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Abstract: In this study, the immunomodulatory effects of a sequential micro-immunotherapy
medicine, referred as MIM-seq, were appraised in human primary M1 and M2 macrophages, in
which the secretion of pro-inflammatory cytokines, such as interleukin (IL)-1β, IL-6, IL-12, IL-23,
and tumor necrosis factor (TNF)-alpha, was inhibited. In addition, the potential anti-proliferative
effects of MIM-seq on tumor cells was assessed in three models of colorectal cancer (CRC): an in vitro
two-dimensions (2D) model of HCT-116 cells, an in vitro tri-dimensional (3D) model of spheroids,
and an in vivo model of subcutaneous xenografted mice. In these models, MIM-seq displayed
anti-proliferative effects when compared with the vehicle. In vivo, the tumor growth was slightly
reduced in MIM-seq-treated animals. Moreover, MIM-seq could slightly reduce the growth of our
spheroid models, especially under serum-deprivation. When MIM-seq was combined with two
well-known anti-cancerogenic agents, either resveratrol or etoposide, MIM-seq could even further
reduce the spheroid’s volume, pointing up the need to further assess whether MIM-seq could be
beneficial for CRC patients as an adjuvant therapy. Altogether, these data suggest that MIM-seq could
have anti-tumor properties against CRC and an immunomodulatory effect towards the mediators of
inflammation, whose systemic dysregulation is considered to be a poor prognosis for patients.

Keywords: micro-immunotherapy; MIM-seq; macrophages; immunomodulation; potential anti-tumor
agent; colorectal cancer; 3D tumor spheroids

1. Introduction

Colorectal cancer (CRC) represents the third most commonly diagnosed cancer and
the second deadliest [1]. Genetic alterations, such as somatic and/or germline mutations,
combined with epigenetic modulations, are recognized as the major events leading to the
carcinogenesis of the colonic epithelium. Conventional treatments for CRC are surgery,
chemotherapy and radiotherapy, which can be used alone or in combination to increase
efficacy against the tumor [2,3]. In spite of their potent and destructive actions against
tumors, chemotherapy and radiotherapy both display many side effects, mostly due to
their cytotoxicity toward any highly proliferating cells [2,3].
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In this context, evolving therapeutic strategies would, thus, ideally aim at limiting
collateral cytotoxic effects on healthy cells, while directly targeting the tumor. Current
preclinical research confirms, and highlights, the promising and encouraging potential
of immunotherapies in cancer management, and points them out as attractive therapeu-
tic modalities to be included amongst anti-cancer treatments available in clinics [4–7].
Amongst all the different classes of molecules and compounds used in immunotherapy,
cytokines are good candidates. These small peptides are mainly secreted by cells belong-
ing to the immune system, but also by endothelial cells, fibroblasts, and stromal cells.
These important immune regulators are known for their autocrine, paracrine, and en-
docrine effects, as they can mediate their actions on (i) the same cytokine-producing cells,
(ii) adjacent cells and (iii) distant cells, respectively [8]. These characteristics allow them to
play a role in immune system modulation at several levels, as fine-tuners of both immune
cell systemic activation and tumor-targeting immune reactions. As a consequence, they can
display anti-tumor effects at every phase of the carcinogenesis process, from the tumor’s
initiation to its metastatic spreading [5]. In line with these prerequisites, research focused
on the use of recombinant cytokines as an immune-therapeutic strategy against cancer has
given promising results [9,10]. An increasing number of clinical trials have recently been
launched, exploring the safety and efficacy of cytokine-based drugs, employed either as
single agents or as multiple cytokines-based drugs, alone or in combination with other
immunomodulatory drugs (source www.clinicaltrials.org accessed date: 10 February 2022).

Amongst the cytokines family, the particular role played by interleukins (ILs) in
CRC is attracting increasing interest in research, and the anti-tumor properties of the
IL-2 family members, IL-2, IL-19 and IL-15, have been recently reported [11]. Regarding
the cytokines currently available for use in immunotherapy, human recombinant (hr)
interferon (IFN)-alpha (IFN-α) and IL-2 based-drugs are approved by the Food and Drug
Administration (FDA) and European Medicines Agency (EMA) for the treatment of several
malignancies [9]. However, their high-dose systemic administration is also associated with
adverse effects, that could most likely be related to high pleiotropicity of these immune
factors, and their involvement in a large number of biological activities [12–14]. In the
context of cancer, cytokines can: (i) trigger strong acute immune response, accompanied
by release of pyrogenic/cytotoxic mediators and additional cytokines [15]; (ii) generate
or perpetuate a chronic state of inflammation, that may either initiate oncogenesis, or
sustain progression of a tumor already set [16]. As an example, it has been reported that
systemic administration of IL-2 at high doses may act as a mitogen, both for CD8+ cytotoxic
T lymphocytes (CTLs) and for CD4+CD25+FOXP3+ regulatory T cells; therefore, causing
antagonistic actions in the context of anti-cancer immunity [17]. For instance, many markers
indicating the instauration of chronic systemic inflammation, such as C-reactive protein,
IL-6, IL-7, IL-23, and IL-8, were all found to be increased in the serum of patients suffering
from CRC [18]. Moreover, as chronic inflammation can contribute to the pathogenesis of
CRC and is associated with poor prognosis, its management is also an important parameter
to take into account when setting any therapeutic strategy [18,19].

One of the possible approaches to reach beneficial effects while reducing side effects,
might be to target multiple pathways at the same time and use lower doses of cytokines. In
this regard, Micro-immunotherapy (MI), which uses signaling molecules, such as cytokines,
at very low doses in its formulations [20–30], may offer an innovative possibility as an
adjuvant therapy in the context of cancer treatment, as it could contribute to improving
patient quality of life. MI medicines are impregnated homeopathic sucrose–lactose pillules
(also called globules), packed into capsules, intended to be opened and taken every morning
in a fasted state. Their oromucosal use can allow optimization of the delivery of the active
substances to the lymphoid tissues of the buccal mucosae, and to the immune cells present
in the oral cavity [31,32]. One of the specifications of MI medicines resides in their complex
formulations of active substances, that can work together in a possible synergistic manner,
on different therapeutic targets. In these medicines, not only cytokines, but also growth
factors, hormones, neuropeptides and other signaling molecules involved in cell–cell
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communication under physiological and pathological conditions, are used as bioactive
molecules. In addition, nucleic acids are also employed, either as total deoxyribonucleic acid
(DNA) and ribonucleic acid, (RNA) (extracted from Pinus halepensis and Foeniculum vulgare,
respectively), or in the form of specific nucleic acids (SNA®), designed to target specific
genomic or transcript sequences. Altogether, these active ingredients are independently
employed in MI medicines at either low doses (LD), to stimulate their own production by
the organism, or on the opposite side of the spectrum, at ultra-low doses (ULD), in order to
modulate/inhibit their own biological effects.

A specific MI formulation, hereafter referred to as MIM-seq, is the investigational
product of this preclinical study. As featured in all of the MI medicines [25,27,28], MIM-seq
is a sequential medicine. It thus consists of a sequence of five different capsules containing
pillules (MIM-1, MIM-2, MIM-3, MIM-4, and MIM-5), each one containing a unique active
substances combination. Consequently, the content of each one of the five capsules that
make it up is expected to be taken one after the other, progressively, to provide a unique
combination of active substances in chronological order. Concerning the MIM-seq posology,
the pillules contained in the first capsule of the entire sequence (MIM-1) should thus be
taken on Day 1, the second one (MIM-2) on Day 2 etc.

Considering the inherent complexity of MIM-seq formulation, our approach was to start
our investigations with several in vitro studies, focused on only two capsules out of the five
(MIM-3 and MIM-4), to investigate their potential effects on immune cells as well as cancer
cells. Moreover, one pilot study was also conducted in vivo. Regarding this in vivo part, the
entire MIM-seq effect was assessed, as the mice used in our model received the integrality of
the medicine, in a sequential manner, reproducing the human intended posology.

Regarding the fact that macrophages are important players involved in the establish-
ment of immune responses occurring in a wide range of pathological conditions, including
cancers, an in vitro multi-polarization macrophage model was used in order to investigate
the potential effects of MIM-seq from an immune-inflammation standpoint. To assess the
potential anti-cancer properties of the medicine, specifically for CRC, human epithelial
cell CRC-derived HCT-116 cells were used, as these cells are commonly employed as an
in vitro model for CRC biology and drug response studies.

In addition, to evaluate the potential of MIM-seq as an adjuvant treatment for CRC, we
investigated its effects when combined together with either a well-known chemotherapeutic
agent, etoposide (ETP), or a natural-derived compound displaying promising anti-cancer
effects, resveratrol (RSV).

To summarize, this preclinical exploratory study had three main objectives: (i) to
investigate the in vitro effect of MIM-3 on the cytokine secretion profile of macrophages
cultivated in the presence of three different co-stimulatory factors to mimic specific con-
texts, including the inflammatory one (ii) to evaluate the potential anti-tumor activities
of either the MIM-4 capsule alone, or the entire sequential medicine MIM-seq, in three
HCT-116 cells based-models of CRC: two in vitro models (conventional two-dimensions
[2D] culture and three-dimensions [3D] spheroids model), and an in vivo model of subcu-
taneous xenografted mice, (iii) to assess the potential anti-tumor effects of the medicine as
adjuvant treatment for CRC, when associated with other anti-carcinogenic agents, such as
chemotherapeutic agents, or natural-derived compounds. With this purpose in mind, a
pilot experiment was conducted, using ETP and RSV, respectively.

2. Results
2.1. MIM-3 Acts as an Immune-Modulator of Cytokines’ Secretion in Macrophages Cultivated
under Various Immune Contexts

First, in order to investigate the immune-modulatory properties of MIM-3, a model
of human CD14+-derived macrophages was chosen because of its high plasticity and
sensitivity in response to different stimuli [33].

The entire protocol is illustrated in Figure 1A. Briefly, after isolation, CD14+ cells were
cultivated for 24 h in complete basal M0 macrophage conditions. At Day 1 (D1), the cells were
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supplemented with either 20 ng/mL IFN-γ, 5 ng/mL IL-4 or 20 ng/mL IL-10 as “background
cytokines” to induce macrophage polarization towards M1-type, M2a-type or M2c-type,
respectively. The concomitant treatment with either the tested MIM-capsule or the vehicle
(Veh.) also started at D1. At Day 6 (D6), lipopolysaccharide (LPS) was added to the culture
media, at the final working concentration of 100 ng/mL, to induce a pro-inflammatory
stimulus, and the cells were harvested at Day 7 (D7) for cytokine secretion analysis by enzyme
linked immunosorbent assay (ELISA). The results of the ELISA for the four untreated M0,
M1-type, M2a-type or M2c-type macrophages, further exposed to LPS during the last 24 h,
are shown in Figure S1. The secretion of IL-12 subunit 70 (IL12p70), TNF-α, IL-1β, IL-12
subunit 40 (IL12p40), IL-6, IL-23, arginase, and thymus and activation-regulated chemokine
(TARC) were assessed and the results are presented in Figure 1B–I, as percentages of the
Veh. effect in each “background condition”. Overall, MIM-3 decreased the secretion of
all cytokines, but not the enzyme arginase, in the basal culture conditions (Figure 1I, plain
green histograms). Interestingly enough, these effects on cytokine secretion levels seem
to be reinforced in IFN-γ treated cells (Figure 1B–H, green- and blue-squared histograms).
Regarding the IL-4 background (i.e., M2a polarization), the basal cytokine secretion of this
macrophage subtype also seemed to be modulated by MIM-3 treatment, when compared to
the Veh. (Figure 1C–J, green- and pink-squared histograms). Finally, the effects of MIM-3
on cytokine secretion, in the presence of IL-10 (i.e., M2c polarization), appeared to be the
slightest (Figure 1C–J, green- and yellow-squared histograms). In this M2c polarization
context, as MIM-3 also displayed an overall effect towards a diminution of cytokine secretion,
it barely affected TNF-α and stimulated the secretion of IL-6 by about 23%. While additional
experiments are needed to confirm the findings, the results presented here suggest that MIM-3
can display an immunomodulatory function towards the reduction of pro-inflammatory
cytokine secretion on M0, M1 and M2 macrophages. Altogether, these data suggest that, out of
the five capsules of the complete MIM-seq sequence, MIM-3 could participate in the decrease
of cancer-related systemic inflammation within an organism, through its action in helping
to reduce the release of pro-inflammatory cytokines by macrophages. Transposed into the
CRC context, this particular capsule could, thus, act in impeding one of the possible fuels for
tumor progression.

Considering the particular composition of the tested MIM capsule, which included
IFN-γ (6 CH), IL-12 (4 CH) and IFN-α (3 CH), all cytokines related to phagocytosis pro-
motion [34,35], we wanted to assess if MIM-3 could stimulate immune cell phagocytic
capability in a human granulocytes model.

The protocol followed in this experiment was the same as the one previously described
by Jacques et al., who highlighted that the MI unitary medicine IFN-γ (4 CH) stimulated
the phagocytose of human primary granulocytes [29]. The results in Figure 1J are presented
as percentages of change from Veh.-treated cells (set at 100%). The experimental conditions
assessed here did not allow any effect of the MIM-3 on the granulocyte phagocytosis
capabilities to be shown, when compared to the Veh.-treated cells.

2.2. MIM-4 Displays Slight Anti-Proliferative Effects on Colon Carcinoma Cells Cultivated in
2-Dimensions, under Starvation

The first experimental model chosen to assess the potential direct effect of MIM-4 on
CRC cells was a conventional 2-dimensions (2D) model of CRC. Considering the presence
of ULD of growth factors in MIM-4 formulation, hr-EGF (27 CH) and hr-TGF-β (27 CH)
(see Table 1), and, as the rationale of this specific CH is the intention to disrupt EGF-
and TGF-β-related-pathways in CRC cells, we wanted to avoid any exogenous supply
of growth factors to the cancer cells, which are normally provided by fetal bovine serum
(FBS). Briefly, HCT-116 cells were serum-starved for 24 h before treatment, and then treated
with either MIM-4 or Veh. for a period of 72 h (Figure 2A). Pictures were taken every day
to provide information on cell confluence prior to final quantification (Figure 2B). In the
absence of serum, it was noticed that the cells displayed a more pronounced spindle-like
shape that the MIM-4 treatment did not seem to affect. The viable cells were manually
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counted by the trypan blue exclusion method at the end of the treatment (Figure 2C).
MIM-4 induced a decrease in cell viability under both serum-deprivation tested conditions.
The effect is most noticeable in cells that have been cultured in 1% FBS. For this reason, the
experiment was performed again in the 1% serum condition, and the results, combining
the two experiments, normalized and expressed in % compared to the Veh., are shown in
Figure 2D. MIM-4 was able to induce a decrease in HCT-116 cell viability of about 20%
compared to Veh.-treated cells.
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Figure 1. MIM-3 acts as an immune-modulator of macrophages’ cytokine secretion without affecting
the phagocytosis capabilities of granulocytes. (A). Representative scheme of the CD14+-derived
macrophages’ cytokine secretion assessment protocol. CD14+ cells were obtained from peripheral
blood mononuclear cells (PBMCs) isolated from one healthy donor and cultivated for 6 days in
complete medium supplemented with M-CSF 50 ng/mL alone (M0), IFN-γ at 20 ng/mL (M1), IL-4 at
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5 ng/mL (M2a), or IL-10 at 20 ng/mL (M2c), as background polarization cytokines and in the presence
of either MIM-3 or vehicle (Veh.). An additional 24 h of LPS treatment (100 ng/mL) were applied as
an inducer of an inflammatory status during the last day of the MIM-3/Veh. treatment. AA: amino
acids. Cytokine secretion was evaluated by ELISA. (B–I) Effect of MIM-3 on the secretion of the
cytokines: IL12p70, TNF-α, IL-1β, IL12p40, IL-6, IL-23, arginase and TARC. The results are expressed
in percentage of the cytokine secretion in the Veh. -treated conditions, the Veh. being set at 100% for
each one of the differentiation backgrounds. The M1-macrophages induced by IFN-γ and treated with
MIM-3 are represented with the green- and blue-squared histograms, the M2a macrophages induced
by IL-4 and treated with MIM-3 are represented with the green- and pink-squared histograms, and
the M2c macrophages induced by IL-10 and treated with MIM-3 are represented with the green- and
yellow-squared histograms. Each condition has been performed in triplicate. (J) Human granulocytes
were preincubated for 10 min with MIM-3, or vehicle (Veh.), or 10 µM N-formyl-methionyl-leucyl-
phenylalanine (fMLP) as a positive phagocytosis inducer. Fluorescent beads were then added to
the culture medium for an additional 45 min. Each condition was performed in triplicate and each
histogram represents the mean ± SD of the fluorescence as a percentage of the Veh.-treated conditions,
set at 100%.

Table 1. Composition of the complete sequence of the MIM-seq (in vivo experiment) and the two
tested capsules, MIM-3 and MIM-4 (in vitro experiments). CH: centesimal Hahnemannian; K: Kor-
sakovian dilution; SNA®: specific nucleic acids.

MIM-seq
Composition

MIM-3
Composition

MIM-4
Composition

hr-IL-1β (9 CH) - -
hr-IL-2 (3 CH) hr-IL-2 (3 CH) -
hr-IL-6 (9 CH) - -
hr-IL-7 (4 CH) - -

hr-IL-10 (27 CH) hr-IL-10 (27 CH) -
hr-IL-12 (4 CH) hr-IL-12 (4 CH) hr-IL-12 (4 CH)
hr-IFN-α (3 CH) hr-IFN-α (3 CH) -
hr-IFN-γ (6 CH) hr-IFN-γ (6 CH) -
hr-TNF-α (5 CH) - hr-TNF-α (5 CH)
h-EGF (27 CH) - h-EGF (27 CH)

h-bFGF (27 CH) - -
hr-IGF-1 (27 CH) hr-IGF-1 (27 CH) -
hr-TGF-β (27 CH) - hr-TGF-β (27 CH)

DNA (6-12-30-200 K) - DNA (6–12 K)
RNA (6-12-30-200 K) RNA (30–200 K) -
SNA®-C1a01 (18 CH) - SNA®-C1a01 (18 CH)
SNA®-C1b01 (18 CH) - SNA®-C1b01 (18 CH)
SNA®-C1c01 (18 CH) - SNA®-C1c01 (18 CH)
SNA®-HLA I (18 CH) SNA®-HLA I (18 CH) -
SNA®-HLA II (18 CH) - -

2.3. MIM-4 Displays Moderate Anti-Proliferative Effects on Colon Carcinoma Cells Cultivated in a
3-Dimensions-Spheroids’ Model

In order to test MIM-4 effects in a model that reproduces the interaction of cancer
cells during the initiation of CRC tumor formation, and which, consequently, allows for a
better reproduction of in vitro carcinogenesis than the usual 2D cell culture, a 3D spheroid
model was established, using the same HCT-116 cells. In order to assess if the previous
starved-conditions used in the 2D culture could also allow proper spheroid formation, a
first 3D-type culture experiment was done, independently of any MIM-4/Veh.-treatment.
For the proper setup of this spheroid model under serum deprivation, either the absence of
serum concentration (0%) or several low serum concentrations (0.1%; 1%; and 2%) were
tested. The experiment included the standard serum condition (10% FBS) as control, too.
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Figure 2. MIM-4 displays slight anti-proliferative effects on colon carcinoma cells cultivated in 2D,
under starvation. (A) Representative scheme of the experimental protocol. HCT-116 cells were
serum-starved for 24 h, and then treated with either MIM-4 or Veh. for a period of 72 h. The medium
and the treatments were freshly renewed every day during the course of the treatment. The cells
were kept in a starved state, by being supplemented or not with only 1% FBS. AA: amino acids.
(B) Pictures were taken every day and representative pictures, taken with Evos XL Transmitted light
microscope at the x 20 magnification, are presented. (C) Viable cells were manually counted by the
trypan blue exclusion method at the end of the treatment. This experiment was performed once, and
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the results are presented as the mean ± SD of viable cell counts, repeated three times, as technical
replicates. The black dot line was drawn in the graph to better visualize the effect of MIM-4 compared
to its Veh. control. (D) The graph shows the results of the two experiments performed as the
percentage of viable cells normalized on the respective Veh. (set to 100%). Each black dot represents
the normalized results for one tested MIM-4 capsule.

HCT-116 cells were seeded at 500 cells/wells in 384-well, clear round bottom ultra-low
attachment microplates and incubated for 72 h in the above-mentioned serum concen-
trations. Pictures were taken at the end of the incubation period (Figure 3A) and the
spheroid volume was calculated according to the method described in Section 4. As shown
in Figure 3A,B, in the absence of serum, and at 0.1%, the cells were not able to aggregate
into spheroids, whereas the tested concentrations ranging from 1% to 10% led to dose-
dependent increase in spheroid growth, over the 72 h incubation time. Normalizing the
data to the standard 10% FBS condition (set at 100%), the two more stringent starved con-
ditions, which still permitted spheroids formation (1% FBS and 2% FBS), led to a volume
reduction of about 40% and 30%, respectively (Figure 3C). As the 1% FBS was the minimum
tested concentration leading to spheroid formation, this degree of starvation was further
chosen for the following MIM-4 treatments (Figure 3A, orange boxed pictures).

As illustrated in Figure 3D, HCT-116-derived spheroids were thus formed either in
1% serum or in classical 10% over 72 h, then MIM-4 or Veh. were applied under those
serum conditions for an additional 24, 48 or 72 h. The results showed that MIM-4 slightly
decreased the spheroid volumes at 72 h, in both serum conditions, when compared with the
Veh. control (Figure 3E,F). However, it can be noticed that MIM-4 exerted a clearer effect in
reducing the spheroid volume in the 1% FBS culture conditions compared to the standard
10% FBS culture condition, that seemed to increase with the duration of treatment. As this
experiment was performed once, inferential statistics were not performed. However, these
results provide first-time evidence about the effect of MIM-4 on CRC cells, when these cells
are self-organized into spheroids.

2.4. MIM-seq Displays Slight Anti-Tumor Effects in an In Vivo Subcutaneous Xenograft Model of
Colon Carcinoma

With the potential use of MIM-seq as adjuvant therapy to ameliorate the response to
standard oncological treatments and improve patients’ quality of life in mind, we wanted
to assess its in vivo capabilities in reducing tumor progression, when employed alone, in a
murine subcutaneous xenograft human CRC model. Moreover, the current study design
aimed at reproducing, as closely as possible, the human situation in clinics, where, due to
CRC’s silent nature [36], therapeutic management is frequently delayed and only starts
when the tumor is already well established. This important parameter was taken into
account in the experimental protocol and MIM-seq treatment was only initiated when
mice-bearing tumor volumes were sufficiently developed.

Briefly, 5.0 × 106 cells from the HCT-116 cell line were subcutaneously implanted into
the left flank of each mouse on Day 0 (D0). Tumor-bearing animals were block-randomized
into two groups (MIM-seq and Veh., 12 animals in each group) on Day 15 (D15), when tumor
volumes reached about 140 mm3 in both experimental groups. Starting from D15 to Day 41
(D41), each group was treated daily, by oral gavage with 0.38 mg/100 µL water/mouse of
Veh. or MIM-seq. Mice body weights were checked three times per week and the tumor
growth was monitored twice weekly after the start of the therapy. The experiment was
ended on Day 41, when the animals were euthanized and the tumors were necropsied. In
situ histological analysis of serial frozen tumor tissue sections were performed in order
to quantify: (i) necrotic areas within the tumors, (ii) density of individual cell death
(hematoxylin-eosin [H&E] staining), (iii) apoptosis (terminal deoxynucleotidyl transferase
dUTP nick end labeling [TUNEL]) and (iv) cleaved caspase 3 immunohistochemistry in non-
necrotic tumor tissues. The Figure 4A depicts a complete overview of the entire protocol.
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Figure 3. MIM-4 displays slight anti-proliferative effects on HCT-116 colon carcinoma cells cultivated
in 3D-spheroids’ model. (A) Representative pictures of the spheroid growth regarding the different
FBS percentages tested (ranging from 0 to 10% as shown in the legend) at the time of plating and after
72 h. The pictures were taken with an automated digital widefield microscope (BioTek Cytation 5).
Three images in brightfield at distinct z-axis were taken with objective 4×. The orange box highlights
the 1% serum concentration that is employed as a starved culture condition for the experiment
illustrated and presented in (D,E). (B) HCT-116-derived spheroid growth after 72 h of incubation in
the presence of various FBS% (ranging from 0 to 10% as shown in the graph legend). (C) The results
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are presented as the mean ± SD of spheroid volumes folds at 72 h normalized to the same spheroid
volumes at D0, in each tested-condition. Each condition was performed in 3 technical replicates (black
dots). (D) Scheme of the experimental protocol (E,F) Effect of MIM-4 on HCT-116-derived spheroid
growth, either in 10% or in 1% FBS. The spheroid volume was calculated for each treatment-condition
(MIM-4 or Veh.) and at either 24-, 48- or 72-h and expressed as a fold change of each endpoint-measure
normalized to the initial spheroid volume at D0. Results are presented as the mean percentages ± SD
of the Veh. -treated spheroids for each time-point. Each condition was performed in 3 technical
replicates (black dots).
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carcinoma. (A) Experimental scheme of the in vivo study. Briefly, HCT-116 cells were subcutaneously
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implanted into the left flank of each mouse on Day 0 (D0) and tumor-bearing animals were block-
randomized into two groups (MIM-seq and Veh.) on Day 15 (D15). Starting from D15 to Day 41 (D41),
each group was daily treated by oral gavage with 0.38 mg/100 µL water/mouse of Veh. or MIM-seq.
Mice’s body weights and tumor growth were monitored during the treatment course. The experiment
was ended on Day 41, when the animals were euthanized and the tumors were necropsied. (B) Tumor
volume evolution is displayed from D15 to D41, as percentages of animal tumor volumes at D15 (n = 9
in each group) ± SD. The mean evolution of tumor growth between D15 and D41 was compared
between groups with linear mixed models for repeated measures (p = 0.02 at D41). (C) Tumor weights
were measured at necropsy (D41). The tumor weights (p = 0.48) are represented with scatter plots and
mean ± SD. The two groups are compared with Wilcoxon-Mann-Whitney tests. (D–I) The graphs
represent the evolution of tumor volume, from D10 to D41, in each mouse of Veh.-treated group
(D–F) and MIM-seq-treated group (G–I). The orange arrow in graphs indicates the day of starting
treatment (D15). The graphs were made to evaluate the evolution at different time windows: on D21
the cut-off was set at 250 mm3 (D,G), on D27 the cut-off was set at 500 mm3 (E,H), and on D41 two
cut-offs were set at 1000 and at 2000 mm3 (F,I).

After the start of treatment, mean animal weights of all study groups were evaluated.
As illustrated in Figure S2A–C, the mean weight continuously increased from the beginning
of the treatment until the study ended, and no major weight difference was observed
between Veh. and MIM-seq groups.

Regarding the tumor volume evolution analysis, since three out of twelve mice per
group were sacrificed before the end of the study for ethical reasons (ulcer development),
we chose to only present the results related to the mice surviving until the last day (n = 9,
in both groups). To properly evaluate the in vivo effect of MIM-seq, tumor volume data
were expressed in percentage of the tumor volumes at the day of starting treatment (D15),
the latter being set as 100% (Figure 4B and Figure S2D). In vivo tumor volume was slightly
lower (about 20% less) in MIM-seq-treated mice than in the vehicle group. The comparison
between the two groups with Wilcoxon-Mann-Whitney tests did not point out any differ-
ence in tumor volume at D41. Interestingly, the inferential statistics performed with linear
mixed models for repeated measures, suitable in the context of repeated measures data and
longitudinal studies, was significantly lower at D41 in the MIM-seq group compared to
Veh.-treated group (p = 0.02). After necropsy, on D41, tumor wet weights were determined
and a non-significant trend towards a decrease (p = 0.48) (Figure 4C and Figure S2E) was
observed in the MIM-seq-treated group compared to the Veh.-treated one. The tumor
volume after necropsy was also represented in Supplementary Figure S2F, in percentage
of the Veh.-treated group. In addition, histopathology descriptive evaluation and in situ
quantitative analyses were performed on tumor sections but no statistical difference was
found between groups (Figure S3), amongst all the evaluated parameters (H&E, c-Caps-3,
TUNEL, Ki67, and CD31).

In order to better describe the individual evolution of tumor volumes over time,
in regards of the number of complete MIM-seq accumulation (see the yellow timeline,
Figure 4A), the tumor volumes, expressed in mm3, at three different time windows, were
illustrated for each Veh.-treated mouse (Figure 4D–F) and each MIM-seq-treated mouse
(Figure 4G–I). The orange arrow in graphs indicates the day of start of treatment (D15).

On Day 21 (D21), one entire MIM-seq sequence (i.e., one round of MIM-1, MIM-2,
MIM-3, MIM-4, and MIM-5 capsules), or 5 Veh.-capsules, were administered in each
respective group (see the yellow timeline, Figure 4A). It can be observed that tumor volume
stayed lower or equal to 250 mm3 in n = 7 out of the 9 mice of the MIM-seq-treated group,
while n = 6 mice out of the Veh. control group developed a tumor having a volume higher
than 250 mm3 (Figure 4D,G).

On Day 27 (D27), the mice of the MIM-seq-treated group had received the entire
MIM-seq sequence twice, while mice of the control group received the Veh.. Figure 4E,H
shows a picture of what happened in this second time window: an arbitrary cut-off being
set at 500 mm3, n = 6 mice out of the MIM-seq-treated group had a tumor volume lower
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or equal to 500 mm3 and n = 3 mice, a tumor volume higher than 500 mm3. Inversely, in
the control group only n = 3 mice had a tumor volume lower or equal to the cut-off, and
n = 6 mice developed bigger tumors (>500 mm3).

On D41, MIM-seq-treated mice had received the entire sequence five times: to evaluate
differences in tumor growth between MIM-seq- and Veh.-groups, two additional cut-offs
were set; at 1000 and at 2000 mm3. While n = 2 mice out of the MIM-seq-treated group
developed a tumor having a volume lower than 1000 mm3, only n = 1 mouse was observed
in the control group. Then, looking at larger size volumes (>2000 mm3), only n = 1 of
the MIM-seq-treated group developed it, compared with n = 3 mice in the control group
(Figure 4F,I). No statistics were made with those raw data.

2.5. MIM-4 Could Act as an Adjuvant When Associated with Etoposide or Resveratrol, in an In
Vitro 3D-Spheroid Model of Colorectal Cancer

In this study, we wanted to assess the potential anti-proliferative effect and the even-
tual toxicity of MIM-4, when combined with two conventional cancer compounds, the
chemotherapeutic agent ETP, or the natural plant-derived RSV, by using the same 3D model
of CRC as presented in Section 2.3 (HCT-116 cells-based spheroids), under serum standard
condition (10% FBS).

First, CRC-spheroids were subjected to 50 µM of ETP or RSV for either 24, 48, or 72 h,
when spheroid volumes were monitored. The cells were also incubated in the presence
of the non-toxic CellTox green fluorescent dye, a DNA marker that only stains the DNA
from dead cells, to quantify the cytotoxicity at the above-mentioned time-points. At the
tested time-points and concentrations, ETP and RSV both affected the spheroid volumes,
almost totally impeding their growth, and both increased the death of HCT-116 cells,
compared to the control untreated spheroids (Figure 5A,B). As expected, the two agents are
quite cytotoxic and exert strong anti-proliferative effects on CRC cells. Interestingly, when
MIM-4 was combined with ETP, or with RSV, a slight reduction of the spheroid growth was
observed compared to the vehicle control (Figure 5C,D). The cytotoxicity did not increase
in MIM-4+ETP-treated cells compared to the vehicle control, rather, it seems that MIM-4
can slightly decrease the cell death of the cells treated with MIM-4 in association with
RSV (Figure 5E,F). Even though the experiment was only performed once, the findings are
promising and underline the need to further evaluate the potential benefit of MIM-seq as
an adjuvant therapy.
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Figure 5. MIM-4 could act as an adjuvant when associated with etoposide or resveratrol, in an in vitro
3D-spheroid model of CRC. (A) Spheroids were cultivated in standard conditions and treated for 24,
48 or 72 h with either ETP (orange curve) or RSV (pink curve), at 50 µM each. Spheroids cultivated in
standard conditions without any treatment were used as a positive control (Ctrl). Spheroid volumes
were calculated and the growth evolution was represented as the fold change of the initial spheroid
volume at the time of the treatment initiation. Results are presented as the growth mean ± SD for
each condition (n = 3). (B) The cytotoxicity of both ETP and RSV was appraised in the same conditions
as described in (A). The results are presented as the mean normalized green fluorescence intensity
(NGFI) ± SD from CellTox green fluorescent dye, for each condition (n = 3). NGFI was calculated as
described in Section 4.4.3. Spheroids were cultivated in the presence of RSV (C) or ETP (D) for 24, 48,
or 72 h, concomitantly with either the Veh. (grey histograms) or MIM-4 (squared histograms) and
the spheroid volumes were calculated in each condition. The results are presented as the mean ± SD
of the volume percentage, the Veh. conditions being set at 100% (n = 3). The cytotoxicity of the
association of RSV with either Veh. or MIM-4 (E) and the cytotoxicity of the association of ETP with
either Veh. or MIM-4 (F) was appraised in the same assessed conditions as in (B,C). The results are
presented as the mean ± SD of the NGFI percentage, the Veh.-conditions being set at 100% (n = 3).

3. Discussion

A large body of evidence demonstrates that the tumor microenvironment provides
many signals that sustain colon tumorigenesis and CRC progression. Stromal cells and
immune cells, particularly macrophages, produce huge amounts of cytokines, which
exert proliferative and pro-survival effects on CRC cells [37]. It has been reported that
macrophages represent up to 50% of the tumor mass. Macrophages originate from blood
monocytes and are recruited to the tumor tissue. The presence of the so-called tumor-
associated macrophages (TAMs) has been correlated with a bad prognosis [38]. However,
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TAMs can exert a dual supportive or inhibitory role on cancer, depending on the disease
stage, or the tissue involved [38,39]. While some studies reported that high infiltration
of TAMs correlates with better prognosis [40], their role in CRC is still controversial [39].
If more investigations are needed to understand their complex role in CRC, it is widely
documented and accepted that inflammation is a hallmark of malignant CRC [18,41].

Considering the ability of macrophages to respond to different environmental cues,
and bearing in mind their crucial role in the context of cancer and specifically CRC,
we wanted to assess if the medicine could modulate the cytokine expression profile of
macrophages under standard conditions and under different stimuli (20 ng/mL of IFN-γ,
5 ng/mL of IL-4, or 20 ng/mL IL-10), leading to distinct functional macrophages pheno-
types, M1, M2a or M2c, respectively. Polarized macrophages differ in cytokine production
and effector functions: the M1 phenotype is typically a producer of high levels of IL-12 and
IL-23, while the M2 phenotype is characterized by low production of pro-inflammatory
cytokines (see Figure S1). Due to its specific formulation encompassing IFN-γ (6 CH),
together with other cytokines involved in immune responses (IL-2, IL-10, IL-12, and IFN-α)
employed at LD or ULD, MIM-3 has been evaluated here.

As a whole, our results suggest that MIM-3, in allowing for an overall down-regulation
of cytokine secretion levels in the differentially polarized macrophages (Figure 1B–I), could
definitely act at a crossroads between immune and tumor cells. Indeed, according to our
preliminary results, by managing a reduction in the amount of pro-inflammatory cytokines
secreted by macrophages, MIM-3 could contribute to decreasing systemic inflammation
in CRC. For instance, significant pairwise correlations have been found between some
cytokines (TNF, IL-1β, IL-6, IL-8, IL-9, IL-10 or vascular endothelial growth factor [VEGF])
and between inflammatory markers, such as neutrophil-to-lymphocyte ratio, platelet-
to-lymphocyte ratio, lymphocyte-to-monocyte ratio or fibrinogen in CRC patients, and
those data, associated with tumor staging, could provide predictive information for CRC
therapeutic management [41].

Amongst the MIM-3 composition, it is highly possible that IFN-α (3 CH) could have
played a role in the anti-inflammatory responses of the treated macrophages. As a matter
of fact, it has been shown that IFN-α-exposed monocytes produced significantly less IL-1β
and TNF-α after toll-like receptor-8 (TLR-8) stimulation [42]. Interestingly, the same study
has also reported that IFN-α-exposed monocytes reduced their IL12p70 production after
having been stimulated with LPS plus IFN-γ as well, which resonates with the results that
we presented here in Figure 1B. Finally, the presence of hr-IGF-1 at 27 CH within MIM-3
formulation could also have contributed to explain the effects that we observed on the
secretion of TNF-α, IL-6 and IL-1β. Indeed, as this growth factor has been reported to
stimulate the production of these cytokines in ex vivo monocytes, derived from human
PBMCs [43], it is possible that its use at ULD may have exerted an inhibitory effect on IGF-1
function, in turn reducing the secretion of the three above-mentioned cytokines.

Phagocytosis has a pivotal role in the homeostatic clearance of dying cells and cell
debris. In the context of cancer, phagocytosis could have both pro-tumorigenic or anti-
tumorigenic consequences, depending on multiple factors [44] and, thus, may be important
in regulating responses to anticancer therapies. Therefore, while keeping in mind the link
between inflammation-related immune-responses and cancer, we wanted to investigate
the effect of MIM-3 on the phagocytic capabilities of human granulocytes. In the present
study, and under the tested experimental conditions, our results did not allow us to show
any effect of the tested capsule on the phagocytic capabilities of human granulocytes
(Figure 1J). Considering that previous evidence demonstrated enhanced phagocytosis in
IFN-γ (4 CH)-treated granulocytes [29], and as MIM-3 contains IFN-γ (6 CH), our findings
may appear unexpected. However, it is important to remember that MIM-3 is a complex
MI medicine, which contains different active substances that can work in a synergistic or
antagonistic manner towards a specific cellular response, depending on the context. In
this regard, as IGF-1 was reported to be a potent stimulator of phagocytosis in human
polymorphonuclear neutrophils [45], its use at 27 CH in MIM-3 could have perfectly
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antagonized the supposed IFN-γ (6 CH) effect. Moreover, two additional centesimal
dilutions occur during the manufacturing protocol of IFN-γ (6 CH) compared to IFN-γ
(4 CH), which could also provide further possible explanations to the observed difference
in granulocyte responses. Taken together, our results perfectly illustrate that the assessment
of any MIM’s biologic effects should be performed in a variety of immune cell subtypes, as
well as in vivo, when possible, to fully appreciate the potential MIM’s effects in a context
where the interactions between the diverse immune cells allows for integrative biological
responses in the organism.

In addition to the evaluation of its immune-inflammation related effects, the anti-
cancer potential of MIM-seq was also appraised in this study, in several models of CRC.
Amongst the five capsules composing the sequential MIM-seq medicine, MIM-4 contains
both EGF and TGF-β at 27 CH, as well as SNA targeting c-Fos- and c-Myc oncogenes (see
the third column of Table 1, “composition of MIM-4”). For that reason, this capsule was
chosen for all the in vitro study parts aimed at evaluating the direct effect of the medicine
on CRC cell proliferation.

In order to find an in vitro experimental model that reproduced, as closely as possible,
the posology of MIM-seq, a serum-starved model of CRC cells was established. Moreover,
it had previously been reported that serum starvation sensitized CRC cells, including
HCT-116 cells, resulting in an increased effect of anticancer agents [46]. The in vitro
condition of serum starvation, by reducing the levels of growth factors, induces stress
in both normal and cancer cells. Normal cells adapt and respond by downregulating
the expression of proliferation-stimulating signaling pathways, allowing them to reduce
their basal cellular metabolism and to enter into a reversible non-proliferating quiescent
status [47]. Cancer cells respond by adapting and reprogramming their metabolism to
maintain their continuous proliferation [48]. Interestingly in the present study, it was
possible to better appreciate the anti-proliferative effect of MIM-4 in a classical 2D cell
model of CRC, under serum starvation (Figure 2B,C). Moreover, amongst all the FBS
percentages tested in our starvation tolerance evaluation, 1% appeared to be the threshold
under which no 3D-spheroid aggregation was possible (Figure 3A,B). Even if the spheroid
volume was reduced by about 40%, compared with the one obtained within standard 10%
FBS culture (Figure 3C), this model still allowed us to highlight the anti-proliferative effects
of MIM-4, even after only 24 h of incubation, compared with the Veh. condition (Figure 3F).

The results obtained in our in vitro models of HCT-116 cells could be directly related
to the specific composition of MIM-seq. Indeed, with regards to CRC, several genes, such as
epidermal growth factor receptor (EGFR), c-Fos, c-Myc, RAS family, Notch-1, transforming growth
factor receptor (TGFBR) 1, and TGFBR2, have been identified as crucial regulators involved
in the proliferation and invasion processes of these specific cancer cells [49]. Keeping
this in mind, and regarding the lack of growth factors in the media due to the starved
context, the presence of EGF at the ULD of 27 CH could have reinforced the inhibition of
the EGFR pathway, which is rightly involved in cancer-cells metabolism. Indeed, it has
been reported that the EGFR downstream signalization cascade leads to the activation of
various transcription factors involved in malignant transformation and tumor progression,
typically through increased cell proliferation, prolonged survival, resistance to apoptosis,
angiogenesis, invasion, and metastasis [50,51]. Moreover, as TGF-β is also an EGFR ligand,
its presence at 27 CH in MIM-4 could also have acted synergistically with EGF (27 CH).

Another purpose of the current study was to evaluate the potential effects of the
complete MIM-seq on tumor growth in an in vivo xenograft model of CRC. As this model
is designed by subcutaneous injection of human cancer cells in immune deficient animals,
it allowed us to properly evaluate the potential effects of drugs in neoplastic cells which
maintain the same genetic and molecular profile to the patient-derived tumor cells [52].
Taking into account the silent nature of CRC, which can remain undetected for a long time
in a large number of patients [36], the strategy employed in this study was to start MIM-seq
treatment only at D15, when mice-bearing tumor volumes reached about 140 mm3 in both
experimental groups. By doing so, the potential therapeutic effect of MIM-seq was thus
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appraised when administered in an already pre-established cancer, better mimicking the
late stages at which CRC therapeutic management often starts.

The results were coherent with the first pieces of evidence obtained in vitro with
MIM-4, as the integrality of the sequential MIM-seq, when administered to mice more than
five times in a row after the initiation of the CRC, led to a significant (p = 0.02) reduction in
tumor volume of about 20% compared to the controls (Figure 4B). However, as the intra-
group variability for tumor volume in live animals was quite high, an in-depth analysis
about the sequentiality effect of MIM-seq over the course of the mice treatment was also
performed. Thus, in order to better describe the individual effects of one unique MIM-seq
sequence on tumor volume progression, data were analyzed on D21, D27 and D41, as
they corresponded to the administration of one complete MIM-seq sequence, once, twice,
and 5 times, respectively (Figure 4D–I). At each time point, different cut-offs for tumor
volume were set, and the results revealed a very interesting trend, as an inhibitory effect on
tumor growth was already observed after the administration of the first five capsules of
MIM-seq (Figure 4D,G). In line with these results, many more mice kept a tumor volume
below 500 mm3, after having received two complete MIM-seq, than those which were
administered with the Veh. (Figure 4E,H).

As encouraging as the MIM-seq effect obtained in our subcutaneous model is, we
remain aware that several factors inherent to CRC development were not taken into account
in this study. The burden of the metastatic spreading for instance, which is often located
to the liver in CRC patients [53], or the cachexia associated with more advanced stages of
the disease, were not assessed in the present work [54]. Moreover, intestinal immunity
plays a paramount role in CRC prevention, as a statistically significant reverse correlation
between the quantity of Peyer’s patches and the development of intestinal polyps has been
shown in ApcMin/+ mice [55]. In this regards, orthotopic models of CRC, as they better
reproduce the original tumor microenvironment than subcutaneous xenografts, would also
be other promising tools to study the MIM-seq effects within the original tumor niche, as
they would allow interactions between colon mucosa cells, cancer cells and immune cells
as well [56].

It is also worth discussing the fact that our in vivo study was performed in the naval
medical research institute (NMRI) nude mice strain, which is characterized by a severe, but
not absolute, immune-deficiency, resulting in the lack of T cell responses, while still keep-
ing intact the innate side of immunity (i.e., NK cells and macrophages) [57]. Interestingly
enough, a study reported that innate immune reactions from nude mice were featured with
an endogenous cytotoxic activity even higher than the one from euthymic animals [58].
In such a context, it is, thus, possible that the multi-targeted effects of MIM-seq, that we
highlighted in the current in vitro part of the study could have operated in vivo, acting on
both the remaining active cells from the innate side of the immunity and the cancer cells as
well. Moreover, from a mechanistic standpoint, MIM-seq also employs mitogenic factors,
such as epidermal growth factor (EGF), transforming growth factor-β (TGF-β) and fibrob-
last growth factor (FGF) 2 at 27 CH (ULD). Previous preclinical evidence has highlighted
the inhibitory effects induced by ULD-based MI medicines [20,25–27,30]. Accordingly, it is
possible that the active substances present in MIM-seq at the ULD of 6 CH and beyond,
may reduce the expression of those mitogenic factors, which are crucial cancer-related
signaling pathways, rightly overexpressed in several cancers, including CRC [50].

While tumor volume measurement by caliper is adequate for subcutaneous tumors, we
are also perfectly aware that a lack of homogeneity was present in our model, and another
more accurate way of monitoring tumor progression could have been employed. For
instance, in live animals, and especially in orthotopic CRC models, in which tumor is not
easily accessible, most advanced imagery techniques are used, such as magnetic resonance
imaging, computed tomography, positron emission tomography, fluorescence imaging,
bioluminescence imaging, or photoacoustic tomography [59]. As future perspectives,
imaging techniques could also possibly be employed to follow the engraftment and the
progression of 3D-CRC-derived spheroids in mice, as it has been done nicely by Tachibana
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et al., who also reported the uniformity of their radiation-crosslinked gelatin hydrogel-
based transplantation scaffold model regarding tumor shape and timing of the formation
of submillimeter CRC xenografts [60]. In any case, all the encouraging effects of either
MIM-4 in vitro or MIM-seq in vivo as a single agent pave the way for assessing its effect,
when associated with other therapeutic compounds.

Regarding the fact that MI medicines use, as a part of their formulations, LD and ULD
of cytokines, the last objective of this study was to assess the potential effect of MIM-seq as
a gentle adjuvant immune-therapy. The comprehensive composition of MIM-seq includes
hr-IFN-α at 3 CH in association with hr-IL-2 at 6 CH. These two cytokines, when combined
and associated with a conventional chemotherapy medicine, have already been reported to
exert synergistic beneficial effects in patients suffering from metastatic renal carcinoma [61].
Moreover, MIM-seq also contains hr-IL-12 at 4 CH. Preclinical studies have demonstrated
that IL-12 has remarkable antitumor effects against several cancers [62–64], and its ability
to promote the intra-tumoral infiltration of natural killer (NK) cells has been suggested as
one of the mechanisms underlying its antineoplastic effect over CRC [65]. It can thus be
hypothesized that the presence of this cytokine at LD in MIM-seq might add a value in
enhancing the synergy between the other active substances, and the potential benefits of
cancer treatment. With the same rationale, the combination of several chemotherapeutic
agents has already been done in the context of CRC. For instance, the association of
Cisplatin (CIS) and ETP has been assessed in advanced CRC, and even if this combination
seemed to be additive or synergistic, the objective remission rate was rather low, and
hematologic toxicity was reported as one of its adverse effects [4], highlighting the need for
other alternatives.

Etoposide derived from podophyllotoxin, which is a toxin found in the American
Mayapple, was approved for cancer therapy in 1983 by the U.S. FDA [66]. By targeting
the DNA topoisomerase II, ETP leads to the production of DNA breaks, causing DNA
damage and consequent cell death [67]. Thus, in general, highly proliferative cells are
the most sensitive cells affected by this agent. In the particular context of CRC cells,
previous findings have demonstrated that ETP reduces the viability of HCT-116 cells [68].
Accordingly, we found that ETP (50 µM)-treated spheroids were strongly impacted by the
treatment, as cytotoxicity was seen to be increased and spheroid growth impaired at 24, 48
and 72 h (Figure 5A,B). Coherently with prior studies reporting the lower toxicity of RSV,
compared to genotoxic agents, such as ETP [69], and after testing the same concentration
for both agents, we found that the effect on the two measured parameters, was stronger in
ETP-treated spheroids (Figure 5A,B).

The results of the spheroids treated with MIM-4 in combination with ETP, reported in
Figure 5D, revealed an early growth reduction, which, while slight, was already noticeable
at 24 h, and more pronounced over time, especially at 48 and 72 h, compared to the corre-
sponding control (Vehicle and ETP-treated spheroids). This evidence, while preliminary,
opens new perspectives about the potential use of MIM-4 as an adjuvant medicine in
patients suffering from CRC and treated with chemotherapy.

In parallel, due to their promising health benefits, natural polyphenols, such as RSV,
have also been extensively researched as other alternatives to chemotherapy but again, their
toxicity and side effects issues still need to be addressed [5]. Particularly in CRC, the anti-
cancer properties of RSV are promising and are under investigation in clinical studies [70].
In addition to its anti-cancer effects, RSV also displays a wide range of pharmacological
activities, including neuroprotection, antioxidation and anti-inflammatory effects [71]. The
latter have been documented, notably, in RAW264.7 murine macrophages, in which it
reduced the secretion of pro-inflammatory factors, such as IL-1β, IL12p70, TNF-α and
IL-6 [72]. Moreover, and interestingly enough, its remarkable inhibitory effects towards the
secretion of TNF-α and IL-6 have also been demonstrated in RSV-treated human monocyte-
derived inflamed macrophages from both M1 and M2 phenotypes [73]. The fact that
MIM-3 also displayed similar inhibitory effects on the secretion of these factors in the same
human CD14+-derived polarized macrophages (Figure 1D,G) deserves to be highlighted.
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Regarding the intended use of MIM-seq as an adjuvant therapy for cancer treatment, such
results open the door for its possible effect in sustaining RSV anti-inflammatory properties.

In the context of CRC, RSV exhibited the ability to interfere with the signaling path-
ways involved in the initiation and progression of this cancer, including silent mating
type information regulator two homolog 1 (SIRT1), P53, P21, AMP-activated protein ki-
nase (AMPK), reactive oxygen species (ROS), cyclooxygenase (COX) 2, nitric oxide (NO),
caspases, wingless-related integration site (Wnt), TNFs, and nuclear factor kappa-light-
chain-enhancer of activated B cell (NF-κB) signaling [70]. Interestingly, while COXs are
important regulators of inflammation and angiogenesis, they are also implicated in carcino-
genesis, as the overexpression of COX-2 has been reported as one of the causative factors for
CRC development [74]. RSV and RSV-derived compounds, such as RSV-aspirin hybrid com-
pounds, by targeting COX activity, are also considered potent intestinal anti-inflammatory
and anti-tumor drugs [75,76].

However, the chemotherapeutic doses that efficiently induce oxidative stress, and
apoptosis, and which reduce proliferative capacities in cancer cells, were shown to be
cytotoxic to normal healthy cells [77]. About this, it has been observed that RSV decreased
fibroblast viability in a dose-dependent manner [78], as well as induced cell senescence
while inhibiting cell renewal in mesenchymal stem cells, at concentrations above 5 mM [79].
Indeed, toxicity and adverse effects were reported in patients assuming RSV [77].

Interestingly, in our model of spheroids treated with MIM-4 in association with RSV,
an anti-proliferative effect was noticed, without increment in the number of cell deaths
(Figure 5C–E). Thus, these data have revealed that MIM-seq could work in association with
RSV in enhancing the anti-proliferative effect, whilst reducing cytotoxicity.

Having chosen to perform MIM-4 tests in both 2D and 3D in vitro models, this could be
considered as one of the strengths of this study, as the kind of cell culture type influences drug
responses. For instance, it has indeed been reported that the 3D-cultivation of CRC cell lines
(including HCT-116) increased their chemoresistance to the anti-metabolite 5-Fluorouracil
and the alkylating agent Cisplatin, compared with 2D cultures [80]. These data are quite
interesting as they highlight the fact that the active ingredients of MIM-4 are still able to reach
the cancer cells when assembled into spheroid-structures, resulting in the potentiation of the
RSV and ETP effects (Figure 5).

The overall results obtained in the 3D spheroid model of CRC, while still needing
additional investigations, are encouraging and merit catching the interest of the scientific
community about the potentials of MI as adjuvant therapy in the context of CRC.

4. Materials and Methods
4.1. Tested Item and Experimental Control

The tested MI medicine, MIM-seq, is manufactured by Labo’Life España, as previously
described [28,29], and was provided for investigational purpose.

MIM-seq is presented as a sequence of 5 capsules, each one having a specific composi-
tion, intended to be taken daily, following the numerical order indicated on the blister. Due
to confidentiality issues arising from intellectual property, the composition of each specific
capsule has not been disclosed.

The composition of MIM-seq has been chosen, taking into account the characteristics
of this specific study’s endpoints and, consequently, is characterized by cytokines, growth
factors and SNA® (expressed as CH), and by the use of total DNA and RNA (extracted from
Pinus halepensis and Foeniculum vulgare, respectively), expressed as Korsakovian dilution
(K). The overall composition of MIM-seq, also described in Table 1, is as follows: hr-IL-1β
(9 CH), hr-IL-2 (3 CH), hr-IL-6 (9 CH), hr-IL-7 (4 CH), hr-IL-10 (27 CH), hr-IL-12 (4 CH), hr-
epidermal growth factor (EGF) (27 CH), hr-IGF-1 (27 CH), hr-basic fibroblasts growth factor
(FGF2) (27 CH), hr-IFN-α (3 CH), hr-IFN-γ (6 CH), hr-TGF-β (27 CH), hr-TNF-α (5 CH),
RNA and DNA (6, 12, 30, 200 K), SNA®-HLA I, SNA®-HLA II (18 CH), SNA®-C1a01,
SNA®-C1b01, and SNA®-C1c01 (18 CH). SNA®-HLA I and SNA®-HLA II were designed
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to target human leukocyte antigen (HLA)-I and HLA-II. SNA®-C1a01, SNA®-C1b01, and
SNA®-C1c01 are intended to specifically target the oncogenes c-Myc and c-Fos.

The following Table 1 describes the whole composition of MIM-seq and the compo-
sition of the two in vitro tested capsules (the third and the fourth capsules of MIM-seq,
MIM-3 and MIM-4, respectively).

The Veh. pillules used in the study as controls are manufactured by Labo’Life Bel-
gium. Previous publications describe how those vehicle controls are produced, in or-
der to provide a suitable control for preclinical research (for both in vitro and in vivo
evaluations) [20,26–29]. For all the in vitro experiments, MIM-3, MIM-4, or the Veh. pil-
lules were freshly diluted in culture medium to reach the final sucrose-lactose concentration
of 11 mM (corresponding to the content of one capsule in 100 mL). Earlier evidence demon-
strated that this concentration is suitable to evaluate the in vitro biological effect of MI
medicines [22,23,28,29].

4.2. Phagocytosis

Granulocytes were isolated from total peripheral blood of one healthy donor, after
Ficoll® gradient separation. The cells were grown in RPMI-1640 medium supplemented
with L-glutamine 2 mM, Penicillin 100 U/mL-Streptomycin 100 µg/mL and Bovine Serum
Albumin (BSA) 0.1% at 37 ◦C and 5% CO2. The experiment was performed in 96-well
plates; MIM or the positive control fMLP 10 µM (used as a phagocytosis inducer) were
preincubated with the cells for 10 min at 37 ◦C. In order to include the proper experimental
control, the Veh. was run in parallel too. Fluorescent beads (Molecular Probes™ Fluo-
Spheres™ Carboxylate-Modified Microspheres, 1.0 µm, yellow-green fluorescent 505/515)
were then added and incubated with the cells for 45 min. Untreated non-beads-incubated
cells were used as a negative control. All the conditions were performed in triplicate. After
the incubation period, cells were rinsed in Phosphate Buffered Saline (PBS)/(BSA) 0.1% and
centrifugated. Acquisitions were realized with 10,000 cells/replicate on a BD FACSVerseTM

cytometer. Regarding the fact that fluorescence-increase in the FITC channel is proportional
to the phagocytosed beads (emission beads wave length = 515 nm), the results were first
expressed as FITC-positive percentages, then expressed in percentage of the Veh.-treated
cells, set as 100%.

4.3. Macrophage Cytokine Secretion Evaluation

CD14+ cells were freshly isolated from PBMCs obtained from the blood of one healthy
donor thanks to the Miltenyi kit (# ref: 130-050-201, Miltenyi Biotec, Bergisch Gladbach,
Germany). Briefly, the cells were seeded at the density of 50,000 cells/well in 96-well plates
on Day 0 and were cultivated in RPMI 1640 supplemented with 2% inactivated human
serum, 1 mM non-essential amino acids, 1 mM pyruvate, 2 mM L-glutamine, 10 mM HEPES
buffer and 50 ng/mL M-CSF. Cells were treated with vehicle or MIM-3 from Day 1 until
Day 7, both medium and treatments being renewed on Day 3 and Day 5. The experimental
scheme is shown in Figure 1B. For cytokine secretion assessment, the cells were stimulated
with LPS on Day 6 (100 ng/mL) and harvested on Day 7. Supernatants were collected
after cells centrifugation, and cytokine measurement was directly performed by ELISA
(LEGENDplexTM, BioLegend®, San Diego, CA, USA) on fresh supernatants. The assessed
secreted-cytokine’s panel included IL-23, TNF-α, IL12p40, IL-6, arginase, TARC and IL-1β.
Because only one experiment was conducted, no statistical inference has been performed.
The results of the cytokine secretion are presented as percentages of the mean ± SD of n = 3
replicates per condition; the cytokine secretion in the Veh.-treated cells being set at 100%,
for each differentiation condition.

4.4. Colon Cancer In Vitro Models
4.4.1. Experiments Performed on Classical Monolayer Cultured HCT-116 Cells

Two days prior to treatment, HCT-116 colon cancer cells were suspended in complete
medium DMEM high-glucose (ref: D5671, Sigma-Aldrich, Saint-Louis, MI, USA), supple-



Int. J. Mol. Sci. 2022, 23, 6059 20 of 27

mented with 10% FBS (Euroclone, Pero, Italy; #ECS0180L), 2 mM L-glutamine (ref: X0550,
VWR International, Radnor, PA, USA), antibiotic antimycotic solution (AA, ref: L0010, VWR
International), 1 mM sodium pyruvate (ref: S8636, Sigma-Aldrich) and non-essential amino
acids (ref: M7145, Sigma-Aldrich), and counted using Cell Countess II (Life Technologies,
Carlsbad, CA, USA). 100,000 cells in 5 mL were plated in three T25 flasks with vented filter.
After 24 h, medium was removed and substituted with 5 mL no-serum medium (complete
medium without any FBS addition). After 24 h of serum starvation, medium was replaced
with fresh medium (supplemented or not with 1% FBS) and the cells were treated with
either the Veh. or MIM-4. After 1 day and 2 days from start of treatment, medium and treat-
ments were renewed and phase contrast images at 20× objectives were taken using EVOS
XL Core Imaging System (Thermo Fisher Scientific, Waltham, MA, USA). After 3 days from
start of treatment, pictures were taken again and cells were detached by trypsinization and
counted with trypan blue. Briefly, after trypsinization, cells were suspended in 1.3 mL of
medium. Then, 16 µL of suspension was mixed with 16 µL trypan blue solution 2×. After
5 min, 10 µL of solution were loaded in each chamber of a NanoEnTek cell counting slide.
Cell suspensions were counted using Cell Countess II (Life Technologies).

4.4.2. Initiation of the Spheroid Model

HCT-116 colon cancer cells were cultured in DMEM (ref: D5671, Sigma-Aldrich, Saint-
Louis, MI, USA) supplemented with 10% FBS (Euroclone, Pero, Italy; #ECS0180L), 2 mM
L-glutamine (ref: X0550, VWR International, Radnor, PA, USA), antibiotic antimycotic
solution (ref: L0010, VWR International), sodium pyruvate (ref: S8636, Sigma-Aldrich)
and non-essential amino acids (ref: M7145, Sigma-Aldrich). Cells were cultured at 37 ◦C,
5% CO2 humidified air. For the 3D tumor spheroid formation assay, cells were detached
by trypsinization and suspended in fresh phenol red-free complete culture medium (Eu-
roclone, LOBE12917F), with FBS percentages ranging from 0 to 10%, depending on the
experiments. Then, 20 µL of cell suspension, containing 500 cells, were plated in each
well of a 384-well black, clear round bottom ultra-low attachment spheroid microplate
(Corning 3830, Corning, NY, USA). Plating of cells was performed with an automated
liquid handling platform (Gilson Pipetmax, Gilson Incorporated, Middleton, WI, USA).
Plates were incubated at 37 ◦C and 5% CO2 humidified air to allow spheroid formation.
After 72 h of incubation, spheroids were used for growth assay with the tested items,
alone or in combination (Veh., MIM-4, RSV or ETP). During the treatment course, the final
FBS percentages were either kept at 1% or 10% for the experiments involving Veh. and
MIM-4 alone, while the ones including RSV and ETP treatments were only performed
with 10% FBS.

4.4.3. Kinetics of 3D Spheroid Growth and Cytotoxicity

Spheroids were treated with 10 µL of fresh medium containing MIM-4 or Veh. at
proper dilution, supplemented with CellTox green fluorescent dye (Promega, Madison,
WI, USA). CellTox green dye is a non-toxic DNA stain that is excluded from viable cells
but stains the dead cells’ DNA. When the dye binds DNA in compromised cells, the dye’s
fluorescent properties are enhanced; therefore, the fluorescent signal produced by the dye
is proportional to the number of dead cells. Serial dilutions were prepared at a concen-
tration 3x in 10 µL to obtain desired treatment concentrations in 30 µL of total medium.
Three technical replicates were performed for all Veh. or MIM-4 treatments, whereas six
technical replicates were performed for negative control (spheroids treated with medium)
and positive control (spheroids treated with ETP 50 µM, or RSV 50 µM). Preparation of
serial dilutions and treatment of spheroids were performed with an automated liquid
handling platform (Gilson Pipetmax, Gilson Incorporated). Immediately after the start of
treatment, plates were incubated at 37 ◦C and 5% CO2 in an automated digital widefield
microscope with temperature and CO2 control system (BioTek Cytation 5, BioTek Instru-
ments, Winooski, VT, USA). Three images in brightfield and green fluorescent protein (GFP)
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fluorescence at distinct z-axis were taken with objective 4x immediately after the start of
treatment and at 24, 48 and 72 h of treatment.

4.4.4. Data Analysis

Brightfield and GFP images at distinct z-axis (50 µm between each image) were
processed and merged to obtain 3D images covering 150 µm of z-axis. Z-projected bright-
field images were used to define spheroid area (further used for the determination of
the spheroid volumes). Green fluorescence integral (GFI) in the delimited spheroid area,
emitted by CellTox green dye (Promega) and representative of cell death, was quantified
by Z-projected GFP images (further used for the cytotoxicity representations, expressed as
normalized green fluorescence intensity [NGFI]).

Spheroid volume at each time point (V) was calculated as:

V = A × 4
3

√
A
π

where A is the measured area of the spheroid at the same time point.
Normalized Green Fluorescence Intensity (NGFI) of each spheroid, at each time point,

was calculated as:
NGFI =

GFI − GFI0

A
where GFI is green fluorescence integral at the analyzed time point, GFI0 is green fluores-
cence integral of the same spheroid at time point zero (immediately after start of treatment),
and A is the area of the same spheroid at the analyzed time point [81,82].

4.5. Colon Cancer Animal Model
4.5.1. Animal Housing and General Experimental Conditions

This animal study was approved by the Ethics Committee for Animal Experimentation
and registered by the regional board Freiburg. Mice were handled according to the German
animal welfare law and the GV-SOLAS guidelines. Health monitoring of the animal facility
was done according to FELASA guidelines quarterly by examination of sentinel animals.

Female NMRI nude mice (Charles River Laboratories, Wilmington, MA, USA) 4–5 weeks
of age were used in the in vivo experiments. Four animals per cage were housed in indi-
vidual ventilated cages (Zoonlab GmbH, Castrop-Rauxel, Germany; air conditioned with
10–15 air changes per hour) under temperature (22 ± 2 ◦C), humidity (45–65%), and light
(12-h light/dark cycle) controlled environment. At randomization, mice assigned to the
same group (12 mice per group) were housed together. Animal behavior was monitored
daily throughout the study. Deviation of the health status of the animals were documented
and animals were individually euthanized by cervical dislocation, before study termination
when ethical abortion criteria (e.g., tumor diameter ≥ 2 cm, tumor ulceration, body weight
loss ≥20%, or signs of sickness) were reached.

4.5.2. Cell Culture for the Generation of the In Vivo Model

HCT-116 tumor cells were derived from human CRC. Cells were grown in DMEM
Glutamax 1 (Gibco by Life Technologies, Carlsbad, CA, USA) supplemented with 10%
Fetal Calf Serum (FCS), (Bio&SELL GmbH, Feucht bei Nuremberg, Germany), 100 units
penicillin/mL and 100 µg of streptomycin/mL (Capricorn Scientific GmbH, Ebsdorfer-
grund, Germany) at 37 ◦C in a 10% CO2 atmosphere. 70–90% confluent cultures were split
passaged routinely using trypsin/EDTA (Capricorn Scientific GmbH).

4.5.3. In Vivo Study Design

On Day 0, tumor cells (5.0 × 106 cells in 100 µL PBS [Capricorn Scientific GmbH]) were
subcutaneously implanted into the left flank of each mouse. Animal tracking and clinical
signs were monitored with a daily inspection and documentation of anomalies. Body
weights were checked three times weekly and tumor growth monitoring was performed
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two times weekly after start of therapy. Primary tumor volumes were determined by
caliper measurement and tumor sizes were calculated according to the formula W2 × L/2
(L = length and W = the perpendicular width of the tumor, L > W).

On Day 15, tumor-bearing animals were block-randomized into 2 groups of 12 animals,
each with a mean tumor volume of approximately 140 mm3. For block-randomization, a
robust automated random number generation within individual blocks was used. Every
day, from Day 15 to Day 41, sucrose-lactose pillules contained in one capsule of vehicle or
MIM-seq (about 380 mg) were dissolved in 100 mL of water (corresponding to the sucrose-
lactose final concentration of 11 mM) and 100 µL/mouse (corresponding to 0.38 mg/mouse)
of this solution was administered by oral gavage.

Animals were euthanized by cervical dislocation and a necropsy was performed on
Day 41. During necropsy, animals were weighed, primary tumors were collected, and wet
weights determined. Primary tumor tissues were snap-frozen in liquid nitrogen, transferred
to polypropylene and stored at −80 ◦C.

4.6. Statistical Analysis

The graphs in figures were performed with GraphPad Prism, Version 9.3.1 for Win-
dows (GraphPad Software Inc., San Diego, CA, USA, accessed on 3 January 2022). Authors
followed the recent recommendations that encourage performing descriptive statistics
instead to make statistical inferences when the number of independent values is small.
Indeed, no statistical inference has been performed to analyze the results of the in vitro stud-
ies presented here. In order to show the results in a transparent manner, when data were
obtained from only one experiment replicates were plotted together with the mean ± SD
in the graphs (Figures 1–3 and 5). For the in vivo study, statistical analyses were performed
using SAS software 9.4 (SAS Institute, Cary, NC, USA). The mean evolution of tumor
growth between Day 15 and Day 41 (Figure 4B) were represented and compared between
groups with linear mixed models for repeated measures (Day, group and interaction be-
tween day and group were the fixed effects and mouse was the random effect). To evaluate
the difference between the two groups (Veh. and MIM-seq) in tumor weight measured
at necropsy (at Day 41), (see Figure 4C) the Wilcoxon-Mann-Whitney test was performed
with GraphPad Prism, Version 9.3.1. The levels of significance were set at p < 0.05.

5. Conclusions

Overall, the present study highlighted the dual effects of MIM-seq as a potential
immunomodulatory agent and a potential antineoplastic agent, alone or in association with
the chemotherapeutic drug ETP and the natural compound RSV. Indeed, as reported here,
the MIM-3 capabilities, oriented towards a resolution of the LPS-induced pro-inflammatory
cytokine secretion, in a model of CD14+-derived M0, M1 and M2 macrophages, could be
transposed into a more global effect against the systemic inflammation that is generally
associated with CRC. These results about potential MIM-seq roles from an immune perspec-
tive, were also reinforced by the fact that MIM-4 displayed a slight in vitro anti-cancer effect
towards HCT-116 CRC cells. The entire MIM-seq, when administered in vivo in a murine
subcutaneous xenograft model of CRC, was reported to slightly impair tumor growth,
as tumor volumes were found to be significantly lowered by about 20% in the MIM-seq
group compared with the Veh. one. Finally, used alone, in serum-deprived conditions, or in
association with RSV or ETP, in standard serum cultured-conditions, MIM-4 was shown to
moderately reduce the spheroid volume of 3D models of HCT-116 by about 10% compared
to the vehicle control after 72 h. These results, while still preliminary, are promising and
show that MIM-seq might exert anti-tumor effects and deserves further investigation to
assess its potential as adjuvant therapy in the management of CRC.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms23116059/s1.
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