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Introduction: Chronic inflammation is a pernicious underlying status, well-known for its contribution to the progressive development 
of various diseases. In this regard, Micro-immunotherapy (MI) might be a promising therapeutic strategy. MI employs low doses (LD) 
and ultra-low doses (ULD) of immune regulators in their formulations. In particular, as both IL-1β and TNF-α are often used at ULD 
in MI medicines (MIM), a special emphasis has been made on formulations that include these factors in their compositions.
Methods: Several in vitro models have been employed in order to assess the effects of two unitary MIM consisting of ULD of IL-1β 
and TNF-α (u-MIM-1 and u-MIM-2, respectively), and four complex MIM (c-MIM-1, −2, −3 and −4) characterized by the presence of 
ULD of IL-1β and TNF-α amongst other factors. Thus, we first investigated the anti-inflammatory effects of u-MIM-1 and u-MIM-2 in 
a model of inflamed colon carcinoma cells. In addition, the anti-inflammatory potential of c-MIM-1, −2, −3 and −4, was assessed in 
in vitro models of intestinal and neuronal inflammation.
Results: The results revealed that u-MIM-1 and u-MIM-2 both induced a slight decrease in the levels of IL-1β and TNF-α transcripts. 
Regarding the c-MIMs’ effects, c-MIM-1 displayed the capability to restore the altered transepithelial electrical resistance in inflamed- 
HCoEpiC cells. Moreover, c-MIM-1 also slightly increased the expression of the junction-related protein claudin-1, both at the mRNA 
and protein levels. In addition, our in vitro investigations on c-MIM-2 and c-MIM-3 revealed their immune-modulatory effects in LPS- 
inflamed human monocytes, macrophages, and granulocytes, on the secretion of cytokines such as TNF-α, PGE2, and IL-6. Finally, 
c-MIM-4 restored the cell viability of LPS/IFN-γ-inflamed rat cortical neurons, while reducing the secretion of TNF-α in rat glial cells.
Discussion: Our results shed the light on the potential role of these MIM formulations in managing several chronic inflammation- 
related conditions.
Keywords: cytokines, low-doses, ultra-low-doses, inflammation, immunotherapy, in vitro

Introduction
Inflammatory mechanisms are part of the normal body’s defense against aggressions, however, when they last for 
prolonged periods of time (months to years), they can induce a chronic inflammatory state that can be detrimental to the 
organism.1 The etiology of such slow and long-lasting inflammation is very heterogeneous, as multiple causes can trigger 
an over-activation of the immune system, inhibiting at the same time its normal return to homeostasis. Besides the 
context of auto-immune disorders, some of the reasons that can perpetuate a low-grade inflammation could be: (i) the 
organism’s inability to eliminate infectious agents such as bacteria, viruses or parasites, (ii) its prolonged exposure to low 

Journal of Inflammation Research 2022:15 6695–6717                                                     6695
© 2022 Jacques and Floris. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/ 
terms.php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing 

the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. 
For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Journal of Inflammation Research                                                         Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 19 September 2022
Accepted: 24 November 2022
Published: 13 December 2022

Jo
ur

na
l o

f I
nf

la
m

m
at

io
n 

R
es

ea
rc

h 
do

w
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/ o
n 

21
-N

ov
-2

02
3

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0002-8044-0545
http://orcid.org/0000-0003-4089-3133
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


levels of chemicals, biochemicals or irritants, (iii) defects in the activation/inactivation mechanisms of the immune cells 
including an inadequate or insufficient resolution of inflammation or (iv), lifestyle stressors such as poor sleep quality or 
nutrition. If those triggers are maintained over a long period of time, they can lead to chronic inflammatory-related 
diseases that can involve many other organs and tissue of the body like the gut, driving inflammatory bowel diseases 
(IBD); the cardio-vascular system (stroke, atherosclerosis); the brain (depression, neurodegenerative diseases); the 
immune system (auto-immune diseases and cancer); the endocrine-metabolic system (diabetes and obesity).

Numerous treatment strategies have been employed in order to reduce inflammation and immunotherapies are one of 
them. For instance, the use of cytokine-based therapies has been reported in the management of sepsis, diabetes, or 
cardiovascular diseases with quite promising results. However, unwanted side effects still remain, probably due to the 
cytokines or immune factors dosages employed. A therapeutic approach that includes micro-immunotherapy (MI) could 
thus be of great interest in order to face such concerns. Indeed, MI medicines (MIM) are immune-factor-based medicines, 
which formulations either encompass a sole active substance (unitary preparations; referred to as u-MIM) or a distinctive 
combination of several ingredients (complex MIM; referred to as c-MIM). These medicines are manufactured in the form 
of sucrose-lactose pillules impregnated with the corresponding active ingredients, for oromucosal administration, and are 
intended to be taken in a fasted state. In this manner, the active substances can reach the oral-pharyngeal mucosal 
immune system,2 as well as the mucosal immune system of the gastrointestinal (GI) tract, with their associated lymphoid 
tissues and cell populations of the innate and adaptative immune responses.3 This route of administration will, in turn, 
elicit systemic and local effects, as we could observe in previous published preclinical in vivo studies.4–6

Through their exclusive preparation, MIM aim at gently modulating the expression and the related signaling pathways 
of cytokines and immune factors by providing to the organism these molecules at low doses (LD) and ultra-low doses 
(ULD) (Figure 1). These LD/ULD are expressed in Hahnemannian dilution (CH) or in Korsakovian dilutions (K). LD of 
bioactive molecules (ranging from 3 to 5 CH) are used in MI formulations to mimic the low doses occurring in the 
organism,7,8 and are employed to induce their own biological effects, stimulating their functions (Figure 1, green part). The 
recently published preclinical study on the unitary interferon-γ (4 CH) indeed shows how, at cellular levels, the drug elicits 

Figure 1 General scheme of the concept of low doses (LD) and ultra-low doses (ULD) in the context of MI supported by the two cited preclinical research studies referring 
to the immune-stimulatory/anti-inflammatory responses elicited by the LD or ULD, respectively. LD of cytokines, ranging from 3 centesimal Hahnemannian (CH) to 5 CH, 
aim at orienting the immune responses towards an immune stimulation, inducing their own biological effect through mimicking the physiological low doses employed in the 
body. The immune-stimulatory effects of IFN-γ (4 CH) have been reported by Jacques et al 2022.7 On the other side of the spectrum, ULD aim at modulating (from 6 CH)/ 
down-regulating (from 12 CH and beyond) a response. For instance, the pro-inflammatory cytokines IL-1β and TNF-α employed at 27 CH, exerted anti-inflammatory 
responses (Floris et al 2020).9 The CH numbers represented on the x-axis are the ones employed in the MIM’s formulations studied in the current manuscript. The arrows 
represent the direction of the oriented biological response mediated by the LD/ULD employed in micro-immunotherapy medicines (MIM). Green arrow, Stimulation of 
a biological response; Red arrow, Inhibition of a biological response; Combined Green and Red arrow, Modulation of a biological response.
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immunostimulatory and co-stimulatory effects on different cell types.7 On the other side, the use of ULD (from 6 CH up to 
30 CH) employed in MI is intended to modulate (from 6 CH) and/or down-regulate (from 12 CH and beyond) the 
expression of the concerned active substances (Figure 1, orange part). Interestingly, we previously reported that the two 
unitary medicines (u-MIM) interleukin (IL) 1β (IL-1β) (27 CH) and tumor necrosis factor α (TNF-α) (27 CH) displayed 
anti-inflammatory properties, as they both exhibit the potential to inhibit the secretion of IL-1β and TNF-α, in a model of 
human primary monocytes as well as in THP-1 cells, after lipopolysaccharide (LPS) exposure (Figure 2A, blue box).9 

Figure 2 (A) The rationale of the present study is based on the fact that ULD of IL-1β and TNF-α are employed in the tested MI medicines (MIM). The anti-inflammatory 
role of these cytokines, when used at 27 CH, under the respective form of unitary MIM (u-MIM) has been reported by Floris et al 2020,9 and Jacques et al 2021,11 in a model 
of inflamed-immune cells (blue box) consisting of LPS-inflamed human primary monocytes and THP-1 cells. In the current study, the effects of these u-MIM were appraised in 
an intestinal model of inflammation (red box; see Results Section 1., for the results). (B) Scheme recapitulating the overall organization of the present manuscript regarding 
the four complex-MIM (c-MIM) studied. The formulation of each c-MIM is detailed. As each c-MIM formulation was tested in a particular context, the corresponding Results’ 
sections within this manuscript are reported at the bottom of each colored box (red box, intestinal inflammation model; blue box, inflamed-immune-cells model; yellow box, 
neuronal inflammation model). The arrows represent the direction of the oriented biological response mediated by the LD/ULD employed in micro-immunotherapy 
medicines (MIM). Green arrow, Stimulation of a biological response; Red arrow, Modulation/inhibition of a biological response; Combined Green and Red arrow, Modulation 
of a biological response; K, Korsakovian dilution.
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Moreover, other in vitro and in vivo preclinical data have demonstrated the anti-inflammatory properties of a MI formula-
tion employing ULD of TNF-α and IL-1β in association with other immune regulators,4,10,11 providing encouraging results 
about the potential of some MIM in slowing down the pro-inflammatory responses in the context of chronic inflammation. 
Based on these previous results, the first aim of this study was to assess the effects of these two ULD-based u-MIMs in 
another specific inflammatory context, an intestinal inflammation model (Figure 2A, red box).

In contrast to unitary preparations, complex MI formulations consist of a unique association of active substances, 
thought to act synergistically in order to coherently channel a specific biological response. The second aim of this study 
was to conduct a complementary assessment of the effects of four c-MIM (referred to as c-MIM-1, c-MIM-2, c-MIM-3 
and c-MIM-4 in this manuscript), as they all employ ULD of IL-1β and TNF-α in their formulations, in association with 
additional actives at LD/ULD. c-MIM-1 also includes ULD of IL-8 and LD of IL-10; c-MIM-2 includes ULD of 
prostaglandin E2 (PGE2) and IL-6, with LD of IL-10, too; c-MIM-3 uses ULD of IL-6, IL-13 and oncostatin M (OSM), 
as well as LD of tumor growth factor β (TGF-β) and IL-1 receptor antagonist (IL-1Ra). Finally, c-MIM-4 employs ULD 
of IL-6 and IL-12 as well as LD of IL-4 (Figure 2B).

It is now well-recognized that chronic inflammation triggers a whole-body response and the activation of many 
feedback loops with interconnected effects.12 Moreover, as an integrated and complex system, the different anatomical 
parts of the body communicate between them. Considering the particularly close relationship between the epithelial cells 
from the gut, the immunity and the nervous system,13 the main purpose of this study was indeed to assess the potential 
anti-inflammatory properties of four different complex MIM’s (c-MIM) formulations in several inflammatory contexts 
related to the (i) -intestinal tract (Figure 2B, red box), (ii) -immune axis (Figure 2B, blue box) and (iii) -nervous system 
(Figure 2B, yellow box), depending on their specific cytokines combination. The further paragraphs of this introduction 
will provide brief non-exhaustive detail about the role of each cytokine in the three above-mentioned contexts, thus 
explaining the deliberate choice to assess each c-MIM in a particular inflammatory model in the first place.

Recent literature delineated the importance of IL-8 and IL-10 in the molecular mechanisms driving GI inflammatory 
diseases.14,15 The fact that c-MIM-1 includes ULD of IL-8 and LD of IL-10 in its formulation thus motivated the choice 
of assessing the cellular effects of this medicine in an in vitro model of intestinal inflammation (Figure 2B, red box).

In a more general approach, c-MIM-2 and c-MIM-3 have been investigated in vitro, on the immune axis in different 
cell types and inflamed experimental contexts (Figure 2B, blue box). These two formulations employ ULD of IL-1β and 
TNF-α in association with ULD of PGE2, or ULD of IL-6, IL-13, and OSM, and LD of IL-10, or LD of TGF-β and IL- 
1Ra. Numerous publications, nicely put together in the review from Tsuge et al indeed reported the major role played by 
PGE2 in the mediation of inflammation and immune diseases, notably through its implication in mechanisms related to 
Th1 differentiation, and Th1/Th17/Th22 signaling.16 In the context of immunity, IL-10 is produced by a broad type of 
myeloid and lymphoid cells during infections, and suppresses macrophages and dendritic cells functions, thereby 
impeding Th1 and Th2 effector responses.17 In immune effector cell types, and in a wide range of established models 
of chronic inflammation, IL-10 is reported to play a central role in the regulation of homeostasis.18 On another side, TGF- 
β is important in maintaining the T cell tolerance to self or innocuous environmental antigens.19 IL-1 is known for its 
crucial involvement in the onset and/or the etiopathogenesis of several inflammatory-mediated diseases. Given its 
importance, several therapeutic approaches consisting of the use of IL-Ra have been used in clinical practice to block 
the activity of IL-1.20 OSM is a pleiotropic cytokine playing important roles in a wide range of homeostatic functions 
(such as hematopoiesis, bone/fat turnover, liver regeneration) and, under chronic inflammatory diseases, it may play pro- 
inflammatory roles, depending on the microenvironment and the interested tissue, without being overexpressed at 
systemic levels.21 IL-6 is also a pleiotropic cytokine playing important roles in hematopoiesis, bone metabolism 
embryonic development, immunity, and host responses. Its expression is finely regulated at multiple levels, and when 
a dysregulated and persistent IL-6 expression occurs, it may lead to the development of various inflammatory-mediated 
diseases.22,23 Similarly, IL-13 is known to exert pleiotropic effects and to be involved in inflammatory-mediated 
diseases.24

Finally, in the case of c-MIM-4, which employs ULD of both IL-6 and IL-12 in its formulation, as well as IL-4 at LD, 
one of the goals of this study was to assess its effects using an in vitro preclinical model of neuronal inflammation 
(Figure 2B, yellow box). The rationale behind the choice of the neuronal-inflammation context was supported by a rich 
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bibliography, illustrated by the following examples. For instance, according to the results of a recent meta-analysis, 
patients suffering from depressive symptoms express higher levels of IL-6.25 Another study also reported that the IL-12 
serum levels of patients with major depression were significantly higher than healthy controls, and that an 8-weeks 
treatment led to a reduction of these levels.26 On the other hand, it was suggested that IL-4 could modulate IL-1β-induced 
depressive behavior in rats, by inhibiting IL-1β-induced central glial activation and neurotransmitter alterations.27

Materials and Methods
Tested Item and Experimental Control
The tested MIMs are homeopathic medicinal products consisting of sucrose-lactose pillules impregnated with ethanolic 
preparations of cytokines. These MIMs were manufactured by Labo’Life España, as previously described,6,7 and have 
been provided for investigational purposes. The two u-MIM under investigation in this study (referred as u-MIM-1 and 
u-MIM-2) are presented as unitary medicines, while the four tested complex capsules (c-MIM-1, c-MIM-2, c-MIM-3, 
and c-MIM-4) are made of a specific combination of either four, five or seven different ingredients (Figure 2). Their 
composition is characterized by cytokines and immune factors and their amount is expressed in CH or in K.

The Veh. pillules used in the study as controls are manufactured by Labo’Life Belgium. Previous publications 
described how these vehicle controls are produced, in order to provide a suitable control for preclinical research.4,6,7,9,10 

Regarding the in vitro experiments performed in the current study, u-MIM, c-MIM or the Veh. pillules were freshly 
diluted in 100 mL of culture medium to reach the final sucrose-lactose concentration of 11 mM.

Cell Lines
HT-29- cells, a human colorectal adenocarcinoma cell line with epithelial morphology was used in this study. This cell 
line was purchased from the ATCC (ATCC® HTB-38™, Molsheim, France) and was grown in Dulbecco’s Modified 
Eagle’s Medium (DMEM) with high glucose (4.5 g/L) containing 10% fetal calf serum (FCS) (DMEM 10% FCS, PAA 
Laboratories, Les Mureaux, France) and antibiotics (streptomycin 100 μg/mL and penicillin 100 units/mL, Sigma 
Aldrich, St. Quentin Fallavier, France). Cells were incubated at 37°C in 5% CO2 and 95% relative humidity.

To induce inflammatory conditions, a pre-stimulation of cells by TNF-α (ref # 39–8329-60/E08250-1633, 
eBioscience) at 10 ng/mL was performed for 3 hours. The tested Veh. and MIMs were then added to the culture medium 
containing the TNF-α for 24 more hours before an extensive wash, and harvested for mRNA extraction. Supernatants 
(SN) were collected to perform cytokine quantification by ELISA.

Evaluation of Gene Expression by RT-qPCR
Total mRNA was isolated from cells using Rneasy kit (Macherey Nagel, Hoerdt, France) according to the manufac-
turer’s instructions. RNA quantification was performed using spectrophotometry. After treatment at 37°C for 30 min 
with 20–50 units of RNase-free DNase I (Roche Diagnostics Corporation, Indianapolis, IN, USA), oligo-dT primers 
(Roche Diagnostics Corporation, Indianapolis, USA), the High-Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems, Waltham, MA, USA) was used to synthesize single-stranded cDNA. The mRNA was quantified using 
SYBR green Master Mix (Applera, Courtaboeuf, France) with human-specific oligonucleotides in a GeneAmp 
Abiprism 7000 (Applera). In each assay, calibrated and no-template controls were included. Each sample was run in 
triplicate. SYBR green dye intensity was analyzed using the Abiprism 7000 SDS software (Applera, Courtaboeuf, 
France). All results were normalized to the unaffected housekeeping gene glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH).

All the results are expressed as a fold of the mean of activation of duplicate/mean of duplicate in medium alone or 
TNF-α alone. The primers sequences used are the following: GAPDH: Forward (F): 5’-GAC ACC CAC TCC TCC ACC 
TTT-3’; Reverse (R): 5’-TTG CTG TAG CCA AAT TCG TTG T-3’; TNF-α: F:5’-CAG GAC GTG GAG CTG GCC 
GAG GAG −3’; R: 5’- CAC CAG CTG GTT ATC TCT CAG CTC −3’; IL-1β: F: 5’- GAT GCA CCT GTA CGA TCA 
CT-3’; R: 5’-GAT GCA CCT GTA CGA TCA CT −3’.
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Inflamed Colon Epithelial Intestinal Cells Model
Phytohemagglutinin-Stimulated Human Peripheral Blood Mononuclear Cell’ Supernatants Production
Human peripheral blood mononuclear cells (PBMC) from healthy adult volunteer donors were isolated by centrifugation 
of venous blood on Ficoll-Hypaque density gradients (Amersham Pharmacia Biotech, Piscataway, NJ, USA). Healthy 
volunteers were enrolled by the Blood Bank Center (Etablissement Français du Sang, EFS, Pays de Loire, France). All 
blood samples were approved by the Ethics committee of the EFS Blood Bank Center with written informed consent 
obtained for all the donors, in accordance with the Declaration of Helsinki. Cells (105/mL) were cultured in 24-well 
round-bottom plates in 2 mL of complete medium and stimulated with phytohemagglutinin (PHA) (5 µg/mL) for 48 
hours. The SN were collected and stored at −80°C until use.

Trans-Epithelial Resistance Assessment in Human Colonic Epithelial Cells
Human Colonic Epithelial Cells (HCoEpiC) were purchased from Innoprot, Bizkaia, Spain. The cells were seeded at the 
density of 5×105 cells in 24-well plate inserts whose diameter is 6.5 mm and the membrane area 0.3 cm2 and grown until 
tight confluence. The cells were cultured in DMEM supplemented with 10% FCS, 2 mM L-glutamine, and antibiotics. 
The trans-epithelial resistance (TEER) measurements were obtained as Ω/cm2 and performed with a Millicell® ERS-2 
device at different incubation times (24 hours and 72 hours), in the presence/absence of the PBMC SN, with/without 
c-MIM-4 or Veh. added 30 minutes before reading. The measurements were performed in HBSS without phenol red 
(Sigma-Aldrich, ref # H6648), adding 600 µL HBSS in the basolateral area and 100 µL of HBSS in the apical area for 30 
minutes. After this time, readings in 3 individual wells (n = 3) were made. 10 mM of sodium caprate (C10) (Sigma- 
Aldrich, ref # C4151) was used as a positive control.

Claudin-1 Expression Assessment in Human Colonic Epithelial Cells
HCoEpiC cells were seeded at a density of 500.000 cells/well in 6 well plates and grown until confluence. HCoEpiC cells 
were treated with or without Veh. or c-MIM-1 for 24 h. After that, 400 μL of human PBMC SN previously activated with 
PHA during 48 h was added to each well for 30 minutes. After treatments, the cells were collected and divided into two 
parts, one part was used for mRNA isolation and the other part for protein extraction.

Evaluation of the Claudin-1 Expression by Real-Time qPCR
For quantitative reverse transcriptase-PCR assays, total RNA (1 µg) was retrotranscribed using the iScript cDNA 
Synthesis Kit (Ref #1708891, Bio-Rad, Hercules, CA, USA) and the cDNA was analyzed by real-time PCR using the 
iQTM SYBR Green Supermix (Ref #1708880, Bio-Rad) and a CFX96 Real-time PCR Detection System (Bio-Rad). 
GAPDH gene expression was used to standardize mRNA expression in each sample. Gene expression is quantified using 
the 2−ΔΔCt method and the percentage of relative expression against controls (untreated cells) was represented. Primers 
for use in real-time PCR analysis: Claudin-1: F: 5’-AGG TCT GGC GAC ATT AGT GG-3’; R: 5’-CGT GGT GTT GGG 
TAA GAG GT-3’; GAPDH: F: 3’-TGG CAA AGT GGA GAT TGT TGC C-3’; R: 5’-AAG ATG GTG ATG GGC TTC 
CCG-3’.

Evaluation of the Claudin-1 Expression by Western Blot
The cells were washed with phosphate-buffered saline (PBS) and proteins were extracted in 50 μL of lysis buffer (50 mM 
Tris–HCl pH 7.5, 150 mM NaCl, 10% glycerol, and 1% NP-40) supplemented with 10 mM NaF, 1 mM Na3VO4, 10 μg/ 
mL leupeptin, 1 μg/mL pepstatin and aprotinin, and 1 μL/mL phenylmethyl sulfonyl fluoride (PMSF) saturated. Twenty  
micrograms of protein were boiled at 95°C in Laemmli buffer and electrophoresed in 10% SDS/PAGE gels. Separated 
proteins were transferred to polyvinylidene fluoride (PVDF) membranes (20V for 30 min) and blocked in tris-buffered 
saline (TBS) solution containing 0.1% Tween 20 and 5% non-fat dry milk for 1 hour at room temperature. 
Immunodetection of specific proteins was carried out by incubation with a primary antibody rabbit anti-Cldn-1 (1:200, 
Ref: #ab15098, Abcam, Cambridge, UK) and β-actin (1:10.000 dilution, Ref: #A5316, Sigma), overnight, at 4°C. After 
washing membranes, horseradish peroxidase-conjugated secondary antibody was added and detected by 
a chemiluminescence system (GE Healthcare Europe GmbH, Freiburg, Germany). The quantification of the Blot’s 
pictures, was performed thanks to the online version of the ImageJ software (downloaded on the 2nd of May 2022).
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Immunomodulation in Immune Cells
Immunomodulation in Human Monocytes
Human primary monocytes were prepared from buffy coats of three healthy human blood donors. All blood samples were 
approved by the Ethics committee of the EFS Blood Bank Center with written informed consent obtained for all the 
donors. Cells were seeded in 24-well plates at a density of 2.200.000 cells/well for ELISA measurements. Monocytes 
were incubated with LPS (10 ng/mL, Salmonella typhimurium SL1181) for 30 min before treatment with either the Veh., 
or c-MIM-2 for an additional 24 hours. After 24 hours, SN were collected, centrifuged, and investigated for IL-1β, TNF- 
α and PGE2 concentrations in ELISA using the manufacturer’s protocol (n = 6, 3 different donors).

Immunomodulation in Human Macrophages
Human CD14+ monocytes were isolated from the blood of a healthy donor (67 years old man). The blood sample 
collection was approved by the Ethics committee of the EFS Blood Bank Center. After the mononuclear cells’ isolation 
by the Ficoll gradient centrifugation method, the CD14+ cells were selected by positive selection thanks to magnetic 
beads (MACS® Miltenyi Biotec B.V. and Co. KG, Bergisch Gladbach, Germany). Monocytes were then cultivated for 6 
days in 24-well plates, with α-MEM medium supplemented with 10% fetal bovine serum (FBS) and 100 ng/mL 
macrophage colony-stimulating factor (M-CSF) (R&D Systems, Inc., Minneapolis, MN, USA, Ref: #216-MC). After 
these 6 days in culture, the medium was replaced with α-MEM supplemented with 10% FBS and 50 ng/mL M-CSF in 
addition to 100 ng/mL LPS (Sigma, Ref: #L4391) and either the Veh. or c-MIM-3. The treatments were applied for 24 
hours and each condition was performed in triplicate. At the end of the incubation period, SN were collected, aliquoted, 
and stored at −80°C until ELISA assay (human IL-6 Quantikine, R&D Systems). Optic density was measured on 
a spectrophotometer Multiskan Go and the Skanlt 3.2 software was used to quantify the measured cytokine 
concentrations.

Immunomodulation in Human Granulocytes
Human primary granulocytes were freshly isolated from the blood of a healthy donor obtained from the EFS, and seeded 
in 48-well plates in optimized RPMI 1640 supplemented with 10% inactivated FBS. Cells were then pre-incubated with 
either Veh., or c-MIM-3 for one hour, before the addition of LPS (1 µg/mL) as the inflammation inducer within the 
media. Cells were then incubated for 18 hours in presence of the tested items and LPS. All the experimental conditions 
were performed in triplicate. At the end of the total incubation period, SN were collected and the assessed cytokines 
levels were evaluated. The IL-6 and IL-1β levels were evaluated by multiplex CBATM method following the provider 
recommendations (Human IL-6 Flex Set; BDTM Biosciences, A7 beads, Ref: #558276; dilution factor 1:5 and Human 
IL-1β Flex Set; BDTM Biosciences, B4 beads, Ref: #558279).

Immunomodulation in Neurons
Ethics Statement
All animal procedures were carried out in strict adherence to the European Community Council Directive of 
September 22, 2010 (2010/63/UE). All experiments and protocols were authorized and approved by the French 
Ministry of Research, as well as by the Animal Welfare Committees of Amylgen, Biotrial, QPS and Neuronexperts. 
All efforts were made to minimize the number of animals used.

Cortical Neurons Culture
Rat cortical neurons were cultured as described by Singer et al28 Briefly, a pregnant female rat of 15 days gestation was 
sacrificed by CO2 inhalation (Wistar; Janvier Lab, Le Genest-Saint-Isle, France) and the fetuses were removed from the 
uterus. The cortexes were removed and placed in ice-cold medium of Leibovitz (L15, Panbiotech GmbH, Aidenbach, 
Germany, Ref: #P04-27055 batch: 8940719) containing 2% of penicillin/streptomycin (PS, PanBiotech Ref: #P06-07100, 
batch: 2791019) and bovine serum albumin (BSA, Panbiotech Ref: #P06-1391100, batch: H190110). Cortexes were 
dissociated by trypsin-EDTA (Thermo Fisher Scientific, Illkirch-Graffenstaden, France Ref: #25300-054, batch: 
2027082) for 20 min at 37°C. The reaction was stopped by the addition of DMEM (Panbiotech Ref: #P04-03600, 
batch:1220919) containing DNAase I grade II (0.1 mg/mL; PanBiotech, Ref: #P60-37780100, batch: H181015) and 10% 
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FCS (Invitrogen, Waltham, MA, USA, Ref: #10270106, batch: 42G2082K). Cells were then mechanically dissociated by 
3 passages through a 10 mL pipette. Cells were then centrifuged at 290 × g for 10 min at 4°C. The SN was discarded and 
the cell pellet was re-suspended in a culture medium for neurons consisting of Neurobasal (Invitrogen, Ref: #11570556, 
batch: 2161553) supplemented with 2% of B27 (Invitrogen, Ref: #11530536, batch: 2181375), 2 mM of L-glutamine 
(L-glut; PanBiotech, Ref: #P04-80100, batch: 1640518), 2% of PS solution, 1% of FCS and 10 ng/mL of brain-derived 
neurotrophic factor (BDNF, Peprotech France, Neuilly-sur-Seine, France, Ref #450-02, batch 31961). Viable cells were 
counted in a Neubauer cytometer using the trypan blue exclusion test. The cells were seeded at a density of 30.000 cells/ 
well in 96 well-plates (Falcon, ref: 353072) pre-coated with poly-D-lysine (10 µg/mL; Sigma, ref: P7886, batch: 
SLBS8705) in H2O culture (PanBiotech ref: P04-991000, batch: 2900219) and were cultured at 37°C in a humidified air 
(95%)/CO2 (5%) atmosphere.

Preparation of Astrocytes and Microglial Cell and Culture with Cortical Neurons
One vial of rat glial cells (4.000.000 cells by vial at passage 2) was thawed and cells were seeded at the density of 12.000 
cells per cm² on 75 cm² flask (Nunc ref: 055403) in DMEM supplemented with 2 mM of L-glutamine, 2% of PS solution 
and 10% of FCS. After 5 days of culture, the mix of astrocytes/microglial cells was dissociated by trypsin-EDTA for 20 
min at 37°C. The reaction was stopped by the addition of DMEM, containing DNAase I grade II (0.1 mg/mL) and 10% 
FCS. Cells were then centrifuged at 290 × g for 10 min at 4°C temperature. The cell pellet was re-suspended in a culture 
medium for neurons. Glial cells were seeded at the same time as the neurons at a density of 20.000 cells per well.

Compound Incubation and LPS/IFN-γ Treatment
After 8 days of coculture, cells were treated with either Veh., c-MIM-2, or MK801 (Sigma ref: M107, batch: 
105M4606V) at 20 µM in medium for neurons. After 9 days of coculture, cells were treated with or without the 
combination of LPS (100 ng/mL, Sigma ref: L2630, batch: 089M4016V)/IFN-γ (10 ng/mL, Peprotech ref: 315–05, batch: 
061798) during 24 hours,29–31 and with or without the tested items or MK801 in 300 µL of medium for neuron. At the 
end of this 24 hours incubation, SN were recovered and frozen for quantification of TNF-α released. Cortical neurons and 
glial cells were incubated in a medium for neurons with and without the tested items for an additional 48 hours to analyze 
the survival of neurons. Six independent wells were done per culture condition.

Quantification of Neuronal Cells Survival After Glial Cells LPS/INF-γ Activation
After 72 hours of glial cells LPS/INF-γ activation, cells were fixed by a solution of 4% paraformaldehyde (Sigma, ref: 
6148, batch: SZBE2390V) for 20 min at room temperature, and control conditions were also fixed according to the same 
procedure. The cells were then permeabilized and non-specific sites were blocked with a solution of PBS (PanBiotech; 
ref: P04-36500, batch: 5081219) containing 0.1% of saponin (Sigma; ref: S7900, batch: BCBL8667V) and 1% FCS for 
15 min at room temperature. Cells were incubated overnight at 4°C, with a monoclonal anti-microtubule associated 
protein 2 antibodies produced in mice (MAP-2, 1/5000, Sigma; ref: M4403, batch: 063M4802), in a solution of PBS 
containing 1% FCS and 0.1% saponin. Antibody against MAP-2 stains specifically neuron cell body and neurite. This 
antibody was revealed with an Alexa Fluor 488 goat anti-mouse IgG (1/400, Molecular probe, ref: A11001, batch: 
2140660) in PBS with 1% FCS and 0.1% saponin, for 1 hour, at room temperature. Nuclei of cells were labeled by 
a fluorescent marker (Hoechst solution, Sigma; ref: B1155, batch: 046M4048V) in the same solution. For each condition, 
20 pictures per well were taken using InCell Analyzer 2200 (GE Healthcare) with 20x magnification. Images of each 
culture well were taken in the same conditions. Analysis of cell bodies of MAP-2 positive neurons was performed using 
Developer software (GE Healthcare). A total of 6 data per experimental condition were provided. All values are 
expressed as mean ± s.e.m.

Quantification of Cytokine Release by ELISA
The culture SN were thawed and 100 µL by well were used to quantified by ELISA the level of TNF-α (TNF-α rat 
ELISA kit, Fisher Scientific, ref: KRC3011, batch 218247–002) released by glial cells in the media, according to the 
manufacturer’s instructions. All values are expressed as mean ± SD.
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Statistical Analysis
The graphs in the figures were performed with GraphPad Prism, Version 9.4 for Windows (GraphPad Software Inc., San 
Diego California USA, updated on 16/06/2022). Authors have followed the recent recommendations of D.L. Vaux that 
encourage performing descriptive statistics instead to make statistical inferences when the number of independent values 
is small.32 Indeed, no statistical inference has been performed to analyze the results of the in vitro studies presented here.

Results
IL-1β (27 CH) and TNF-α (27 CH), Both Unitary Micro-Immunotherapy Medicines, 
Slightly Reduced the Expression of IL-1β and TNF-α at Transcriptional Levels in TNF- 
α-Inflamed HT-29 Cells
Previous results reported the anti-inflammatory effects of the u-MIM IL-1β (27 CH) and TNF-α (27 CH) in human 
primary monocytes and in the THP-1 cell line.9 In this study, we wanted to assess the effect of these unitaries in a model 
of intestinal inflammation, by using a human epithelial colon cancer cell line exposed to TNF-α. Therefore, the effect of 
IL-1β (27 CH) and TNF-α (27 CH) was evaluated in HT-29 cells, inflamed by a 3 hours pre-incubation with 10 ng/mL 
TNF-α (Figure 3A). The cells were then treated with either the vehicle (Veh.), IL-1β (27 CH) or TNF-α (27 CH) for 24 
hours before assessing the transcripts’ expression of IL-1β and TNF-α by RT-qPCR. The results are presented in 

Figure 3 IL-1β (27 CH) and TNF-α (27 CH) tend to decrease the expression of both IL-1β and TNF-α at transcriptional levels, in a model of intestinal inflammation. (A) 
Representative scheme of the experimental protocol. HT-29 cells were pre-treated for 3 hours with 10 ng/mL TNF-α as an inflammatory trigger before the incubation with 
either the Veh., IL-1β (27 CH), or TNF-α (27 CH) during the next 24 hours. RT-qPCR analysis was performed at the end of the incubation period. (B and C) Expression of 
IL-1β and TNF-α at the transcriptional level, in presence of TNF-α (10 ng/mL) as an inflammation inducer and after a 24 hours incubation with either Veh., IL-1β (27 CH) or 
TNF-α (27 CH). The experiment has been done once and the means ± SD of three technical replicates are illustrated on the graph. The expression of glyceraldehyde- 
3-phosphate dehydrogenase (GAPDH) was used as an internal normalizer. The black dotted lines highlight the effect of the two tested u-MIM compared with the Veh.
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Figure 3B and C, and the control (Ct) conditions showed that the mRNA expression of both of the cytokines was 
increased after TNF-α stimulation (Figure 3, white vs red histograms). A decrease of more than two-fold in IL-1β 
expression was obtained after IL-1β (27 CH) treatment compared with the Veh. (Figure 3, grey vs orange histograms). In 
addition, a decrease in TNF-α expression of about two-fold too was also observed in the same treatment conditions. 
Similar response patterns towards a down-regulation were observed after treatment with the other u-MIM, TNF-α (27 
CH) (Figure 3, grey vs yellow histograms). Considering these interesting trends, the following sections of this study 
aimed at evaluating the anti-inflammatory properties of several complex MIM-containing ULD of IL-1β and TNF-α 
within their formulations.

c-MIM-1 Could Restore the Transepithelial Resistance in a Cellular Model of Intestinal 
Inflammation
The integrity of the intestinal barrier is fundamental to maintain healthy gut homeostasis, as well as physiological 
intestinal permeability. It is widely known that, under chronic inflammation, intestinal homeostasis is altered, resulting in 
an impairment of the barrier functions and thus, an increase in intestinal permeability.33 In order to induce an intestinal 
inflammation status in vitro, human HCoEpiC cells were exposed to supernatants (SN) derived from phytohemagglutinin 
(PHA)-treated PBMCs, which have been reported to be concentrated in pro-inflammatory cytokines such as TNF-α, IL-8 
and IL-17.34 The resistance of the epithelial barrier is one of the characteristics that reflects the intestinal permeability 
and the interactions’ strength between epithelial cells. As a consequence, any disruption within these epithelial interac-
tions ultimately creates a so-called “leakage” in the barrier, leading to the symptoms related to inflammatory bowel 
diseases. Transepithelial electrical resistance (TEER) measurements, expressed in Ω/cm,2 were performed with a -
Millicell® ERS-2 device, after either a 24-hours or a 72-hours incubation period, with/without PHA-treated-PBMCs 
SN, with/without either the Veh. or c-MIM-1, added 30 minutes before the SN (Figure 4A). 10 mM of sodium caprate 
(C10) was used as a positive inducer of the epithelial barrier disruption and served as an internal control attesting the 
relevance of the model. The results in presence of PHA-treated PBMCs SN incubated for 24 and 72 hours are presented 
in Figure 4B and C, respectively.

As expected, the C10 stimulation alone decreased the TEER compared with the untreated control (Figure 4B and C, 
red histograms vs white histograms). Similarly, SN from PBMCs activated with PHA, also led to a decrease in TEER 
compared with the untreated HCoEpiC cells (Figure 4B and C, orange histograms vs white histograms), thus confirming 
here the relevance of these SN as a pro-inflammatory stimulus.

Interestingly, c-MIM-1 protected the epithelial cells against the PHA-stimulated PBMCs SN-induced disruption 
(Figure 4B, pink histogram vs yellow histogram), after 24 hours. Regarding the TEER results obtained at 72 hours, 
c-MIM-1 effects appear to be transient, as these protective effects, almost disappeared (Figure 4C pink histogram vs 
yellow histogram). The results derived from three independent experiments provide for the first time, indications of 
a potential effect of the c-MIM-1 formulation towards the protection of the epithelial barrier in an inflammatory context 
in vitro.

The effect of c-MIM-1 was assessed in human HCoEpiC cells in absence of inflammation, too. As shown in 
Supplementary Figure S1, c-MIM-1 does not alter the barrier permeability compared to the control (Ct), rather it 
seems that c-MIM-1 has restored the resistance and has strengthened the epithelial barrier at 24 hours in comparison 
with the Veh., which has induced a small TEER decrease.

c-MIM-1 Slightly Increased Claudin-1 Expression in a Cellular Model of Intestinal 
Inflammation
In light of the previous encouraging results, we wanted to investigate if the tested medicine could modulate the 
expression of one of the proteins present within the tight junctions, involved in the regulation of the epithelial barrier 
permeability. Indeed, claudin-1 is widely expressed in the intestinal epithelium and plays an important role in maintain-
ing intestinal barrier integrity.35 Briefly, HCoEpiC cells were treated with either the Veh. or c-MIM-1 for 24 hours, and 
SN from PHA-treated PBMCs were then added for an additional 30 minutes incubation. The cells were then harvested 
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and mRNA and protein samples were extracted for claudin-1 expression analysis. The results of the RT-qPCR are 
presented in Figure 5A and the results from the Western Blots are illustrated in Figure 5B. Overall, in inflammatory 
conditions, the Veh. did not modulate the claudin-1 expression at the mRNA level, compared with the SN from the PHA- 
treated PBMCs condition. However, when the cells were treated with c-MIM-1, a slight increase (of about 20%) in the 
claudin-1 expression was observed. In addition, according to the Western Blot quantization, this trend tended to be 
confirmed at the protein level, in a similar range of increase. Such results were also observed without any inflammatory 
stimulus (Supplementary Figure S2).

Figure 4 C-MIM-1 displays a protective effect against intestinal permeability in a model of intestinal cells inflamed with phytohemagglutinin (PHA)-stimulated PBMCs 
supernatants (SN). (A) Representative scheme of the experimental protocol. In the upper panel, the production of the PHA-stimulated peripheral blood mononuclear cells 
(PBMCs) supernatants (SN) is illustrated. The lower panel shows the evaluation of the effect of c-MIM-1 on the transepithelial electrical resistance (TEER) in a model of 
HCoEpiC cells. FCS, fetal calf serum; HBSS, Hanks’ balanced salt solution. Briefly, PBMCs from healthy adult volunteers’ donors were isolated by Ficoll-Hypaque density 
gradients and the cells were seeded in 24-well round-bottom plates and stimulated with PHA (5 µg/mL) for 48 hours. At the end of the incubation period, the SN containing 
pro-inflammatory cytokines were harvested. In parallel, HCoEpiC cells were grown in 24-well plate inserts until tight confluence. Cells were either not treated (Ct), treated 
with Veh. or treated with c-MIM-1 for 30 min before media replacement with either regular DMEM media or PHA-stimulated PBMCs SN during the next 24 hours or 72 
hours. 30 minutes before the TEER measurement, the media was replaced with HBSS without phenol red alone in the basolateral area, in the apical chamber. Each condition 
has been measured in 3 individual wells (n = 3) and a condition in which C10 alone was incubated was used as a positive control for the induction of the epithelial disruption. 
(B and C) Effect of c-MIM-1 on HCoEpiC TEER after 24 or 72 hours of stimulation with PHA-induced PBMCs SN. Raw data were provided as the measures of the Ω/cm² for 
each triplicate, and were then expressed as percentages of the control conditions, set as 100%. Each histogram illustrating the mean ± SD obtained for each assessed 
condition, in 3 independent experiments. The black dotted lines highlight the effect of c-MIM-1 compared with Veh.
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c-MIM-2 Displays Anti-Inflammatory Effects in Human Primary Monocytes Exposed to 
Lipopolysaccharide
The role of TNF-α as a mediator of chronic inflammation,36 as well as the capacity of PGE2 in exacerbating the severity 
of the inflammatory-mediated diseases,16 both attest to the necessity for a better understanding of the effect of these 
factors when included in MI formulation at ULD. Interestingly, c-MIM-2 rightly contains PGE2 at the inhibitory dose of 
200 K, altogether with TNF-α and IL-1β at 17 CH, IL-6 at 9 CH, and the anti-inflammatory cytokine IL-10 at 4 CH. In 
order to assess the ability of c-MIM-2 to act as an anti-inflammatory agent, and in particular, in reducing the secretion of 
TNF-α and PGE2, a cellular model of human primary monocytes inflamed with LPS was chosen. One of the reasons for 
this model’s selection relies on the fact that monocytes exposed to LPS produce high levels of TNF-α,37 and PGE2,38 

making them a suitable model to test the capacity of c-MIM-2 to down-regulate their expression.
The followed protocol is illustrated in Figure 6A but, briefly, the cells were isolated from three different donors and 

then incubated with either Veh. or c-MIM-2. The inflammatory stimulus was delivered to the cells in the form of a 10 ng/ 
mL LPS threat, 30 minutes after the initiation of the treatment. The treatments were applied for 24 hours and the 
secretion of the pro-inflammatory factors TNF-α and PGE2 was evaluated within the SN by ELISA assay. The results are 
presented in Figure 6B–E either as a percentage of the cytokine secretion in the untreated Ct (-) condition, or as 
a percentage of the cytokine secretion in the Veh. condition, these latter being set as 100% for each tested cytokine. As 
expected, LPS stimulation led to a drastic increase in TNF-α secretion compared with the untreated negative control Ct 
(-) (Figure 6B), thus validating our model selection. In these inflammatory conditions, c-MIM-2 led to a reduction in the 
TNF-α secretion of about 20% (Figure 6C) compared with the Veh. In the same manner, after LPS stimulation, which led 
to a high increase in the basal secretion of PGE2, c-MIM-2 induced a decrease in the secretion of PGE2 of about 30% 
(Figure 6D). Finally, as c-MIM-2 contains IL-1β at 17 CH and IL-10 at 4 CH, the secretion levels of these two other 
cytokines were also appraised in the same conditions. However, while c-MIM-2 did not affect IL-1β, the IL-10 levels 
were below the ELISA’s detection limit in all tested conditions (data not shown).

c-MIM-3 Displays Modulatory Effects on Interleukin-6 Secretion in 
Lipopolysaccharide-Exposed Human Macrophages and Granulocytes
Human macrophages exposed to LPS markedly produce pro-inflammatory cytokines such as the pleiotropic cytokine IL-6.39 The 
next experiment thus aimed at assessing if c-MIM-3 could modulate the secretion of IL-6 in a model of LPS-inflamed human 

Figure 5 C-MIM-1 slightly increases the expression of claudin-1 in a cellular model of intestinal inflammation. (A) The expression of claudin-1 was assessed by RT-qPCR in 
the HCoEpiC cells, after 24 hours of treatment with either the Veh. or c-MIM-1 and stimulation with the supernatant (SN) from PBMCs treated with PHA (5µg/mL) for 30 
min. The claudin-1 expression has been normalized by the one of the housekeeping gene GAPDH, and the control conditions, without any treatment, have been set at 1. The 
experiment has been done once; each condition was performed in triplicate. (B) The relative expression of claudin-1 at protein level has been assessed by Western Blot in 
the same cellular conditions as above. The expression of β-actin has been used as a housekeeping gene for the protein expression. The claudin-1/β-actin ratios are presented 
in PHA-stimulated PBMCs SN conditions, respectively, after quantization of the Blot’s pictures, using the online ImageJ software (downloaded on the 2nd of May 2022). The 
Western Blots were run twice and the mean ratios ± SD obtained from each Blot are shown. The black dotted lines highlight the effect of c-MIM-1 compared with Veh.
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macrophages. The experimental scheme is illustrated in Figure 7A, but briefly, CD14+-cells were isolated from one healthy donor 
and were incubated for 6 days in a macrophage-differentiation medium supplemented with M-CSF 100 ng/mL. At day 6 (D6), 
the cells were treated with 100 ng/mL LPS concomitantly with either the Veh. or c-MIM-3 for a period of 24 hours or 48 hours. 
The amount of IL-6 released in the SN was quantified by ELISA at the end of the two tested incubation periods. As expected, 24 
hours of LPS-stimulation induced a drastic increase in the secretion of IL-6 compared with the untreated control Ct (-) 
(Figure 7B). Interestingly, after 24 hours in presence of c-MIM-3, a slight decrease in the amount of IL-6 in the SN was noticed 
(about 10%) compared with the Veh. (Figure 7C). In the same manner, while at 48 hours, the induction of IL-6 secretion due to 
LPS exposure was even more important than the one observed after 24 hours (Figure 7D vs B), the reduction induced by c-MIM- 
3 was also slightly more pronounced (about 15%) after this longer incubation period (Figure 7E vs C).

Finally, the effect of c-MIM-3 on the IL-6 secretion was also assessed in a model of human primary granulocytes 
isolated from one healthy donor and incubated with either Veh. or c-MIM-3 for 19 hours (Figure 7F). The inflammatory 
stimulus was added one hour after treatment initiation, in the form of 1 µg/mL LPS. The levels of IL-6 were assessed by 
cytometric bead array (CBA) at the end of the incubation period (Figure 7G and H). As illustrated in Figure 7G, LPS 
alone elicited a strong IL-6 response when compared with the Ct (-). However, this response was weaker than the one 
observed in macrophages. In this model, the effect of c-MIM-3 on the secretion of this cytokine was barely any different 
from the Veh.

Figure 6 C-MIM-2 diminished the secretion of pro-inflammatory cytokines in human primary monocytes. (A) Experimental scheme for the cytokines secretion assessment 
in presence of c-MIM-2. Human primary monocytes were treated during 24 hours with either Veh. or c-MIM-2. LPS (10 ng/mL) was added to the medium 30 minutes after 
the treatment initiation, as an induced or the inflammatory conditions. The levels of secreted (B and C) TNF-α and (D and E) PGE2 were assessed in the culture media at 
the end of the incubation time by ELISA assay. The results are presented as the mean percentage ± SD of the values obtained for each donor. Each condition was performed 
in triplicate for each donor (3 donors) and in duplicate for the LPS conditions. The results are presented either as a percentage of the Ct (-) secretion or as a percentage of 
the Veh. secretion (set at 100%). The black dotted lines highlight the effect of c-MIM-2 compared with Veh. 
Abbreviation: SN, supernatants.
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Figure 7 C-MIM-3 modulated the secretion of pro-inflammatory cytokines in immune cells. (A) Experimental scheme for the cytokine secretion assessment in presence of 
c-MIM-3. Human primary monocytes were differentiated into macrophages during 6 days and were then treated during 24 hours or during 48 hours with either Veh. or 
c-MIM-3. LPS (100 ng/mL) was added to the medium at the same time, as an inducer or the inflammatory conditions. The secreted levels of IL-6 were measured by ELISA 
assay after (B and C) 24 hours or (D and E) 48 hours. The results are presented as the mean percentage ± SD of the values obtained for each triplicate per condition (n = 6 
for the LPS conditions). The untreated negative control (Ct (-)) or the Veh. conditions are set at 100%. (F) Experimental scheme for the IL-6 secretion assessment in 
presence of c-MIM-3. Human primary granulocytes freshly isolated from one healthy donor were seeded in 48-wells plates and pre-incubated during one hour in presence of 
either the Veh. or c-MIM-3. LPS (1 µg/mL) was then added to the medium, as an inducer of the inflammatory conditions. The secreted levels of IL-6 were measured by CBA 
18 hours later. The secreted levels of IL-6 were evaluated after stimulation with LPS alone (G), and in presence of either the Veh. or c-MIM-3 (H). The results are presented 
as the mean percentage ± SD of the values obtained for each triplicate. For each panel, the black dotted lines highlight the effect of c-MIM-2 and c-MIM-3 compared with Veh. 
Abbreviation: SN, supernatants.
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c-MIM-4 Displays Anti-Inflammatory Effects in a Cellular Model of Neuronal 
Inflammation
The following part of this study aimed at considering the effects of c-MIM-4 in a neuronal model of inflammation. In 
order to do so, rat cortical neurons and glial cells were cultured in presence of a combination of LPS (100 ng/mL)/IFN-γ 
(10 ng/mL), to provide an inflammatory stimulus, and treated during 96 hours with either the Veh., c-MIM-4 or MK801, 
an antagonist of N-methyl-D-aspartate (NMDA) receptor that has antidepressant-like effects, used as a reference 
compound for neuron protection.40 The cell survival was assessed after immune-staining with an anti-MAP-2 antibody, 
which is specific for neurons. The TNF-α release was investigated, too. The experimental scheme is illustrated in 
Figure 8A.

The results about neuronal viability are presented in Figure 8B. As illustrated, the inflammatory stimulus, applied 
during 72 hours, induced a decrease in cortical neurons survival compared with the control condition (about 40% of 

Figure 8 C-MIM-4 displays anti-inflammatory effects in a cellular model of neuronal inflammation. (A) Representative scheme of the experimental protocol. Briefly, rat glial 
cells (astrocytes/microglial cells) and rat cortical neurons were co-cultured during 8 days before treatment initiation with either Veh., c-MIM-4, or MK801 (20 µM). The 
treatments were applied for 24 hours, before adding or not LPS (100 ng/mL)/IFN-γ (10 ng/mL) for an additional 24 hours. At this time, supernatants (SN) were harvested 
and frozen for further ELISA analysis. The tested items ± LPS/IFN-γ were incubated another 48 hours before neurons survival analysis. The latter was performed after cell 
fixation, permeabilization and staining with a monoclonal anti-microtubule associated protein 2 (MAP-2) antibody, specific towards neuron cell bodies and neurites. Images of 
each culture wells were taken and the fluorescence was quantified. BDNF, brain-derived neurotrophic factor; FCS, fetal calf serum; PS, penicillin – streptomycin. (B) Effect of 
a 96 hours c-MIM-4 treatment on rat primary cortical neurons survival, in presence of LPS (100 ng/mL)/IFN-γ (10 ng/mL), expressed in percentage of control medium. The 
results are presented as the mean ± SD of n = 6 technical replicates. (C) Effect of a 48 hours treatment by c-MIM-4 on TNF-α release by astrocytes and microglial cells, 
expressed as percentages of control medium (mean ± SD of n = 6 technical replicates). In this experiment, the cells were pre-incubated during 24 hours with either Veh., 
c-MIM-4 or MK801, then LPS (100 ng/mL)/IFN-γ (10 ng/mL) was added for an additional 24 hours. The black dotted lines highlight the effect of c-MIM-4 compared with the 
Veh.
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cellular death; Figure 8B, red histogram vs white histogram). As expected, the reference molecule, MK801, at 20 µM, 
applied during the entire 96 hours incubation period, restored the survival of neurons to a level that is comparable to the 
uninflamed, untreated control (about 95% of neuron survival, Figure 8B, white, red, and green histograms). Interestingly, 
while the Veh. did not seem to impact cellular viability (Figure 8B, grey histogram vs red histogram), treatment with 
c-MIM-4 was able to rescue neurons from cell death (about 90% of cell survival, Figure 8B, pink histogram).

The effect of c-MIM-4 on the release of TNF-α by reactive glial cells (astrocytes and microglia cells) was also 
appraised after 48 hours of c-MIM-4 treatment (Figure 8A). As observed in Figure 8C, the inflammatory stimulus 
induced an increase of about 40% in the TNF-α secretion by activated glial cells, compared to the control medium. Veh. 
and MK801 (20 µM), both displayed similar effects on TNF-α secretion, by slightly decreasing it compared to the 
inflammatory control medium. Interestingly, treatment with c-MIM-4 decreased the TNF-α release by activated glial cells 
by about 10% compared with the Veh. conditions (Figure 8C, grey histogram vs pink histogram). Taken together, these 
results illustrate for the first time, the anti-inflammatory potential of the complex MI formulation c-MIM-4, and its 
positive role in neuro-protection in a context of LPS/IFN-γ-induced threat.

The cell survival was finally assessed in absence of inflammation in the same cells. As showed in Supplementary 
Figure S3, the treatment did not affect the neuronal viability, thus suggesting that the tested MI formulation only acts in 
homeostatic-disrupted models of neuronal cells.

Discussion
In this study, we focused our attention on several MIMs which, based on their compositions, and according to previous 
published works,4,9,10 may exert anti-inflammatory effects in different specific inflammatory contexts (Figure 2). With 
this in mind, the body of data that we provide here particularly resonates with one of our works, in which we reported 
that the two unitary medicines TNF-α (27 CH) and IL-1β (27 CH) displayed the capacity to inhibit the secretion of IL-1β 
and TNF-α, in a model of human primary monocytes as well as in THP-1 cells, after LPS exposure.9

Here, the same unitary MI medicines IL-1β (27 CH) and TNF-α (27 CH) (referred to as u-MIM-1 and −2, 
respectively) were assessed for their anti-inflammatory capacities in a model of intestinal inflammation. The HT-29 
cell line was thus used, due to the fact that these human colorectal adenocarcinoma cells of epithelial morphology are 
widely used as an in vitro model to study absorption, transport, and secretion by intestinal cells.41,42 Under standard 
culture conditions, these cells grow as a nonpolarized, undifferentiated multilayer. At basal levels, without inflammation, 
our results show that they express mRNA of both IL-1β and TNF-α, the amount of TNF-α being more than ten times 
higher than the one of IL-1β (Figure 3B and C). Surprisingly, in their study, Eckmann et al were only able to detect IL-1β 
mRNA but no TNF-α in these cells.43 Interestingly, in TNF-α-stimulated conditions, our model showed an increase in the 
transcription of TNF-α, thus suggesting an auto-amplificatory effect of this cytokine on its own expression. Even if such 
effect was already highlighted in TNF-α-treated 3T3-L1 adipocytes and in TNF-α-injected C57BL/6J mice,44 it is, to the 
best of our knowledge, the first time that such an auto-inducive effect of TNF-α was reported in a colonic epithelial cell 
model. In any event, in this model of inflamed HT-29 cells, both u-MIM-1 and u-MIM-2, when employed at 27 CH, were 
able to down-regulate mRNA levels of IL-1β and TNF-α (Figure 3B and C). These results let us assume that c-MIM 
formulations including these two factors at ULD could display interesting anti-inflammatory properties.

The intestine is the largest barrier to the external environment and preserving its integrity is crucial for the whole- 
body homeostasis. Cytokines are known to play an important role in maintaining intestinal homeostasis as they 
coordinate diverse functions of the intestinal epithelium (proliferation, viability, barrier permeability), as well as they 
orchestrate the communication between intestinal cells and resident immune cells.45 In particular, multiple studies have 
revealed the protective effects of IL-10 in maintaining a healthy intestinal epithelium and a good balance between 
permeability and barrier functions.46–48 The observed effects of c-MIM-1 in our in vitro intestinal model, which, alone, 
could limit the barrier disruption induced by the pro-inflammatory cocktail provided by SN from PHA-stimulated 
PBMCs (Figure 4), are in line with these pieces of evidence. It should also be noted that c-MIM-1 employs LD of IL- 
10 together with ULD of IL-1β, TNF-α, and IL-8. These three pro-inflammatory cytokines are involved in both the 
initiation and the progression of the inflammatory environment which leads to intestinal injury, increased intestinal 
permeability, and the development of intestinal inflammatory-related diseases.14,49,50 Counteracting the elevated levels of 
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pro-inflammatory cytokines in the intestine may be a valid therapeutic solution in various intestinal inflammatory 
disorders.33,51 Keeping in mind that c-MIM-1’s formulation includes ULD of the pro-inflammatory factors TNF-α, IL- 
1β, and IL-8, it is important to consider that their ULD employ may have downregulated the physiological/biological 
effects of these cytokines, helping in restoring the epithelial permeability and the tight junctions’ proteins’ expression 
impaired by the inflammatory condition induced in vitro. Precisely, while additional studies are necessary to confirm the 
beneficial effects of c-MIM-1 and to understand its mode of action, our results revealed that it could act on claudin-1, as 
it slightly increased its expression, both at mRNA and at protein levels (Figure 5).

Previous pieces of evidence have indeed demonstrated that inflammatory stimuli, such as TNF-α exposure, lead to the 
reduction of claudin-1 expression and an altered epithelial permeability.52 Moreover, Maria-Ferreira et al also reported that 
IL-1β treatment led to a decrease in claudin-1 protein expression in Caco-2 cells.53 Although no direct evidence of the role 
of IL-8 in claudin-1 regulation has been reported yet, this cytokine was however demonstrated to exert an inhibitory effect 
towards the mRNA expression of claudin-5 and occludin, in a dose- and in a time-dependent fashion, in endothelial cells.54 

On the other hand, c-MIM-1 also contains LD of the anti-inflammatory cytokine IL-10, with the intention to stimulate the 
conventional cellular responses to this cytokine. While the relationship between IL-10 and claudin-1 still needs to be 
refined, it was reported that claudin-1 localization was altered in liver cells from a model of IL-10-knocked-out mice, in 
which colitis was induced with dinitrobenzene sulfonic acid.55 Altogether, these data let us presume that the effect of 
c-MIM-1 on claudin-1 expression (Figure 5) could be attributable to the presence of TNF-α, IL-1β and IL-8 in ULD in its 
formulation, as well as IL-10 at LD, and highlight the fact that a deeper analysis of c-MIM-1’s global effect on the 
expression of tight junctions’ proteins could be envisioned in the future.

Regarding the interconnection between the gut and the immune axis, and taking into consideration the crucial 
involvement of pro-inflammatory cytokines in IBD, our results about the effects of c-MIM-2 on the secretion of TNF- 
α and PGE2 in an LPS-stimulated human primary monocyte model are quite encouraging (Figure 6C, E). It has indeed 
been reported that TNF initiated different and redundant cellular cascades participating in IBD development. In 
particular, TNF was shown to contribute to the generation of an IL-12 and IFN-γ-driven Th1-like response, and to the 
activation of a pathogenic CD8+ T cell compartment, in the TnfΔARE IBD mouse model, supporting the link between gut 
and immunity.56 Moreover, not only PGE2 is involved in the regulation of immune-related patterns,57 but it was also 
shown to be involved in IBD development in mice, especially through its regulatory effect towards the IL-17/IL-23 
axis.58 The observed reduction in the secretion of these two factors, TNF-α and PGE2, after c-MIM-2 treatment, 
suggested the possible direct involvement of the two active substances, TNF-α (17 CH) and PGE2 (200 K), respectively. 
In addition, such secretion’s reduction also suggested the involvement of IL-1β (17 CH), as IL-1β is directly implicated 
in the TNF-α gene expression in a PKC-dependent manner,59 and in PGE2 expression through cAMP-PKA signaling 
pathway.60

Given the importance of IL-6 in inflammatory responses and inflammatory-mediated diseases, including IBD, our 
research focused on this cytokine. It has been reported that cultures of isolated lamina propria mononuclear cells and 
mucosal tissues from IBD patients exhibited higher IL-6 activity than healthy controls.61 This study also suggested that 
the local elevation of IL-6 activity could be a characteristic of active IBD and that, macrophages and colonic epithelial 
cells could be the responsible cells for this phenomenon. In this regard, our results showing a reduction of the levels of 
IL-6 secretion in c-MIM-3-treated inflamed-macrophages (Figure 7C, 7E), are quite encouraging and highlight the 
potential of c-MIM-3 to be used to decrease the inflammation in pathologies such as IBD. Moreover, preclinical and 
clinical research studies support the fact that circulating levels of IL-6 are also elevated in several chronic inflammation- 
mediated diseases other than IBD, like rheumatoid arthritis, systemic lupus erythematosus, ankylosing spondylitis, and 
psoriasis.62 Thus, even if more studies are needed, these data could open the anti-inflammatory action’s scope of c-MIM- 
3 to various pathological conditions related to inflammation in the future. On another hand, the different extents in IL-6 
inhibition observed after c-MIM-3 treatment in macrophages and in granulocytes (Figure 7C, E, and H) confirmed the 
necessity of an in-depth understanding of how MIM’s formulations work, especially towards immune-populations. At the 
moment, it can be speculated that the effect of c-MIM-3 on the two assessed models could have depended on the degree 
of IL-6 release induced by the inflammatory stimulus. The results obtained in our study suggest that the inhibitory effect 
of c-MIM-3 on IL-6 occurs when the levels of IL-6 are very important (Figure B, D, and G). One of the limitations of the 
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analysis here is that the experimental protocols were not exactly the same between the two models and further studies are 
definitely needed in order to compare the responses of the immune cells regarding c-MIM-3 treatment, at different 
extents of inflammation.

Finally, it is also important to highlight that c-MIM-3 employs IL-6 at 9 CH, and this dilution belongs to the 
modulatory dilutions of ULD-based MIM. While further studies aiming at assessing the cellular effects of unitaries MIM 
employing modulatory ULD are necessary, this study discusses for the first time the results of a complex MIM that uses 
a cytokine at 9 CH, on its own secretion.

In their work, Mizuno et al reported the direct effect of IFN-γ on neurons; as they observed the formation of dendritic 
beads containing proteins from collapsed cytoskeletal structures mediating neuronal dysfunctions, without increasing cell 
death.63 However, when IFN-γ is combined with pro-inflammatory cytokines, including TNF-α, the neurotoxicity is 
exacerbated and neurons viability decreases.64 Coherently with these previous pieces of evidence, the neuronal inflam-
matory model used in the present study, that combined LPS and IFN-γ, induced an important neurotoxicity (Figure 8). 
However, the tested c-MIM-4 formulation was able to almost rescue the neuronal viability and slightly reduce the release 
of TNF-α. Thus, it can reasonably be hypothesized that the observed c-MIM-4’s effect on neuronal cytotoxicity reduction 
could be due, at least partially, to the presence of ULD of TNF-α in its formulation, as this active ingredient may also be 
the direct mediator of the observed c-MIM-4’ effect on TNF-α secretion. Moreover, the ULD of IL-12 in its formulation 
may also have had an effect on the reduction in the TNF-α secretion, as it was reported that IL-12p40 monomer and 
homodimer induced TNF-α production in mouse BV-2 microglial cells, mouse primary microglia and peritoneal 
macrophages.65

The research at the frontiers of immunology and neuroscience has identified multiple points of convergence between 
the immune system and the nervous system. Thanks to the overall molecular mechanistic studies on this concern, the 
knowledge about the neuro-immune interactions has advanced greatly. Nowadays, a growing body of evidences supports 
that, pro-inflammatory cytokines such as TNF-α and IL-1β, and the clinical situation related to their uncontrolled 
overexpression, also referred as chronic inflammation, are extremely linked with the establishment of pathological/ 
chronic pain.66 Pain is considered chronic and pathological when it lasts at least 3 months.67 It has been demonstrated 
that sensory neurons express cytokine receptors, including IL-1βR, TNF-αR, IL-6R, and G protein-coupled receptors for 
serotonin, histamine, and PGE2.68,69 Activation of these receptors expressed by nearby nociceptive neurons leads to 
enhanced membrane excitability and sensitization, which in turn, induce an over the responsiveness of those neurons, and 
the consequent development of pathological pain.69 Downregulating these pro-inflammatory mediators may represent the 
key strategy to improve chronic inflammation and the related pain. The therapeutic potentials of the MI formulations, by 
reducing the secretion of TNF-α and IL-1β, and/or PGE2, and/or IL-6, can indeed cover a very large spectrum of chronic- 
inflammatory mediated illness and conditions.

Visceral pain is one of the major impediments of IBD, as it highly affects patients’ quality of life. Interestingly, 
neutralization of TNF-α was reported to rapidly decrease pain perception in the brain of patients with Crohn's disease 
responding to anti-TNF therapy.70 Moreover, the role of TNF-α and satellite glial cells’ activation in neuron-glial 
communication has been highlighted in the context of inflammatory visceral hyperalgesia, in a model of rat-induced 
colonic inflammation in which intrathecal administration of anti-TNF-α (10 µg/kg/day) reduced visceral pain behavioral 
responses.71 With this data in mind, reducing TNF-α secretion through the use of the MI formulation c-MIM-4 could 
allow acting on TNF-α-mediated neuron-glial communication axis, which may result in antinociceptive effects in IBD.

As we developed all along the article, the three different inflammation contexts and models used are all intercon-
nected together as the gut, the immune cells, and the nervous axis are constantly communicating between them. To cite 
some examples, several studies suggest that peripheral inflammation linked to IBD could also be a potential risk factor 
for certain neurodegenerative disorders. For instance, ulcerative colitis has been reported to exacerbate LPS-induced 
damage to the nigral dopaminergic system.72 As another example, a clinical study carried out in patients suffering from 
rheumatoid arthritis (a chronic inflammatory and autoimmune disease), demonstrated the efficacy of electrical vagus 
nerve stimulation in attenuating the symptoms and significantly inhibiting circulating levels of TNF, IL-1β, and IL-6.73

Another important consideration that can finally be developed is about the reported comorbidity of depression and 
chronic pain and the possibility that inflammation is the common mediator of this comorbidity.74 Preclinical studies 
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demonstrated that intracerebroventricular injections of proinflammatory cytokines such as TNF-α and IL-1β were 
sufficient to produce depressive-like behaviors in rats,75 highlighting the crucial role of these two key cytokines, in 
neuronal inflammation and the related depression.

Conclusion
Overall, the present study highlighted the anti-inflammatory effects of several MIM preparations, which all include in 
their formulations ULD of IL-1β and TNF-α, in three different contexts of inflammation. The main results of this study 
are thus put together and illustrated in Figure 9 and could be summarized as this: MI formulations containing ULD of IL- 
1β and TNF-α displayed anti-inflammatory effects in several models of inflammation related to the (i) intestinal 
inflammation, (ii) immune-cells mediated-systemic inflammation and, (iii) neuronal inflammation, and could all be 
linked together in an attempt to control the inflammation within the body. In conclusion, it can be said that u-MIM-1 
and −2 down-regulated the mRNA expression of both IL-1β and TNF-α in an in vitro model of intestinal inflammation. 
In the same cellular model, under inflammatory conditions mimicked by incubation with SN from PHA-treated PBMCs, 
c-MIM-1 allowed a restoration of the epithelial resistance, probably due to an increase in the expression of the tight 

Figure 9 Recapitulative scheme about the anti-inflammatory effects of IL-1β and TNF-α, when employed at ULD in MI medicines formulations. The two unitary medicines 
IL-1β (27 CH) and TNF-α (27 CH) (u-MIM-1, and −2, respectively), as well as the four MI complex formulations (c-MIM-1, −2, −3, and −4) display anti-inflammatory 
properties in the context of (i) intestinal inflammation (red box), (ii) inflamed-immune cells related to systemic inflammation (blue box), and (iii) neuronal inflammation 
(yellow box) contexts. Purple arrows illustrate the fact that IL-1β and TNF-α are included into MI formulations, either in u-MIM or in c-MIM. Green arrows illustrate the 
interconnexions between the different inflammatory contexts (i), (ii) and (iii). 
Abbreviations: MI, micro-immunotherapy; ULD, ultra-low dose.
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junctions’ protein, claudin-1. In addition, MIM-2 and −3 were shown to decrease the secretion of the pro-inflammatory 
factors TNF-α, PGE2, and IL-6 in LPS-stimulated monocytes/macrophages. Finally, c-MIM-4 was able to restore the cell 
viability of murine primary neurons inflamed with a combination of LPS/IFN-γ, while reducing their TNF-α secretion. 
Even if more data are definitely needed, these results highlight for the first time that MI formulations may be a useful 
strategy to manage a large spectrum of inflammation-related diseases, including IBD or depression.

Abbreviations
BDNF, brain-derived neurotrophic factor; CBA, cytometric bead array; CH, centesimal Hahnemannian; DNA, deoxyr-
ibonucleic acid; ELISA, enzyme-linked immunosorbent assay; EFS, Etablissement Français du Sang; F, forward; FBS, 
fetal bovine serum; FCS, fetal calf serum; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GI, gastro-intestinal 
tract; HBSS, Hank’s buffered saline solution; HLA, human leukocyte antigen; hr, human recombinant; IBD, inflamma-
tory bowel diseases; IFN, interferon; ILs, interleukins; K, Korsakovian dilution; LD, low dose; LPS, lipopolysaccharide; 
MAP-2, microtubule-associated protein 2; MCH, major histocompatibility complex; M-CSF, macrophage colony- 
stimulating factor; MI, micro-immunotherapy; MIM, micro-immunotherapy medicine; NDMA, N-methyl-D-aspartate; 
OSM, oncostatin M; PBMCs, peripheral blood mononuclear cells; PBS, phosphate buffer saline; PHA, phytohemagglu-
tinin; PMSF, phenylmethyl sulfonyl fluoride; P/S, penicillin/streptomycin; PVDF, polyvinylidene fluoride; R, reverse; 
RNA, ribonucleic acid; RT, room temperature; SD, standard deviation; SKP, serial kinetic process; SN, supernatant; 
SNA®, specific nucleic acids; TBS, tris-buffered saline; TEER, transepithelial electrical resistance; TGF-β, transforming 
growth factor-β; TNF-α, tumor necrosis factor-α; ULD, ultra-low dose; Veh, vehicle.
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