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Introduction: Micro-immunotherapy (MI) is a therapeutic option employing low doses (LD) and ultra-low doses (ULD) of cytokines 
and immune factors to help the organism at modulating the immune responses. In an overpowering inflammatory context, this strategy 
may support the restoration of the body’s homeostasis, as the active ingredients of MI medicines’ (MIM) could boost or slow down the 
physiological functions of the immune cells. The aim of the study is to evaluate for the first time the in vitro anti-inflammatory 
properties of some actives employed by the MIM of interest in several human immune cell models.
Methods: In the first part of the study, the effects of the actives from the MIM of interest were assessed from a molecular standpoint: 
the expression of HLA-II, interleukin (IL)-2, and the secretion of several other cytokines were evaluated. In addition, as mitochondrial 
metabolism is also involved in the inflammatory processes, the second part of the study aimed at assessing the effects of these actives 
on the mitochondrial reactive oxygen species (ROS) production and on the mitochondrial membrane potential.
Results: We showed that the tested actives decreased the expression of HLA-DR and HLA-DP in IFN-γ-stimulated endothelial cells 
and in LPS-treated-M1-macrophages. The tested MIM slightly reduced the intracellular expression of IL-2 in CD4+ and CD8+ T-cells 
isolated from PMA/Iono-stimulated human PBMCs. Additionally, while the secretion of IL-2, IL-10, and IFN-γ was diminished, the 
treatment increased IL-6, IL-9, and IL-17A, which may correspond to a “Th17-like” secretory pattern. Interestingly, in PMA/Iono- 
treated PBMCs, we reported that the treatment reduced the ROS production in B-cells. Finally, in PMA/Iono-treated human 
macrophages, we showed that the treatment slightly protected the cells from early cell death/apoptosis.
Discussion: Overall, these results provide data about the molecular and functional anti-inflammatory effects of several actives 
contained in the tested MIM in immune-related cells, and their impact on two mitochondria-related processes.
Keywords: micro-immunotherapy, mitochondrial metabolism, cytokines, inflammation, anti-inflammatory, interleukin-2

Introduction
Current medical science reveals that around 90% of chronic diseases are connected to changes in mitochondria. These 
changes can lead to various types of conditions, such as neurodegenerative, age-related, and metabolic diseases, as well 
as different forms of cancer.1–3 Therefore, it is essential to properly regulate the function of mitochondria to prevent the 
development and progression of these diseases and restore organic balance. Mitochondria produces the basic energy for 
life from food sources like carbohydrates, fats, and proteins. Through the process of oxidative phosphorylation, 
adenosine triphosphate (ATP) is created, which not only produces energy but also helps with calcium balance, apoptosis 
regulation, and fatty acid oxidation. However, large numbers of reactive oxygen species (ROS) are produced as by- 
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products, which, despite having a role in cell signaling, can damage mitochondrial function if produced in an 
uncontrolled and excessive manner.

The oxidative stress derived from the overproduction of ROS can activate several transcription factors like nuclear 
factor kappa B (NF-kB), leading to the production and activation of pro-inflammatory cytokines, chemokines, and 
lymphocytes, which, in turn, lead to the production of more ROS.4 This bidirectional self-amplifying relationship 
between the development of chronic oxidative stress and chronic systemic inflammation is well documented.5,6 It is 
indeed not surprising that mitochondria can also affect different aspects of the immune response, largely through their 
involvement in respiratory chain functions.

Within an immunoregulatory perspective, the low/ultra-low-doses-based-approach of immunotherapy micro- 
immunotherapy (MI), could be an interesting therapeutic option in order to manage (i) inflammation and (ii), mitochon-
drial function; two physiological features which, when dysregulated, can lead to chronic diseases. MI medicines (MIM) 
are manufactured as sugar pillules, also called globules, impregnated with active ingredients, packaged into capsules, and 
are intended to be taken in a fasted state, through oromucosal administration. MI formulations exist either as unitary 
medicines, including a sole active substance, or they can also be developed as complex formulations, combining, in this 
case, several ingredients. The panel of actives used in MI includes immune-related cytokines, hormones and growth 
factors, in association with nucleic acid preparations, either under the form of plant-derived total deoxyribonucleic acid/ 
ribonucleic acid (DNA/RNA) or as specific nucleic acids (SNA®). In MIM, the amount of these active substances, 
expressed as centesimal Hahnemannian (CH) dilutions, governs the orientation of biological responses either towards an 
activation or an inhibition, depending on the range of CH employed. Indeed, as previously reported, low doses (LD), 
ranging from 3 CH to 6 CH were shown to display immune boosting effects,7,8 whereas ultra-low doses (ULD) (from 7 
CH up to 30 CH) exert a modulatory/inhibitory effect.9–13 In addition, the efficacy of MI has been documented in various 
in vitro and in vivo models, from airway allergic diseases to influenza infections, or cancers.14,15 The MIM of interest in 
the present study is made of ten different capsules (hereafter referred as MIM-1, MIM-2, MIM-3, etc.), each one being 
intended to be administered in a sequential manner, on ten consecutive days (MIM-1 on day 1, MIM-2 on day 2, MIM-3 
on day 3, etc.). The capsules contain the following active substances: human recombinant (hr)-interleukin (IL)-1β, hr-IL 
-2, hr-IL-5, hr-IL-6, and hr-tumor necrosis factor α (TNF-α), either at 10 CH or 27 CH (hereafter referred as (10–27 
CH)), depending on the capsule number; hr-transforming growth factor β (TGF-β) (10–15 CH); prostaglandin E2 (PGE2) 
(3–10 CH); plant-derived RNA and DNA (10–18 CH); SNA®-HLA-I and SNA®-HLA-II (10–18 CH), specially designed 
to target human leukocyte antigen (HLA)-I and -II, respectively, thus further referred as SNA-HLA-I and SNA-HLA-II; 
and SNA®-MIREG® (10–18 CH), specially designed to target human IL-2, further referred as SNA-IL-2. Overall, as 
cytokines and immune factors are mainly employed at ULD in the tested MIM, it is hypothesized that the in vitro effects 
of this medicine would rather be oriented towards an immune-modulation/inhibition. The presence of the two active 
substances IL-1β (27 CH) and TNF-β (27 CH) could exert anti-inflammatory effects as, in the form of unitary MIM, both 
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.13 Moreover, when combined together in other complex MIM, both could also play an 
important role in reducing intestinal, systemic and neuronal inflammation.13 Knowing the strong links and correlations 
between inflammation and mitochondrial metabolism,1–3,5,6 as well as the effects of several anti-inflammatory medicines 
commonly used in a large spectrum of inflammatory-mediated diseases such as metformin,16 or non-steroidal anti- 
inflammatory drugs on mitochondrial health,17 we wanted to assess in this study how and if this ULD-based MIM could 
affect the mitochondria.

Regarding the complexity of the formulation of the MIM of interest, the present work intends to serve as a pilot study 
to investigate the effects of some of the capsules making up the complete sequence of this MIM (namely, MIM-2, MIM- 
5, MIM-7 and MIM-10; see their individual composition in Material and methods, Table 1). The two major aims of this 
in vitro study were thus: (i) to assess their immune-modulatory effects, and (ii), to analyze their effects on the 
mitochondrial metabolism. In order to tackle this, several models of inflammation were chosen, all of human origin: 
the human umbilical vein endothelial cells (HUVEC) cell line, human PBMCs-derived macrophages, and human 
peripheral blood mononuclear cells (PBMCs).
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Our results highlighted the immune-modulatory effect of MIM-7, as it reduced the expression of both HLA-DR and 
HLA-DP, in interferon-γ (IFN-γ)-treated HUVEC cells, and in human lipopolysaccharide (LPS)-treated-PBMCs-derived- 
M1-macrophages, respectively. In addition, we showed here that MIM-10 reduced the intracellular IL-2 content in the 
CD4+ and CD8+ T-cells immune sub-populations from human PBMCs inflamed with phorbol myristate acetate/ionomy-
cin (PMA/Iono). These data were confirmed by enzyme-linked immunosorbent assay (ELISA), as not only the secretion 
of IL-2 was decreased in supernatants (SNs) retrieved from MIM-10-treated-PMA/Iono-PBMCs, but the ones of IL-10 
and IFN-γ were reduced too. Interestingly, the secretion of IL-6, IL-9, and IL-17A, in a lesser extent, was found to be 
increased in such treatment conditions, this pattern possibly suggesting an orientation of the lymphocytes towards 
a Th17-like phenotype.

In addition, our analysis of the mitochondria-related biology revealed that MIM-2, MIM-5, and MIM-10 capsules 
displayed an inhibitory effect towards the ROS production within the B-cells and the neutrophil sub-populations, in 
a model of PMA/Iono-stimulated human PBMCs. Interestingly, as we found that lymphocytes and neutrophil sub- 
populations from PBMCs treated with 20 ng/mL of commercially available hr-IL-1β, hr-IL-2, hr-TNF-α and hr-TGF-β, 
displayed increased ROS levels in comparison with untreated cells, it could be possible that the inhibitory effect of the 
tested capsules on such ROS production, is attributable, at least partially, to the ULD employ of these above-mentioned 
cytokines within the formulation of this MIM. Finally, we were able to report here that MIM-2, MIM-5, and MIM-10 
also exerted a protective effect towards PMA/Iono-induced cell death, in a model of human macrophages.

Overall, these in vitro results highlighted for the first time all the promising potential of the tested actives from the 
MIM of interest in regulating some parameters related to immune functions and mitochondria metabolism, within an 
inflammatory context.

Materials and Methods
Tested Items and Experimental Controls
The tested MIM, 2LMIREG®, is a homeopathic medicinal product consisting of sucrose-lactose globules impregnated 
with ethanolic preparations of cytokines and SNA®. The total formulation of this medicine encompasses 10 different 

Table 1 Composition of the Tested Capsules of MIM

Starting Material (CH) MIM-2 MIM-5 MIM-7 MIM-10

hr-IL-1β 27 10 10 10

hr-IL-2 10 27 10 10

hr-IL-5 10 10 10 10

hr-IL-6 10 10 10 10

hr-TGF-β 10 10 10 15

hr-TNF-α 27 10 10 10

hr-PGE2 10 10 10 10

DNA 10 10 10 10

RNA 10 10 10 10

SNA®-HLA-I 10 10 10 10

SNA®-HLA-II 10 10 18 10

SNA®-MIREG® 10 10 10 18

Abbreviations: CH, centesimal Hahnemannian; DNA, deoxyribonucleic acid; HLA, 
human leukocyte antigen; hr, human recombinant; IL, interleukin; MIM, micro- 
immunotherapy medicine; PGE2, prostaglandin E2; RNA, ribonucleic acid; SNA®, specific 
nucleic acid; TGF-β, tumor growth factor-β; TNF-α, tumor necrosis factor-α.
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capsules (MIM-1, MIM-2, MIM-3, MIM-4, etc.) intended to be taken in numerical order. For the investigational purposes 
of this study, only four capsules out of the 10 were tested, namely: MIM-2, MIM-5, MIM-7 and MIM-10. The 
composition of the active ingredients of these capsules is listed in Table 1. The tested MIM was manufactured and 
provided by Labo’Life España, as previously described.7,8

The Veh. control globules used in the study and in previous published studies are produced in order to provide 
a suitable control for preclinical research.7–11 For the current in vitro tests, the globules of MIM or the Veh. were freshly 
diluted in 100 mL of culture medium, to reach the final sucrose-lactose concentration of 11 mM.

Evaluation of the Expression of HLA-II
In HUVEC Cells
HUVEC (passage 5, pool from 6 donors, ref: #C-12203, Promocell, Heidelberg, Germany) were plated at the density of 5.000 
cells/well on Day 0 (D0), in 96-well plate, in endothelial cell growth medium with supplements (ref: #C-12010, Promocell). 
Treatment and control were performed in low serum level medium, 2% fetal bovine serum (FBS) (ref: P30-3302, batch 
number #P170201, PAN-Biotech GmbH, Aidenbach, Germany). The cells were treated on D4 with rh IFN-γ 20 ng/mL (ref: 
#300-02, batch number #091927, PeproTech, Inc., by Thermo Fischer Scientific, Waltham, MA, USA), w/wo either the Veh., 
or MIM-7, at the final sucrose-lactose concentration of 11 mM, for the next two days. At the end of the incubation period, the 
cells were harvested, immune-stained with anti-HLA-II antibody (ref: 307622, BioLegend, San Diego, CA, USA), fixed, and 
the expression of HLA-DR was assessed by flow cytometry, on a BD FACS Canto II, configuration 4/2/2.

In Human M1-Macrophages
Healthy volunteers were enrolled by the Blood Bank Center (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. Briefly, PBMCs were isolated from 2 donors (25- and 30-year-old females); then, 
on D0, the cells were plated in 96-well plate, at the density of 500.000 cells/well, and cultivated in complete Roswell Park 
Memorial Institute Medium (RPMI) medium (ref: P04-17500, batch number #7131121, PAN-Biotech GmbH), added with 2% 
decomplemented human AB serum (ref: #H4522, batch number #SLCC1483, Sigma-Aldrich, Saint-Louis, MO, USA) and 50 
ng/mL M-CSF. On D1, the cells were concomitantly treated with r h IFN-γ 20 ng/mL (PeproTech), w/wo either the Veh., or 
MIM-7, at the final sucrose-lactose concentration of 11 mM. On D4, the media/treatments were renewed, and the cells were 
challenged with 100 ng/mL LPS (ref: L6529, batch number #059M4103V, Sigma). On D7, the cells were harvested, immune- 
stained with anti-HLA-DP antibody (ref: 566825, BD Pharmingen), fixed, and the viability as well as the HLA-DP expression 
levels were assessed by flow cytometry. The intensity of the staining was measured as MFI value.

Intracellular IL-2 Assessment in Human PBMCs
Four healthy volunteers (one 44-year-old male and three 27-, 29-, and 22-year-old females) were enrolled by the Blood Bank 
Center (EFS, Pays de Loire, France). PBMCs were isolated from the blood of these donors (Ficoll® density of 1.077 g/L) and 
cultivated in RPMI 1640, added with 2% human serum, 1 mM non-essential amino acids, 1 mM pyruvate, 2 mM L-glutamine, 
and 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer. The cells were plated at 200.000 cells/well 
and treated with either the Veh. or MIM-10 at the final concentration of 11 mM sucrose-lactose during 48 hours. Concomitant 
treatments with activating stimuli were also done by adding 1X PMA/Iono, the latter being incubated for the last 16 hours of 
treatment. After 48 hours, the cells were harvested and immune-stained with fluorescent antibodies in order to analyze the 
intracellular IL-2 content amongst the PBMCs sub-populations, labelled as followed: CD4+ T-cells: CD3+, CD11b−, CD4+, 
CD8−, CD19−, CD56−, CD14−, CD16−, SSClow; CD8+ T-cells: CD3+, CD11b−, CD4−, CD8+, CD19−, CD56−, CD14−, CD16−, 
SSClow. The cells were analyzed by flow cytometry on a BD FACS Canto II, configuration 4/2/2.

Assessment of the Cytokine-Secretion Profile in Human PBMCs
The secretion levels of twelve cytokines (IL-2, IL-10, IFN-γ, IL-6, IL-9, IL-17A, IL-4, IL-5, IL-13, IL-17F, IL-22 and 
TNF-α) were evaluated by ELISA assay, within the SNs, in the treatment conditions described in section “Intracellular 
IL-2 Assessment in Human PBMCs”.
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Evaluation of the ROS Production in Several Sub-Populations Discriminated Amongst 
Human PBMCs
Evaluation of the Effect of Cytokines and Immune Factors on ROS Production
For this experiment, three healthy volunteers were enrolled by the EFS Pays de Loire. PBMCs were isolated from the 
blood of these donors and cultivated as described in section “Intracellular IL-2 Assessment in Human PBMCs”. The cells 
were incubated for 24 hours in the presence of 20 ng/mL of either rh-IL-1β (ref: #200-01B, Peprotech), rh-IL-2 (ref: 
#200-02, Peprotech), rh-TGF-β (ref: #100-21, Peprotech), or rh-TNF-α (ref: #130-094-014, Miltenyi). The cells were 
then fixed, stained with the superoxide-sensitive dye MitoROSTM 580 (AAT Bioquest Inc.), and the ROS signal was 
appraised by flow cytometry. The total lymphocytes and neutrophil sub-populations of interest were discriminated 
amongst the PBMCs, based on their FSC/SSC.

Evaluation of the Effect of MIM on ROS Production
For this part, four healthy volunteers (31-, 25-, 29- and 24-year-old females) were enrolled by the EFS Pays de Loire. 
PBMCs were isolated from the blood of these donors and cultivated as described in section “Intracellular IL-2 
Assessment in Human PBMCs”. Briefly, on day 0 (D0), the cells were plated at 200.000 cells/well and treated with 
either the Veh., MIM-2, MIM-5, or MIM-10 capsules, at the final concentration of 11 mM sucrose-lactose. The cells were 
incubated in these conditions for 48 hours, without media renewal. On day 2 (D2), 1X PMA/Iono was employed as 
a ROS inducer, and was added, alone, into the culture media for 30 min. Thirty minutes later, the fluorescent probe 
MitoROSTM 580 (AAT Bioquest Inc., Sunnyvale, CA, USA), which selectively targets mitochondria, was co-incubated 
during the next 30 minutes. The cells were then harvested and immune-stained with fluorescent antibodies in order to 
analyze the ROS production amongst the PBMCs sub-populations, labeled as follows: B-cells: CD3−, CD4−, CD8−, 
CD19+, CD56−, CD14−, SSClow; neutrophils: CD3−, CD4−, CD8−, CD19−, CD56−, CD14±, SSChigh. The cells were 
analyzed by flow cytometry on a BD FACS Canto II, configuration 4/2/2.

Evaluation of the ROS Production in PMA-Stimulated Neutrophils
Neutrophils isolated from total human peripheral blood, from a 61-year-old female donor were cultivated at 37°C, 5% CO2. 
After isolation, the cells were pre-incubated for 45 minutes in an assay medium containing DHR fluorescent probe (5 µM), 
added with the following tested compounds: Veh., MIM-2, or MIM-10 (at the final sucrose-lactose concentration of 11 mM), 
or the reference compound; BHA, as an inhibitor of the ROS production, at 100 µM. The cells were then stimulated with 
PMA, at 0.2 µM and incubated for 30 minutes. Control without an inducer (non-stimulated control; Ct.) was performed in 
parallel. All experimental conditions were done in triplicate. The ROS production assay was evaluated in an assay medium 
corresponding to PBS/bovine serum albumin (BSA) 0.1%. The analysis was performed by flow cytometry.

Evaluation of the Mitochondrial Membrane Potential in PBMCs-Derived Macrophages
The cells were isolated and cultivated as described in section “Evaluation of the effect of MIM on ROS production”. 
Briefly, on D0, the cells were plated, incubated in a macrophage-differentiation medium, and treated with either the Veh., 
MIM-2, MIM-5, or MIM-10 capsules, at the final concentration of 11 mM sucrose-lactose. The media and treatments 
were renewed three times, on D2, D4, and D6. On D7, the cells were stimulated with 1X PMA/Iono and incubated with 1 
µL of JC-10 dye-working solution from Cell MeterTM JC-10 Mitochondrion Membrane Potential Assay Kit (ref: #22801; 
AAT Bioquest, Sunnyvale, CA, USA). In normal cells, JC-10 concentrates in the mitochondrial matrix (polarized 
mitochondrial membrane), where it forms red fluorescent aggregates. However, in apoptotic and necrotic cells, JC-10 
occurs in monomeric form and stains the cells harboring depolarized mitochondrial membranes in green. The cells were 
incubated at 37°C, 5% CO2, and fluorescence signal measures were performed after 4.5 hours of incubation by Bio- 
Imaging thanks to the MuviCyteTM microscope (ref: HH40000000, PerkinElmer). For each condition, pictures were 
taken (10X magnification), in duplicate, to collect enough cells for downstream quantification by MuviCyteTM Analysis 
software (version 2.0.18). A quantization of the Green: Red ratios was calculated, as a percentage of the fluorescent cells 
amongst total cells.
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Statistical Analysis
The graphs in the figures were performed with GraphPad Prism, Version 10.0.3.275 for Windows (GraphPad 
Software Inc., San Diego California, USA, updated on 03/10/2023). Authors have followed the recent recommen-
dations of D.L. Vaux that encourages performing descriptive statistics instead of making statistical inferences 
when the number of independent values is small.18 It is recommended that, if the results of the in vitro studies are 
derived from only one, or two, or three (n = 1, or n = 2, or n = 3) experiment(s), it is always better to include 
a full dataset, plotting data points, letting the readers interpret the data for themselves, rather than drawing 
statistical inferences, showing p values, standard error of the mean (S.E.M.), or results that are not representative. 
Indeed, no statistical inference has been performed to analyze the results of the studies presented here.

Results
Actives from MIM Reduce the Expression of Human Leukocyte Antigen-II in 
Endothelial Cells and in Peripheral Blood Mononuclear Cells-Derived 
M1-Macrophages
Amongst other substances (see Table 1), the capsule of MIM-7 includes SNA-HLA-II at 18 CH in its formulation, which is 
intended to target and down-regulate the expression of HLA-II. As HLA-II encompasses several alleles, including HLA-DR 
and HLA-DP, we wanted to assess if MIM-7 could modulate the expression of these alleles in two different cellular models. 
As a first model of primary cell line, the human umbilical vascular endothelial cells (HUVEC) were chosen. Indeed, 
regarding the facts that endothelial cells (i) participate in immune modulation through various processes such as cytokine 
secretion, co-stimulatory and co-inhibitory receptors expression, leukocyte recruitment, and phagocytic capabilities, (ii) are 
advantageously placed as a first-line defense system to contribute to immune reactions,19 and (iii) express HLA-DR after 
IFN-γ stimulation,20 they were considered as a relevant model to specifically evaluate the effect of MIM-7 on the expression 
of this HLA. In order to confirm that those cells were rightly able to express HLA-DR, they were treated with 20 ng/mL IFN- 
γ alone, or left untreated, to serve as control (Ct.) (Figure 1A). Then, regarding the experimental setting, the cells were treated 
with 20 ng/mL IFN-γ in concomitance with either the Veh. or MIM-7 (Figure 1B). The MIM-7 capsule was tested twice in 
the same experiment (#1 and #2 representing two independent capsules tested in parallel). The cells were treated for 48 
hours, and the expression of HLA-DR was assessed by flow cytometry. As depicted in Figure 1B, the expression of HLA-DR 
was reduced by about 12%, when compared with the Veh. condition.

As we then wanted to assess the effect of MIM-7 on the expression of HLA-DP, and as this variant was not expressed 
by the HUVEC (data not shown), an alternative model of PBMCs-derived macrophages was chosen. As, our previous 
studies have already reported, in same model, that this long-course treatment allowed to better delineate the effects of 
other tested MIMs, either in terms of membrane marker expression or cytokine secretion,7,8,15 a similar 6-day incubation 
with MIM-7 was thus performed. The overall protocol is depicted in Figure 1C, but briefly, human PBMCs were isolated 
from two donors and cultivated in the presence of 20 ng/mL IFN-γ, in order to make the macrophages differentiate into 
M1 pro-inflammatory subtype. At the same time, the cells were treated with either the Veh. or MIM-7 for 6 days. The 
medium/treatment was renewed on day 3 (D3), and the cells were challenged with LPS 24 hours before flow cytometry 
analysis. The results of cell viability and HLA-DP expression are illustrated in Figure 1D and E, respectively, with the 
detail of the individual response per donor provided in Supplementary Figure S1. As a 6-day long-course treatment was 
performed, we wanted to make sure that MIM-7 did not show any toxicity in this cellular model. Our results confirmed 
the innocuity of MIM-7, as it slightly increased the M1-macrophages’ viability by about 10% compared with the Veh. for 
the two analyzed donors (Figure 1D). Interestingly, regarding HLA-DP expression, the two donors responded in a similar 
fashion to a 6-day MIM-7 treatment, as an overall reduction of HLA-DP expression of about 20% was induced, in 
comparison with the Veh. (Figure 1E).
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Figure 1 Actives from the micro-immunotherapy medicine MIM-7 reduce the expression of HLA-II in HUVEC cells and in human PBMCs-derived M1-macrophages. (A) HUVEC 
cells were treated with 20 ng/mL IFN-γ for 48 hours and the expression of HLA-DR was assessed by flow cytometry. The results are presented as the mean ± standard deviation (S. 
D.) of the median of fluorescence of n = 3 replicates. (B) HUVEC cells were treated with 20 ng/mL IFN-γ, concomitantly with either the Veh. (grey histogram), or MIM-7 (purple 
histograms) for 48 hours and the expression of HLA-DR was assessed by flow cytometry. The effects of two independent capsules of MIM-7 (#1 and #2) were assessed. The results 
are presented as the mean ± S.D. of the percentage of the median fluorescence of the Veh., for n = 3 replicates. (C) Representative scheme of the experimental protocol. Human 
PBMCs from two healthy donors were seeded at 500.000 cells/well in complete medium added with 2% decomplemented human serum and 50 ng/mL macrophage colony- 
stimulating factor (M-CSF) to promote macrophage survival. On day 0 (D0), the cells were treated either with the Veh., or MIM-7, added with 20 ng/mL IFN-γ. The medium/ 
treatment was renewed on D3, and the cells were challenged with 100 ng/mL LPS on D5. On D6, the cells were analyzed by flow cytometry for their viability and their expression 
levels of HLA-DP. LPS: lipopolysaccharide; RPMI: Roswell Park Memorial Institute medium. (D) Cell viability of M1-macrophages isolated from two healthy donors, treated for 6 
days with either the Veh. (grey dots), or MIM-7 (purple dots), in the presence of IFN-γ (20 ng/mL) and LPS (100 ng/mL). The data are presented as the mean ± standard error of the 
mean (S.E.M.) of the percentage of viable cells amongst the total cells, for n = 3 replicates per donor. (E) Expression of the membrane-marker HLA-DP in M1-macrophages isolated 
and treated as described in (C). The data are presented as the mean ± S.E.M. of HLA-DP expression for n = 3 replicates per donor. The results are displayed as percentages of the 
Veh. condition for the two individual donors analyzed. The dotted lines in (D and E) highlight the effect of MIM-7 compared with the Veh.
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Actives from MIM Slightly Reduce the Intracellular Expression of Interleukin-2 in 
Phorbol Myristate Acetate/Ionomycin-Stimulated Human Lymphocytes
Regarding the fact that MIM-10 contains the SNA at 18 CH, especially designed to target IL-2, we then wanted to focus 
our attention on the effects of this capsule on the intracellular IL-2 content of PBMCs. Briefly, PBMCs were freshly 
isolated from four healthy donors (donor #A, #B, #C, and #D), and treated for 48 hours with either the Veh. or MIM-10. 
A 1X PMA/Iono treatment was applied during the last 16 hours of incubation as a pro-inflammatory stimulus in order to 
trigger IL-2 expression. At the end of the incubation period, the cells were permeabilized, immune-stained with an anti- 
IL-2 antibody, and analyzed by flow cytometry. In order to validate the inflammatory model, the intracellular IL-2 content 
was appraised after treatment with/without PMA/Iono alone, and the results are presented in Figure 2A and B, 
Supplementary Figure S2A-B, within the CD4+ and the CD8+ T-cell sub-populations, respectively. With an overall 
mean of the median fluorescence intensity (MFI) of about 3400, the intracellular expression of IL-2 drastically increased 

Figure 2 Actives from the micro-immunotherapy medicine MIM-10 slightly reduce the intracellular expression of IL-2 in PMA/Iono-stimulated human lymphocytes. (A and 
B) PBMCs from four healthy donors were treated for 16 hours with 1X PMA/Iono and the intracellular expression of IL-2 was assessed by flow cytometry, after 
permeabilization and immune-staining with an anti-IL-2 antibody. The results are presented within the CD4+ T-cells and the CD8+ T-cells. (C and D) PBMCs from four 
healthy donors were treated either with the Veh., or with MIM-10 for 48 hours, and were concomitantly stimulated with PMA/Iono during the last 16 hours of incubation. 
The data are presented as the mean ± S.E.M. of IL-2 expression for n = 3 replicates per donor. The results are displayed as percentages of the Veh. condition for the four 
individual donors. The dotted lines in (C and D) highlight the effect of MIM-10 compared with the Veh.
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by about 1100% after PMA/Iono stimulation, in the CD4+ T-cells from the four tested donors (Figure 2A). Similar trends 
were observed in the CD8+ T-cell, in the same treatment conditions, as the overall mean of the MFI for the four donors 
was of about 2800, corresponding to an increase of about 900% from the basal level (Figure 2B). Interestingly, cell 
treatment with the MIM-10 capsule led to a slight reduction in the intracellular levels of IL-2, in both the CD4+ and the 
CD8+ T-cells (Figure 2C and D, Supplementary Figure S2C-D). Indeed, in these two sub-populations, the overall 
decrease in the MFI induced by MIM-10 treatment was of about 10% compared with the Veh. condition.

Actives from MIM Reduce Interleukin-2 Secretion and Modulate the Cytokine 
Secretion Pattern in Phorbol Myristate Acetate/Ionomycin-Stimulated Human 
Peripheral Blood Mononuclear Cells
In order to confirm the previous IL-2 results obtained in the lymphocyte population, we wanted to assess if the tested MIM-10 
capsule impacted the secretion of this cytokine, in the same PBMCs-treated model as presented in the previous section. At the 
end of the 48 hours of incubation period, the SN was collected, and the IL-2 content was evaluated by ELISA assay. The mean 
results obtained for the four analyzed donors are presented in Figure 3A, and the data for each individual donor are provided in 
Supplementary Figure S3A. Taking into account all the donors, the MIM-10-treatment reduced the overall IL-2 secretion 
within the SN by an average of about 17%. In addition to IL-2, and taking into account that other tested MIMs were previously 
reported to modulate cytokine-secretion patterns in vivo,11,14 and in vitro, in a wide range of non-immune,13,21 and immune 
cells, including PBMCs,7–10,13,15 we wanted to assess how MIM-10 impacted the secretion of a larger panel of cytokines. 
Thus, the secretion of IL-10, IFN-γ, IL-6, IL-9, IL-17A, IL-4, IL-5, IL-13, IL-17F, IL-22 and TNF-α was also analyzed. For 
what it concerns IL-10, IFN-γ, IL-6, IL-9, and IL-17A, the results are presented in Figure 3B–F and Supplementary Figure S3. 
Treatment with MIM-10 induced a global decrease in the secretion of IL-10 and IFN-γ within the four analyzed donors, when 
compared with the Veh., the average of this reduction being of about 15% for IL-10 (Figure 3B) and of about 6% for IFN-γ 
(Figure 3C). On the opposite side of the spectrum, with an average increase of about 297% for the four analyzed donors, MIM- 
10 induced an impressive rise in the IL-6 secretion in the treated cells when compared with the Veh. (Figure 3D), this massive 
increase being largely driven by one donor, who even reached an individual increase of about 945% (Supplementary Figure 
S3D). The same trend towards an enhanced cytokine secretion was found for the IL-9 (Figure 3E) and the IL-17A (Figure 3F); 
with global increments of about 37% and 7%, respectively, when compared with the Veh. condition. Heterogeneous results 
were obtained regarding the secretion of IL-4, IL-5, IL-13, IL-17F, IL-22, and TNF-α, as the secretion of these cytokines either 
did not vary or underwent an increase or a decrease, depending on the donor (Supplementary Figure S4).

Overall, regarding the modulations in the cytokine-secretion profile induced by the active ingredients from MIM-10, 
it seemed that this capsule reduced the secretion of IL-2, IL-10, and IFN-γ, while increasing the ones of IL-6, IL-9, and 
IL-17A when compared with the Veh. Even if further investigations are still needed to confirm this signature, this first set 
of evidence could suggest a potential orientation of the lymphocytes towards a “Th17-like” phenotype.

Commercially Available Human Recombinant Interleukin-1β, Interleukin-2, 
Transforming Growth Factor-β, and Tumor Necrosis Factor-α Trigger the 
Mitochondria-Related Production of Reactive Oxygen Species in Lymphocytes and 
Neutrophils Sub-Populations from Human Peripheral Blood Mononuclear Cells
The previous parts of this study report the results of our investigations on the immune-modulating effects of the tested 
MIM from a molecular standpoint, while the next sections are dedicated to providing a preliminary body of data about 
the effects of this MIM on the mitochondrial function.

In particular, as the formulation of MIM encompasses ULD of IL-1β, IL-2, TGF-β, and TNF-α, either employed at 10 
CH, 15 CH, or 27 CH, depending on the capsules (see Table 1) and knowing that the above-mentioned cytokines were 
implicated in the ROS production in various cellular models,22–25 we firstly appraise their ability to trigger the 
mitochondria-related production of ROS in a model of human PBMCs, when provided as commercially available rh 
form, and used at high doses (20 ng/mL).
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Briefly, PBMCs were isolated from 3 healthy donors and incubated for 24 hours in the presence of 20 ng/mL of either 
hr- IL-1β, IL-2, TGF-β, or TNF-α. The cells were stained with MitoROSTM 580 dye, then fixed, and the ROS signal was 
appraised by flow cytometry. In order to better define the cellular origin of the mitochondrial-ROS production, the 
lymphocytes and the neutrophil sub-populations were discriminated amongst the total PBMCs, based on their forward 
scatter/side scatter (FSC/SSC). Overall, our results showed that, for all the three assessed donors and at the tested 
concentration, IL-1β, IL-2, TGF-β, and TNF-α were able to increase the mitochondrial-ROS signal by about two times in 
the lymphocyte sub-population, compared with the untreated Ct. cells (Figure 4A). The results obtained in the neutrophil 

Figure 3 Actives from MIM-10 modulate the cytokine-secretion profile of PMA/Iono stimulated-PBMCs. PBMCs were treated for 48 hours with either the Veh. (grey 
histograms) or MIM-10 (purple histograms) and a PMA/Iono treatment was applied during the last 16 hours as a pro-inflammatory stimulus. The SN were harvested and the 
cytokine content was appraised by ELISA method. (A–F) The secretion of IL-2, IL-10, IFN-γ, IL-6, IL-9 and IL-17A was measured. The data are presented as the mean ± S.E. 
M. of n = 4 donors. The results are displayed as percentages of the Veh. condition for each of the four individual donors, each dot representing the mean value obtained for 
one donor (n = 3 replicates). The dotted lines highlight the effect of MIM-10 compared with the Veh.
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sub-population were more heterogeneous, depending on the donor, but still highlighted a slight mitochondrial-ROS- 
inducing effect of IL-1β, TGF-β, and TNF-α when compared with the Ct. (Figure 4B).

As our previous publications reported that the ULD employed in MI displayed inhibitory effects,9–14,26,27 these data 
provided us a rationale for the selection of the MIM capsules which encompass ULD of IL-1β, IL-2, TGF-β, and TNF-α, 
either alone or combined together, in order to further test their abilities to reduce the mitochondrial-ROS production.

Actives from MIM Reduce the Mitochondria-Specific Production of Reactive Oxygen 
Species in B-Cells and Neutrophils Sub-Populations from Human Peripheral Blood 
Mononuclear Cells
Considering the effects of IL-1β, IL-2, TGF-β, and TNF-α on the mitochondrial-ROS production (see previous section) 
and as MIM-2, MIM-5 and MIM-10 contain these cytokines at ULD (see Table 1), these three capsules were selected for 
the study of the mitochondrial function. In an attempt to be even more precise regarding the targeted cells compared with 
the preliminary data obtained in the previous section, a particular emphasis was made on the B-cells and the neutrophils, 
as the metabolism of these cells is known to be particularly sensitive to ROS.28–33 Thus, in order to discriminate the 
levels of ROS in B-cells and in neutrophils, human PBMCs from four donors were treated with PMA/Iono for one hour, 
stained with the mitochondria-specific MitoROSTM 580 dye, and incubated with a panel of antibodies allowing for the 
discrimination of B-cells and neutrophils. The ROS induction was appraised by flow cytometry, and the results are 
presented in Figure 5A and B. Overall, the PMA/Iono induced a strong increase in ROS production in the two analyzed 
PBMC’s sub-populations. With an average MFI of about 6.400 and about 500, respectively, the ROS expression was 
higher in B-cells than in neutrophils (Figure 5A and B). Although in B-cells, two donors out of the four displayed 
a particularly pronounced increase in ROS production compared with the others (Figure 5A), the data repartition 
collected between the four donors was more homogeneous in the neutrophils (Figure 5B). Considering that these results 
allowed to validate the PMA/Iono as a ROS-inducer in this model, the cells were then treated with either the Veh., MIM- 
2, MIM-5 or MIM-10 for 48 hours, before PMA/Iono stimulation and MitoROSTM 580 staining. The cell viability and 
the production of ROS were appraised by flow cytometry. As illustrated in Figure 5C, none of the tested capsules affected 
the cellular viability of the whole PBMCs’ population when compared with the Veh. Figure 5D and E displays the ROS 
production within the above-mentioned cell sub-populations. Interestingly, the results showed that all the assessed 

Figure 4 Commercially available rh IL-1β, IL-2, TGF-β and TNF-α are proper inducers of mitochondrial-ROS production in lymphocytes and neutrophils isolated from 
human PBMCs. Briefly, PBMCs from 3 donors were isolated and left untreated (Ct.) or incubated for 24 hours in the presence of 20 ng/mL of either IL-1β, IL-2, TGF-β, or 
TNF-α. At the end of the incubation period, the cells were stained with MitoROSTM 580 and analyzed by flow cytometry. The ROS signal was discriminated between: (A) the 
lymphocytes and (B), the neutrophils, based on their forward scatter/side scatter (FSC/SSC). The ROS signals’ results are presented as the mean percentage ± S.D. of the 
detected signal (median fluorescence intensity [MFI]), each dot representing the data obtained for one donor. The dotted lines highlight the basal level of ROS in the Ct. 
conditions.
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capsules of MIM had an inhibitory effect on ROS production within B-cells (Figure 5D). Of note, with respective 
decreases in the ROS levels of about 20% and 30% in comparison with the Veh., MIM-2 and MIM-5 appeared to have 
the strongest ROS-inhibitory effects in those cells. In addition, when assessed in neutrophils, while MIM-2 did not seem 
to have an impact on the mitochondrial-ROS level, MIM-5 and MIM-10 both displayed slight inhibitions of about 5 and 
10%, respectively (Figure 5E). Altogether, these data highlighted an interesting inhibitory effect of the components of the 
tested medicine towards the mitochondria-targeted ROS production, especially within the B-cells, in our experimental 
conditions.

As neutrophils are particularly prone to ROS production during phagocytosis and in response to stimulation with 
soluble agonists,34 we wanted to test if better results could be obtained in another neutrophil model. Thus, a second 
experiment was designed, thanks to a dihydrorhodamine (DHR) fluorescent probe, which is a well-known tool to 
measure cellular ROS without mitochondria-origin’s specificity. Briefly, the cells were pre-incubated for 45 min with 
5 µM of DHR probe alone, or in concomitance with either 100 µM butylated hydroxyanisole ([BHA], an inhibitor of 
ROS production), Veh., MIM-2, or MIM-10. The cells were then stimulated with 0.2 µM PMA for 30 minutes as 
a trigger for ROS production. The fluorescence was measured by flow cytometry after a total incubation duration of 75 
min. As represented in Supplementary Figure S5A, PMA treatment induced an increase in ROS production by about 50 
times compared with the unstimulated control condition (Ct.); an increase that was reduced by about 3.7 times by BHA 
treatment. However, in PMA-stimulated conditions, none of the tested capsules displayed any effect on the ROS 

Figure 5 Actives from MIM reduce the mitochondria-specific ROS production in human PBMCs-derived B-cells and neutrophils. The cells were left untreated (Ct.) or were 
stimulated with 1X PMA/Iono for one hour, stained with MitoROSTM 580, and incubated with a panel of antibodies allowing for the discrimination of the different immune- 
cell sub-populations (B-cells and neutrophils). (A and B) The production of ROS was assessed by flow cytometry, and is expressed as the MFI of the MitoROSTM 580 signal, 
measured in the PBMCs from n = 4 donors. The results are expressed as the mean MFI ± S.E.M. of the values obtained for n = 3 measures per donor, the Ct. being 
a triplicate measure of a pool of the four donors. (C–E) The cells were treated for 48 hours with either the Veh, or the MIM capsules before PMA/Iono stimulation and 
immune-staining. (C) The cell viability of the whole PBMCs was appraised by flow cytometry, and is expressed as a percentage of the live cells amongst the total cells, for the 
four analyzed donors. (D and E) The ROS production was assessed by flow cytometry, within the B-cells and the neutrophils sub-populations. The results are expressed as 
the mean MFI ± S.E.M. of the values obtained for n = 3 measures per donor. The dotted lines in (D and E) highlight the effect of MIM capsules compared with the Veh.
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production compared with the Veh. (Supplementary Figure S5B). These data seem to suggest that the tested actives from 
the assessed MIM do not affect the ROS-induced production associated with the phagocytosis, while reducing mitochon-
dria-targeted ROS production, especially within the B-cells, in our experimental conditions.

Actives from MIM Modulate the Mitochondrial Membrane Potential of Phorbol 
Myristate Acetate/Ionomycin-Stimulated Human Macrophages, Slightly Protecting 
Them from Apoptosis
As another way to assess the mitochondrial function, measures of the mitochondrial membrane potential (mtMP) were 
done in a model of human PBMCs-derived macrophages. The polarization status of such membranes is indeed 
considered a good indicator of cellular health, as metabolically active living cells are characterized by a polarized 
mitochondrial membrane, while dying/apoptotic cells display a depolarized one.35 Based on this statement, a bio-imaging 
technique was employed, after staining the cells with the cyanine dye 5.6-dichloro-1,1’,3,3’-tetraethylimidacarbocyanine 
iodide (JC-10).36 This probe allows to discriminate the mitochondrial membrane polarization level: while its monomeric 
green form is found in dying/apoptotic cells, it forms characteristic red aggregates in mitochondrial membrane-polarized- 
living cells. In an attempt to assess if the actives from MIM could display an early anti-apoptotic effect in immune cells, 
human PBMCs-derived macrophages isolated from two donors were cultivated during 7 days in the presence of either the 
Veh., MIM-2, MIM-5 or MIM-10 capsules, the medium/treatment being renewed every other day. PMA/Iono and JC-10 
probe were then co-incubated for 4.5 hours, and representative pictures of the fluorescence were taken for each condition. 
Representative pictures obtained from one donor out of the two analyzed are illustrated in Figure 6A, where the green 
signal at wavelength 520 nm represents unhealthy cells, and the red signal at wavelength 570 nm represents live cells. 
The Green: Red fluorescence ratios, calculated based on the percentage of green (or red) cells amongst the total cells, are 
displayed in Figure 6B. Overall, and with an effect of about 30% in comparison with the Veh., MIM-10 seemed to be the 
only capsule out of the three tested ones, which decreased the JC-10 Green: Red ratio.

Figure 6 Actives from MIM modulate the mtMP of PMA/Iono-stimulated human macrophages, slightly protecting them from apoptosis. Human PBMCs-derived macrophages 
were cultivated for 7 days in the presence of either the Veh., MIM-2, MIM-5, or MIM-10, the medium/treatment being renewed every other day. PMA/Iono and JC-10 probe 
were co-incubated for 4.5 hours and representative pictures of the fluorescence were taken for each condition. (A) Representative pictures (10X magnification) of the green 
(520 nm), and the red (570 nm) fluorescence, after treatment of the PBMCs-derived macrophages with the indicated medicines (in one out of the two assessed donors). (B) 
Green: Red fluorescence ratios were calculated in each of the above-mentioned treatment conditions. The results are presented as the mean ± S.E.M. of the ratios obtained 
for the two assessed donors. The dotted line highlights the effect of the tested capsules compared with the Veh. condition.
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The first set of results presented here seemed to suggest that MIM-10 could act on the mtMP in a manner that could 
be interpreted as a protective effect from PMA/Iono-induced cell death in a model of human primary macrophages.

Discussion
The MIM of interest in this study is composed of ten capsules, each one displaying a unique composition made of 
a combination of LD/ULD of cytokines and other immune regulators as active ingredients. As a complex medicine, and 
considering that the effects of MIM were appraised for the first time in a preclinical setting, only four capsules of the 
complete sequence were chosen in this study (ie, MIM-2; −5; −7 and −10). In addition, it is also worth precising that the 
capsules’ choice for each molecular and cellular effects measured here has been motivated by the specific LD or ULD at 
which the actives are employed, thus bringing more knowledge, not directly on some of the actives from the tested MIM 
itself, but also about how LD/ULD work in MI. As both the immunity-side and the mitochondria-related-side aspects 
were covered by the current work, the discussion has been divided accordingly.

In the first part of this study, the effect of some of the actives from MIM (specifically referred as MIM-7 and MIM- 
10) was uncovered, from an immune perspective.

Thus, concerning MIM-7, an analysis of its impact on the expression of HLA-II molecules was done. Our results 
delineated for the first time the ability of MIM-7 to reduce the expression of two HLA-II variants; namely, HLA-DR and 
HLA-DP, in IFN-γ-treated HUVEC cells (Figure 1B) and in LPS-treated PBMC-derived M1 macrophages isolated from 
two donors, respectively (Figure 1E). These results could be attributable to the presence of SNA-HLA-II at 18 CH, 
specially designed to target both HLA-DR and HLA-DP, as an active ingredient, not only included in the formulation of 
MIM-7 but also into a wide panel of other MIMs.11,12,14,15,26 Interestingly, a recent publication also reported the same 
HLA-II inhibitory effects of another MIM, intended to be used in the context of EBV-related diseases.37 These data could 
resonate with the fact that, in certain pathological contexts related to inflammation and mitochondria deregulation, such 
as allergies or autoimmune diseases, endothelial cells can contribute to an amplification of Th2 responses, through the 
expression/production of Th2-related cytokines.38–41 On the other side, when Th1 cells are the predominant effectors 
during the inflammatory process, endothelial cells preferentially express cytokines and markers that will help in the 
recruitment of Th1 over Th2 cells, such as C-X-C motif ligand 10 (CXCL10) and E-selectin for instance.42,43 In parallel, 
for what it concerns macrophages, the communication between those cells and lymphocytes, which is mediated by HLA- 
II molecules, takes place in several different inflammatory scenarios, for example in cases of obesity. Macrophages in 
adipose tissue, which become active in response to stressed adipocytes, are responsible for activating CD4+ T-cells.44,45 

In such inflammatory environments, it is thus possible that the actives from MIM could help in reducing both Th1 and 
Th2 responses, through its mediating action towards a reduction in the expression of HLA-II molecules, like HLA-DR 
and HLA-DP.

These data about the immune-modulatory properties of the MIM-7 capsule were enriched by the results about the 
effect of MIM-10 on the intracellular expression of IL-2 within the CD4+ and the CD8+ T-cells of four donors, after 
stimulation with PMA/Ionomycin (Figure 2C and D). As resting immune cells only produce minimal amounts of 
cytokines that are essential for their basic needs, cytokine profiles obtained from inactive PBMC samples may not 
accurately represent the immune system’s functional status. Thus, a PMA/Ionomycin treatment was chosen as a PBMC 
stimulation method as it has previously been shown to induce both IL-2 mRNA expression and mitochondrial ROS 
production in CD4+ T-cells.46 The tested treatment could not only reduce the intracellular expression of IL-2 but also its 
secretion, as the levels of IL-2 that we found within the SN decreased compared with the Veh. condition (Figure 3A). As 
MIM-10 contains SNA-IL-2 at 18 CH (which is intended to target IL-2), this active substance may have directly played 
a role in reducing the IL-2 expression in the treated lymphocytes. Furthermore, MIM-10 also encompasses an inhibitory 
dose of TGF-β (used at 15 CH) in its formulation, which could also have helped in reducing the IL-2 secretion. Indeed, 
Yang et al previously reported that TGF-β up-regulated IL-2 expression and secretion in intra-tumoral CD4+ T-cells 
recovered from B-cells non-Hodgkin lymphomas.47 While more investigations are needed, specifically to assess the 
effect of the actives SNA-IL-2 at 18 CH and TGF-β at 15 CH one by one, the overall results of this study added more 
knowledge about the possible mode of action of ULD-based MIM and their inhibitory effects on their targets.
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Regarding the results of the cytokine secretion, while the magnitude of the effects is small, it seemed that MIM-10 
induced an overall trend of a reduction in the secretion of IL-10 and IFN-γ, accompanied by an increase in the IL-6, IL-9, 
and IL-17A secretion, when compared with the Veh., within the four analyzed donors (Figure 3B–F). In general, the 
polarization of the lymphocytes is determined by the cytokines present in the cellular microenvironment. Indeed, 
cytokines can direct lymphocytes towards an immune response of Th1, Th2, Th9, Th17, or Treg type, depending on 
the needs of the organism. In the specific case of MIM-10 treatment, the overall reduced secretion of IL-2, IL-10, and 
IFN-γ and the increased secretion of IL-6, IL-9, and IL-17A that have been observed could remind us of the cytokine 
pattern found in the case of an orientation towards a Th17 immune response. Indeed, while the expression of IL-6 is often 
associated with polarization of lymphocytes toward the Th17 pathway,48 IFN-γ and IL-10 are typically associated with 
Th1 and Th2 polarization status, respectively.49,50 In addition, it is worth mentioning that IL-2 is important for the 
survival and proliferation of T-cells, contributes to both Th1 and Th2 fates in antigen receptor-activated CD4+ T-cells,51 

and also displays an inhibitory role in Th17 differentiation.52 The effects mediated by the activation of the Th17 pathway 
are pleiotropic; it has been described that Th17 cells possess both pro-inflammatory and anti-inflammatory IL-10- 
mediated functions, provided that they are generated independently of IL-1β.53

Returning to the interpretation of our experiments and taken as a whole, the results of the first part of the study could 
thus conceivably support the overall anti-inflammatory properties of some of the actives from the tested MIM formula-
tion, already evoked by the effect of the actives from MIM-7 on HLA-II expression (Figure 1), in a way that could (i) 
attenuate Th1 and Th2 responses, without abolishing them completely, as the effects observed are quite small, and (ii), 
favorize a possible orientation towards Th17 immune responses.

The second part of the present study was intended to complement the previous set of results by bringing more 
information about the capability of some of the actives from MIM to regulate several mitochondria-related processes. 
Indeed, in addition to conduct oxidative phosphorylation, mitochondria also intervene in other essential cellular functions 
such as proliferation, programmed cell death/apoptosis, metabolism regulation, calcium homeostasis, lipids, amino acids 
and nucleotide synthesis, as well as antiviral response and immune cell-related biological functions.54,55 Thus, these 
cellular organelles are now acknowledged as pivotal centers that regulate innate immunity and inflammatory 
responses.56,57 In particular, mitochondria have been shown to be crucial for the proper regulation of the neutrophils 
and the macrophages innate immune sub-populations.58,59 In addition, mitochondria also have significant roles in B-cell 
development, activation, and differentiation that ensure adjustments to phenotypic and environmental deviations encoun-
tered during its lifespan, including inflammatory-related events.60

Cytokines can influence the mitochondrial ROS production and, in particular, IL-1β, IL-2, TGF-β and TNF-α trigger 
an increase of ROS production in immune cells, as such effect has been demonstrated in various cellular models.22–25 

Our results (Figure 4) confirmed those findings and, interestingly, highlighted that the neutrophil sub-population was less 
sensitive to the presence of the tested cytokines than the lymphocytes. In addition, it is also worth mentioning that our 
data tended to show a higher heterogeneity between donors regarding those cells’ response (Figure 5A and B). This 
heterogeneity may be due to the density of the Ficoll® used in this experiment, which may have favored the isolation of 
T-cells, B-cells, NK cells, and monocytes. Neutrophils are the most common type of granulocytes in human blood, which 
contain distinctive cytoplasmic granules and a nucleus that is divided into three segments. They are the first cells to arrive 
at the site of infection and play a key role in innate immunity against bacterial infection.61 Neutrophils are equipped with 
several mechanisms to destroy foreign microorganisms such as bacteria, including phagocytosis, degranulation, forma-
tion of neutrophil extracellular traps, and generation of ROS including superoxide which are further converted into H2O2 

by superoxide dismutase. Phagocytosis of bacteria by neutrophils triggers a respiratory burst which generates ROS that 
can act in concert with the release of toxic granular agents to kill the ingested microorganisms.

In this part of the study, the capsules −2, and −5 of MIM were analyzed, in addition to MIM-10. MIM-2 was selected 
because of the presence of IL-1β and TNF-α at 27 CH in its composition, while MIM-5 was also included because it was 
having IL-2 at 27 CH. Thus, the effect of these three capsules on viability and mitochondrial-ROS production was 
assessed in B-cells and neutrophils discriminated from human PBMCs treated with PMA/Iono. In addition, the impact of 
these MIMs on the mtMP of PBMCs-derived macrophages was finally evaluated, as a direct reflection of the ability of 
the actives from these MIMs to protect the cells from PMA/Iono-induced cell death.
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For what it concerned the PMA/Iono-induced mitochondrial-ROS production, our results showed that a drastic 
increase in the MitoROSTM 580 signal was induced in the B-cells and the neutrophils after only one hour of PMA/ 
Iono stimulation (Figure 5A and B). The magnitude of the B-cells response was higher than the one of neutrophils and 
one of the possible interpretations of this discrepancy between those cells could be because neutrophils possess an 
efficient NADPH oxidase system to carry ROS production for microbicidal purposes,62 which could make them less 
prone to mitochondria-specific-ROS production. Nonetheless, we were able to show here that a 48-hour MIM treatment 
reduced the PMA/Iono-induced mitochondrial-ROS production, especially in the B-cells (Figure 5D and E).

The ROS generation within the immune cells can be linked with the immune response, as those species are implicated 
in the processes related to the expression of cytokines/chemokines such as IFN-γ, or in the phagocytosis for instance, 
which occurs in anti-bacterial or anti–viral responses.63 It is also known that Toll-like receptor (TLR) signaling augments 
macrophage bactericidal activity through mitochondrial ROS.64 Thus, in the context of this study, a reduced production 
of those oxygen species could mean a decreased activation of the immune cells, which are known to be often over- 
activated by chronic inflammation in metabolic-related diseases.65 Collectively, those data elegantly complement the first 
part of the study, as, interestingly enough, the actives from MIM both reduced the mitochondrial-ROS production, 
especially in B-cells (Figure 5D) while also impacting the expression of HLA-II (Figure 1B and E) and IL-2 (Figures 2C, 
D and 3A), in endothelial cells and in other immune-related cell types. It is thus highly possible that the effects of MIM 
on ROS and the ones observed on the HLA-II expression and IL-2 intracellular expression/secretion are linked together. 
Indeed, a study showed that the TCR-triggered ROS generation by complex I was indispensable for activation-induced 
IL-2 and −4 expression and secretion in resting and pre-activated human T-cells.66 Another study demonstrated that 
autologous and allogeneic mixed lymphocyte reactions performed in the presence of monoclonal anti-HLA-DR anti-
bodies led to a reduction in the IL-2 production.67 In addition, while the dose-dependent effects of IL-2 in up-regulating 
the expression of HLA-DR have been studied in CD4+ and CD8+ T-cells,68 in vitro stimulation of neutrophils with IL-2 
also led to an increased expression of HLA-II.69 Altogether, these pieces of evidence sustain the fact that the concomitant 
presence of ULD of IL-2, SNA-HLA-II, and SNA-IL-2 (the latter being specially designed to target IL-2) could have 
synergistically led to the reduction of both the expression of HLA-DR/HLA-DP and the expression/production of IL-2 in 
the cellular models tested here. Moreover, it is worth noticing that the MIM-10 capsule, which displayed a consistent 
slight inhibitory effect on ROS production both in B-cells and in neutrophils, contains TGF-β at 15 CH. As it was 
reported that TGF-β led to redox imbalances through its capability to increase ROS production and to suppress 
antioxidant enzymes,70 it is not excluded that the presence of ULD of TGF-β in MIM formulation, and especially within 
MIM-10 capsule, may have played a particular role in down-regulating the mitochondrial-ROS levels.

Even though these results tend to support the potential anti-inflammatory properties of some of the actives from the 
tested MIM, an assessment of its ability to protect the cells from inflammation-induced toxicity is also of paramount 
importance in the context of balanced immune-responses. As variations in the mtMP and permeability reflect depolar-
ization of the transmembrane potential, a mechanism that is associated with the release of apoptotic factors and 
subsequent cell death, the final part of this study aimed to assess if this medicine could impact the mtMP in a model 
of inflamed macrophages, thanks to bio-imaging techniques. By using the JC-10 probe, which has been reported as 
a powerful method to assess mitochondria-related metabolism and cellular stress,71 our last set of results suggested that 
the actives from MIM-10 could have an impact on the mtMP, as they reduced Green: Red ratios, potentially attesting here 
of an ability to decrease the accumulation of unhealthy mitochondria, and the potential to protect macrophages from 
PMA/Iono-induced cell death (Figure 6). Moreover, besides the putative apoptosis-protective role of MIM-10, our JC-10 
probes’ results could also be interpretated as another evidence of the anti-inflammatory effect of MIM-10. Indeed, in the 
context of viral-related inflammation, it has already been shown that reduced mtMP was correlated with a reduced 
antiviral response,72 thus potentially illustrating here that our JC-10 results could also reflect a reduced level of immune 
activation in response to an inflammatory trigger such as PMA/Iono. Finally, our choice to only make a short 4.5-hour- 
PMA/Iono incubation as an inflammatory stimulus in our last experimental protocol, completely resonates with the fact 
that the mitochondria-related processes of inflammation are mediated very quickly after the threat-detection by the 
immune cells, as previous studies have shown that ROS are generated within 15 minutes of TCR cross-linking.73
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Even if these results still need to be confirmed, it appeared that, out of the four tested capsules, MIM-10 was the one 
that seemed to display the most protective effect towards inflammation-induced cell death. Such results could be 
attributable to the concomitant presence of TGF-β at 15 CH and the IL-2-targeting SNA at 18 CH, as several evidence 
reported the physiological impact of these immune factors in mtMP disturbance. Indeed, while IL-2 has been shown to 
induce an increase in mitochondrial mass, mtMP, and PGC-1α expression in human NK cells,74 Abe et al, found that 
TGF-β acted as an enhancer of the oxidative phosphorylation, the glycolysis and the ROS production in transformed 
mouse podocytes.75 Additionally, the latter group reported that TGF-β did not show any effect on cell or mitochondria 
number, mitochondria mass or gene expression, but that it increased MM potential in a dose-dependent manner.

In the intricate domain of immune system modulation, the inhibition of ROS production within immune cells heralds 
a significant therapeutic potential. As previously mentioned, accumulating evidence underscores the dualistic nature of 
ROS as both indispensable signaling molecules and deleterious agents precipitating oxidative stress when in excess.4 

Controlling ROS levels through tailored inhibition can alleviate the latter’s adverse impact on cellular components, thus 
safeguarding immune cells from oxidative damage. In this context, not only the homeostatic regulation which may be 
restored by MIM could enhance the longevity and functional integrity of immune cells but it could also attenuate the 
inflammatory response, a benefit poised to ameliorate chronic inflammation-related pathologies. When the levels of ROS 
are chronically elevated, the effector functions of immune cells are compromised.76 Just to give an example, the chronic 
antigen stimulation and accumulation of ROS results in T-cells being more prone to cell death.77 Dysregulated levels of 
ROS in T-cells have been described in the context of auto-immune diseases or cancer. All this body of knowledge 
indicates that controlling ROS production and avoiding its over-production is critical for the maintenance of an efficient 
T-cell-mediated immunity, opening novel perspectives to develop therapies targeting ROS to improve patient outcomes in 
these diseases.78 Neuroinflammatory disorders, such as multiple sclerosis, also have ROS implicated in the initiation and 
progression of the diseases.79 In line with these pieces of evidence, our results, while preliminary, are relevant and 
position MIM as a potential medicine in the context of immune-mediated diseases in which chronic inflammation and 
high levels of ROS are strongly related to pathogenesis.

Moreover, the selective inhibition of ROS in immune cells may reduce the risk of propagated injury to adjacent 
tissues, thus preserving overall organismal health. Nonetheless, cautions against over-suppression of ROS are warranted, 
given their essential physiological roles. Future investigations and axes of research about MIM should aim to delineate 
the nuanced balance between ROS as cellular messengers and their potential for harm and in which extent MIM 
treatment could help in optimizing strategies to (i) bolster host defense while (ii) averting the pathogenesis associated 
with excess oxidative stress. In order to do so, in-depth studies assessing more specifically activities of mitochondrial 
enzymes involved in oxidative phosphorylation and the tricarboxylic acid cycle, such as citrate synthase and complex 
I-V of the electron transport chain for instance, or even techniques involving real-time measurement of the oxygen 
consumption rate and extracellular acidification rate in live immune cell subpopulations, could provide insights on how 
MIM regulate mitochondrial respiration and glycolysis.

Conclusion
Overall, our results provide for the first-time preclinical information about the effect of the actives from the MIM of 
interest on two intrinsically linked sides of biology; the immune-related responses and the mitochondria-related 
metabolism regulation. As the tested MIM is a medicine encompassing ten different capsules impregnated with unique 
combinations of LD/ULD of cytokines, immune factors, and nucleic acids, this study aimed at firstly evaluating the anti- 
inflammatory and the metabolism-related effects of some of its capsules. Here, we thus reported that the actives from 
MIM-7 slightly reduced the expression of HLA-DR and HLA-DP in IFN-γ-stimulated HUVEC cells and LPS-stimulated 
human PBMCs-derived-M1 macrophages, respectively. Moreover, in PMA/Iono stimulated human PBMCs, the actives 
from MIM-10 were shown to slightly reduce the intracellular expression of IL-2 within the CD4+ T-cells and CD8+ 

T-cells sub-populations, which also reflected at the secretion level, when analyzed by ELISA assays. In addition, in the 
assessed experimental conditions, this capsule also impacted the cytokine secretion at a larger scale, as it concomitantly 
reduced the secretion of IL-10 and IFN-γ, while increasing the one of IL-6, IL-9 and IL-17A, which could be attesting of 
a Th17-like signature. In the same model of PMA/Iono-stimulated human PBMCs, while none of the MIM capsules −2; 
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−5; and −10 affected the cell viability, they slightly reduced the mitochondrial-ROS production, especially within the 
B-cells sub-population. Finally, the effects of these three particular capsules were appraised on the mitochondrial 
membrane potential changes, as a witness of the induction of an early cell death/apoptosis. Our experiment revealed 
that MIM-10 could slightly reduce the mitochondrial damages induced by the PMA/Iono and could thus protect the cells 
from its toxicity.

Taken together, our results delineated for the first time the potential anti-inflammatory effect of some of the actives 
from the tested MIM, and suggest its underlined capability to improve mitochondrial functions that can be dysregulated 
under chronic inflammatory conditions.
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