and stimulated cells using
one-way ANOVA and post hoc Bonferroni’s tests is expressed as:
**—0.001 <P<0.01

Cytokines cell release following exposure of RAW
264.7 macrophages with Erigeron and Echinacea
PPPs

The culture media following 24 h and 48 h RAW 264.7
exposure with Echinacea and Erigeron PPPs were sub-
jected to analysis of pro-inflammatory cytokines TNFa,
IL-1p, IL-6, IL-2, IL-12, and IL-17, anti-inflammatory
interleukin IL-10, and growth factors GM-CSF and M-CSF
(Fig. 3). Echinacea and Erigeron PPPs induced after 24 h
cell exposure most significant increase in production of IL-6:
for Erigeron: 528.168-fold, p=2.52E~% and for Echinacea:
563.867-fold, p="7.60E~%. Next significant media release
was noted for TNFa: 36.843-fold, p=4.67E~'°, for Erigeron,
and 27.718-fold, p =4.86E~% for Echinacea, compared to
baseline values. Further effective induction has been dem-
onstrated for IL-12: for Erigeron 20.704-fold, p = 1.58E7%7,
and for Echinacea 15.295-fold, p=1.99E~%. The induc-
tive increase of cell release of anti-inflammatory IL-10
has been revealed after Echinacea exposure: 28.897-fold,
p=1.64E"%, to lesser extent following Erigeron exposure:
12.814-fold, p=1.49E7%,

Prolonged exposure with both formulas for next 24 h
revealed the increasing trends of IL-6, for Erigeron:
621.086-fold, p=2.62E™'" and for Echinacea: 629.297-
fold, p=2.36E~'°. Next 48 h increase has been observed in
IL-12 release: for Erigeron 45.419-fold, p=6.09E~'* and
for Echinacea 41.358-fold, p = 1.31E™%°, when compared
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Fig.3 Effect of E. canadensis (EC) and E. purpurea (EP) on RAW
264.7 macrophages cytokines production. Concentration of cytokines
(pg/ml) in post-exposure culture media was determined following
stimulation of RAW 264.7 macrophages for 24 h or 48 h with 100 g/
mL of Echinacea and Erigeron PPP complexes. Untreated RAW
264.7 cells were used as negative control (Control). Cell mitogen
Concanavalin A (Con A, 10 pg/mL) was used as positive control. All

to untreated cell culture. Only slight increase in IL-1a
cell release has been determined, for Erigeron 1.566-fold,
p=0.00243 and for Echinacea 1.798-fold, p=1.99E~%,
Comparison between 24 and 48 h cytokine production
revealed increasing trends, especially after 48 h treatment
with Echinacea for IL-12: 2.274-fold, TNFa: 1.581-fold,
IL-2: 1.444-fold, IL-17: 1.442-fold, and IL-1 B: 1.252-fold,
compared to 24 h values.

The determination of strength of association among
cytokines release induced by Erigeron exposure revealed
the tightest correlation between IL-2 and IL-10 (r=0.99992,
p=836E"%), IL-2 and IL-17 (r=0.99276, p=0.00724) and
for GM-CSF and IL-12(r=0.99798, p=0.00202).

For Echinacea, different pattern has been established—
the tightest correlation was between pro-inflammatory
cytokines TNFa and IL-17 (r=0.99996, p =3.97E~%),
TNFa and IL-2 (r=0.99994, p =5.90E~%), TNFa and
IL-12 (r=0.99932, p=6.79E~), and TNFa and IL-1 B
(r=0.99848, p=0.00152). Next significant correlations
were established also for IL-1 p and IL-17 (r=0.99872,

IL-12

IL-17

data are presented as Mean + SD values from two biological and three
technical replicates. Statistical significance of differences between
untreated and stimulated cells using one-way ANOVA and post hoc
Bonferroni tests is expressed as: *** P<0.001, ** 0.001 <P <0.01,
*0.01 < P<0.05. Statistical differences between EP and EC exposed
cells and ConA treated cells are expressed as: ### — P <0.001, ## —
0.001<P<0.01,#-0.01<P<0.05

p=0.00128), IL-1 B and IL-2 (r=0.99878, p=0.00122)
and IL-1p and IL-12 (r=0.99593, p =0.00407). Produc-
tion of IL-10 is strongly associated with cell release of
growth factors M-CSF (r=0.99998, p =2.26E~%) and GM-
CSF(r=0.99915, p=8.54E™%).

The effect of exposure of RAW 264.7 macrophages
with Erigeron and Echinacea PPPs on cell
phagocytosis

Time-dependent pattern of RAW 264.7 macrophages phago-
cytic effectivity had revealed the significant acceleration of
number of phagocytic cells especially following Erigeron
exposure 1.17 fold after 24 h compared to untreated con-
trol and 1.12-fold after 48 h (p <0.01) (Fig. 4). The similar
results of cell phagocytosis were observed with Echina-
cea exposure, after 24 h exposure the ratio between con-
trol and exposed cells was significantly raised 1.088-fold
and after prolonged treatment up to 48 h 1.12-fold increase
(p <0.01) has been detected. Overall correlation analysis of
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Fig.4 Phagocytosis of RAW 264.7 macrophages following E.
canadensis (EC) and E. purpurea (EP) 24 h and 48 h cell exposure
with 100 pg/mL. Untreated RAW 264.7 cells were used as negative
control (Control). Cell mitogen Concanavalin A (Con A, 10 ug/mL)
was used as positive control. All data are presented as Mean+SD
values from two biological and three technical replicates. Statistical
significance of differences between untreated and stimulated cells
using one-way ANOVA and post hoc Bonferroni tests is expressed as:
% P<0.001, ** 0.001 < P<0.01, * 0.01 < P<0.05

Fig.5 Time—dependent pattern
of total free radicals release.

The release was measured after
24 and 48 h stimulation of RAW 4 9
264.7 macrophages in response
to the exposure with 100 pg/mL
of Erigeron (EC) and Echina- 1
cea (EP), and Con A (10 pg/

mL). Control release represents
the levels reached by untreated 3
cells (Control). All data are
presented as Mean + SD

values from two biological

and three technical replicates.
Statistical significance of dif-
ferences between untreated and
stimulated cells using one-way
ANOVA and post hoc Bonfer-
roni tests is expressed as: ***
P<0.001, **0.001 <P<0.01,
*0.01<P<0.05
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interactions concerning exposure time period and extent of
phagocytosis supported the high correlation r=0.99 between
Echinacea and Erigeron PPPs.

Presented data are suggestive of moderately enhanced
effectiveness of Erigeron exposure over Echinacea exposure,
as Erigeron and Echinacea ratio at 24 h has been 1.077 and
at 48 h 1.03. The differences between 24 and 48 h revealed
1.04-fold increase for Erigeron and 1.08 for Echinacea
(p<0.01). Evidently, the longer cell exposure with Echina-
cea potentiated the phagocytic macrophages activity.

The effect of exposure of RAW 264.7 macrophages
with E. canadensis and E. purpurea PPPs on free
radicals released by the cells

The exposure of RAW 264.7 macrophages to Erigeron
and Echinacea PPPs had revealed the significant induction
of free radicals released by the cells, especially follow-
ing Erigeron exposure: 1.22- fold after 24 h compared to
untreated control and 1.14-fold after 48 h (»p <0.01) (Fig. 5).
With Echinacea exposure for 24 h, the ratio between control
and exposed cells was lower, represented 81.1% of EC val-
ues and significantly increased up to 90.17% after prolonged
48 h treatment. The ratio between Erigeron and Echinacea
values of inductive release of free radicals has been 1.23-
fold after 24 h and 1.11- fold after 48 h exposure. Evidently,
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the Erigeron is more effective to accelerate the production
free radicals than Echinacea. As concerned prolonged treat-
ment, 48 h values overcame 24 h values, more for Echinacea
i.e. 1.14- fold and for Erigeron i.e.1.03- fold increases.

Discussion

As chemical analyses have shown, PPPs isolated from the
flowering parts of E. purpurea (Ep) and E. canadensis (Ec)
differ chemically in the content of the individual compo-
nents, i.e. phenols, carbohydrates and proteins. Gel chro-
matography of PPP complexes indicated a macromolecular
character of studied biopolymers. Both the polysaccharide
and the polyphenolic components were found to have the
same mobility, indicating that they are interconnected. The
carbohydrate moieties showed differences in the content of
the individual monosaccharides involved in their structures.
In addition, differences in the content of arabinogalactans
and acidic heteropolysaccharides were determined in PPPs.
Therefore, the question is whether these structural differ-
ences in their polysaccharide moieties may also reflect dif-
ferences in their immunobiological effects.

According this, the selected assessment of the immunobi-
ological activity of Echinacea and Erigeron PPP complexes
in RAW 264.7 macrophage cells comprised determination
of cell proliferation, cell phagocytosis, free radicals release,
and the production of inflammatory and anti-inflammatory
interleukins as well as growth factors.

Our results (Fig. 1) are in agreement with the observation
of Roesler et al. (1991) demonstrating the increase of cell
proliferation based on *H-thymidine incorporation into C3H/
Hel and BALB/c mice monocytes following exposure with
xyloglucan and arabinogalactan polysaccharides purified
from Echinacea. Classen et al. (2006) observed reduction
of Echinacea arabinogalactan induced proliferation in com-
parison with ConA in mouse spleen cells C3H/HelJ (Clas-
sen et al. 2006). Cell exposition with both PPPs exerted the
comparable pattern, decreased cell proliferation compared
to that induced by ConA (Fig. 1). Yang et al.(2018) showed
that concentrations of 0.0039-0.5 mg/mL of tetraploid and
diploid Echinacea crude polysaccharides could promote the
proliferation of normal mouse spleen lymphocytes ConA
stimulated. Moreover, the stimulation of the proliferation
of T-lymphocytes by the Echinacea polysaccharide fraction
(M 5 000-50 000) had been demonstrated. Echinacea herb
and root powders enhanced the human PBMC proliferation
in vitro (Rininger et al. 2000). Echinacea anti-proliferative
effect has been reported with MCF-7, HeLa and HCT-15
cell lines (Aarland et al. 2017). The anti-proliferative activ-
ity and cell growth — inhibitory activity of Erigeron was
studied against cancer cell lines as HeLLa, A431 and MCF7
(Kozuharova et al. 2019).

Generally, interleukins and growth factors are essen-
tial modulators of immune responses engaged in various
immune system processes, as cell activation and prolifera-
tion, signalization, polarization, phagocytosis, and inflam-
mation in a complex network of target immune cell interac-
tions. Consequently, these multipurpose indicators of cell
polarization reflect the mode and effectivity of immunocom-
petent cell reactivity.

Immunobiological evaluation of Echinacea and Erigeron
PPPs impact on RAW 264.7 revealed effective induction of
Th1 (TNFa, IL-10, IL-12) and Th2 (IL-6) responses and
release of pro-inflammatory (TNFa, IL-6, IL-12), as well
as the anti-inflammatory (IL-10) cytokines. The cytokines
highest release following EP and EC exposure has been
determined for TNFa and IL-6, extremely potent inflamma-
tory molecules, primary cytokines mediating acute inflam-
mation (Fig. 2.). This fact, together with induced free radi-
cal release supported the effective cell immunomodulation
following EP and EC PPPs exposure. Moreover, regulatory
effects of IL-6 involve inhibition of TNFa cell release, thus
providing negative feedback for limiting the acute inflam-
matory response. IL-6 is frequently used as a marker for
systemic activation of next pro-inflammatory cytokines.

The next, highly induced cytokine IL-12 (Fig. 2.) is pro-
duced by antigen-presenting cells and plays a critical role
in host defense against intracellular microbial infection via
its ability to stimulate both innate and adaptive immune
effector cells. In most infections IL-12 regulates the extent
of the IFN-y response at the initiation of infection, thus
potentiating natural resistance, favoring Th1-cell develop-
ment, and inhibiting Th2 responses. Therefore, the effec-
tive time-dependent induction of IL-12 release by Echinacea
and Erigeron PPPs (p <0.001) is an important observation,
suggesting acceleration of cellular immunity. Our results
with Echinacea PPPs are consistent with previously pub-
lished findings demonstrated, that the acceleration of in vitro
release of TNF-a by RAW 264.7 macrophages corresponded
with Echinacea extracts concentration (Lee et al. 2010). Ara-
binogalactan represented the main polysaccharide of Echina-
cea PPP (Table 1). Mouse peripheral macrophages treated
with arabinogalactan (10—100 pg/mL) exhibited induction
TNFa and IL-6, and arabinogalactan had been shown to be
mitogenic in mouse splenocytes and peripheral macrophages
(Choi et al. 2005).The increased production of TNF-a, IL-6,
and IL-1a by human monocytes subjected to polysaccha-
rides xyloglucan and arabinogalactan (2:1) isolated from
cell cultures of EP complex was demonstrated (Roesler
et.al. 1991). Interestingly, arabinogalactan from Echina-
cea cell culture demonstrated weak stimulation of IL-6
production in alveolar mouse macrophage culture (Roesler
et.al.1991, Yang et al. 2018).The induction of macrophages,
and increased production of TNF-a, IL-1 and interferon-2
by Echinacea acidic arabinogalactan was described (Luettig
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et al. 1989). Significant increases in circulating IL-2 were
found in rats after treatment with aerial parts of Echinacea
(Cundell et al. 2003). Several studies of Echinacea extracts
cultured with mouse and human macrophages reported sig-
nificantly augmented production of IL-1, TNF-a, IL-6 and
IL-10 compared to untreated control (Aarland et al. 2017).
The increase of 24 h production of GM-CSF and M-CSF
induced by Echinacea overcoming that of Erigeron has been
revealed (Fig. 2). We have observed induced production of
IL-17 (p <0.001, after the prolonged Echinacea cell 48 h
treatment. Park et al.(2018) described, that Echinacea for-
mulae (EFLA®894) induces mRNA expression of IL-17,
IL-6 and IL-10 in spleen of Balb/c mice with restraint stress-
induced immunosuppression and these cytokines might have
beneficial effects. The induction of IL-17 following EP and
EC exposure of RAW 264.7 cells (Fig. 2.) is important, as
interleukin-17 is a pro-inflammatory cytokine with various
effects on innate immune cells. IL-17 induces the produc-
tion of granulocyte colony-stimulating factor (G-CSF) and
CXCL1 and CXCL2 chemokines. During the infection,
IL-17 is engaged in elimination of extracellular bacteria
and fungi, by inducing antimicrobial peptides. The anti-
inflammatory mechanisms of Erigeron extract on TNFa,
IL-4 and IL-1pB-induced A549 cell stimulation were studied
(Sohn et al. 2009). They revealed that inflammatory-related
genes such as NOS1, NOS2A, IL-1 B, IL-8 and CSF2 and
cell adhesion-related genes such as SELE, MMP3, VCAMI,
ICAM1, ITGA7 and ITGB2 were downregulated in Erigeron
treated A549 cells that had been pretreated with TNF-alpha,
IL-4 and IL-18. (Sohn et al. 2009).

Our experiments revealed, that the treatment of RAW
264.7 cells with PPP complex of Erigeron induced media
release of TNFa, and IL-18 in lower extent compared to
treatment with PPP complex of Echinacea. (Fig. 2).

Principally, cell phagocytosis represents the functional
complex process for the engulfment, ingestion and elimina-
tion of pathogens, apoptotic cells, and foreign large parti-
cles>0.5 pm. Phagocytosis has been executed by professional
phagocytes as macrophages, neutrophils, dendritic cells etc.
and is fundamental for overall tissue homeostasis, engaged in
several aspects of inflammatory and the immune responses,
comprising induction of generation of reactive oxygen and
nitrogen species, and pro-inflammatory cytokines. Therefore,
the mode of modulation of phagocytosis process by various
immunomodulators is important. The stimulation of human
granulocytes phagocytosis (Borchers et al.) and peripheral
blood mononuclear cells phagocytosis (Rininger et al. 2000)
by the Echinacea raw materials has been documented (Borch-
ers et al. 2000; Rininger et al. 2000). Next, the stimulative
effect of Echinacea crude polysaccharides on cell simulated
digestion has been observed also in murine macrophages
(Yang et al. 2018), these results are in agreement with resulting
data of direct RAW cell exposure to Echinacea (Fig. 3). The

@ Springer

enhanced phagocytosis of murine bone-marrow macrophages
with Echinacea polysaccharide enriched extract (100 pg/mL)
has been revealed (Fu et al. 2017). Macrophages treated with
10-100 pg/mL of arabinogalactan exhibited increased phago-
cytosis (Choi et al. 2005). The stimulation of phagocytosis
with aqueous polysaccharide components as arabinogalactan
of Echinacea sp. has been reported (Luettig et al. 1989; Bau-
eret al. 1989;Roesler et al. 1991). Thus, we could suggest, that
the arabinogalactan fraction of EP and EC PPPs supported the
immunostimulation of RAW 264.7 macrophages phagocytosis
following EP and EC PPPs exposure (Fig. 3.)

The generation of reactive oxygen species, reactive
nitrogen species, and free radicals throughout the different
pathophysiological conditions is responsible for the overall
oxidative stress. The oxidative stress represented complex
process characterizing the imbalance between the forma-
tion of free radicals and capability of organism to elimi-
nate these reactive species by endogenous and exogenous
antioxidants. Reactive oxygen species and free radicals can
cause large chain chemical reactions in the body and are
potentially inducers of tissue damage (Bauer et al. 1989).
Thus, the evaluation of oxidative stress and the mode, how
antioxidants are able to prevent tissue damage by regulation
of signal transduction pathways and gene expression at the
cellular and tissue levels is of importance. The antioxidant
activity of Echinacea polysaccharides has been supported
by study of Lee et al. (2009). Next, the antioxidant effect of
polyphenolic-polysaccharide conjugates from Erigeron and
other selected medicinal plants was demonstrated by Saluk-
Juszczak et al. (2010a and 2010b).

The secretion of oxygen radicals by macrophages acti-
vated with Echinacea purified polysaccharides was increased
(Stimpel et al. 1984; Choi et al. 2005).

In our experiments the significant increase of free radicals
over physiological value (p <0.01) has been observed with
Echinacea PPP complex (Fig. 4). This observation together
with increase of phagocytic activity and stimulation of pro-
inflammatory cytokines represents the promising role of EP
and EC PPPs in immune defense. Hou et al. (2020) revealed
in vitro and in vivo reduction of the oxidative stress by a
polysaccharide from Echinacea (2020). Mishima et al.
(2004) observed in the case of radiation-induced leukopenia
increase of mouse peripheral blood antioxidant activity by
Echinacea suggesting relationship between the suppressive
effect on radiation-induced leukopenia and the antioxidant
effect of Echinacea.

Conclusions

Polyphenolic polysaccharide-protein complexes have
been isolated from the flowering parts of E. purpurea and
E. canadensis under strong alkaline conditions to obtain
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polymeric materials with a high content of phenolics and
uronic acids. Arabinogalactans associated with acidic poly-
saccharides were the major polysaccharides in both PPP
complexes. It seems that the relatively high charge in the
polymer chains is responsible for their biological effects
such as anticoagulant or antiplatelet. It could also affect the
immunological properties of the complexes. In vitro immu-
nobiological evaluation of both PPP complexes in RAW
264.7 cells demonstrated effective immunomodulation with
respect to the induction of interleukins and growth factors
release, cell proliferation, phagocytosis, and free radicals
release. In vitro RAW 264.7 cell exposure to Echinacea and
Erigeron PPP complexes revealed effective induction of Th1
(TNFa, IL-10, IL-12) and Th2 (IL-6) responses and release
of pro-inflammatory (TNFa, IL-6, IL-12), as well as the
anti-inflammatory (IL-10) cytokines. Next, both formulas
reflected after 24 h and.

48 h cell exposure the antiproliferative pattern. Time-
dependent pattern of RAW 264.7 macrophages phagocytic
effectivity had revealed the significant acceleration of num-
ber of phagocytic cells especially following Erigeron PPP
exposure. Time-dependent significant induction of free
radicals released by the cells, especially following Erigeron
exposure has been revealed. According to these results, the
isolated herbal complexes are promising immunomodula-
tory compounds for further in vitro and in vivo immunobi-
ological and immunotoxicological studies. According to the
cytokine immunomodulation, induction of phagocytosis and
anti-proliferative activity, E. purpurea and E. canadensis
PPP complexes represent interesting natural macromolecules
with a potential therapeutic or prophylactic application as
immunomodulating herbal remedy.
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