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Introduction

Cancer is a complex disease defined by uncontrolled cell

Abstract

Cancer therapy has been at the centre stage for decades in the scientific
fraternity. Several chemical and biochemical actives have been studied
for their effect on cancer therapy. In the present study, we have studied the
therapeutic effects of a herbal formulation, Immusante, containing bioactive
compounds such as Apigenin, Quercetin, Betulinic Acid, and Oleanolic Acid on
cancer cell proliferation, angiogenesis and survival. The immunomodulatory
effects of Immusante were incorporated in a cancer-specific mathematical
model to quantify the therapeutic effects. Cancer model simulation with
Immusante showed a significant reduction of tumour proliferation, reduction of
immunosuppressive species, and increase in the CD8 effector T cell function.
The effect of the Immusante, along with a chemotherapy drug, 5-fluorouracil
(5-FU), was simulated to assess the effect of combination therapy. The addition
of 5-FU as a monotherapy showed a 28% increase in the population with no/
very low tumorigenesis. A combination of 5-FU and Immusante showed a 44%
increase in the population with no/very low tumorigenesis. A similar trend was
seen for population size with low immune suppression, where 5-FU monotherapy
showed a 26% increase, Immusante showed 12%, and a combination of
5-FU and Immusante showed a 43% increase in the population with low
immune suppression, indicating increased efficiency of effector species in the
presence of Immusante. Similar results were obtained for other drugs such as
Cyclophosphamide, Platinum-based drugs, Vincristine, Taxane, Irinotecan, and
Anthracyclines combined with Immusante. It is observed that chemotherapy
alone can bring clearance in the tumour, further augmented by incorporating
Immusante as a herbal adjuvant. Simulations suggest that combination
enhances effectiveness and reduces the side effects of chemotherapy. It was
observed that Immusante could effectively counter side-effects and adaptive
response of cancer cells to improve efficacy and normalize immune response.
The immunomodulatory properties of Immusante have been shown to restore
balance in immune response and reduce the cytotoxic effects of drugs on
healthy organs. These characteristics make Immusante a promising adjuvant
during cancer management and improve the quality of the treatment.
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negative feedback, in-coherent feedforward loops, and bistability.
The model summarises observations of separate zones of tumour
control and focuses on an intermediate region in which tumours can

growth, mutations, perturbed signalling cascades and metabolism,
eventually escaping immune responses. This impairment leads to
disturbed cellular growth, proliferation, angiogenesis, metastasis,
and disabling of apoptosis and cell cycle checkpoint mechanisms,
affecting the immune dynamics, and therefore is considered one
of the leading factors for mortality and morbidity worldwide [1,2].
Studies related to immune cell responses and their interactions with
tumours and perturbed signalling dynamics have been a centre of
various theoretical and mathematical research. A recently published
mathematical model discussed the interactions between the immune
system dynamics and tumours and observed that tumour dynamics
is tangled to two nodes, regulatory and effector cells, i.e., Tregs
and CD8 T cells, respectively. It captured the dynamic features of
tumour growth by associating three motifs from systems biology:

be eliminated [3].

Such deviations in the immune dynamics of the tumour
environment have been correlated with perturbations in the
intermediate signalling factors and pathways. Several studies have
identified STAT3 as a significant molecule that mediates tumour-
induced immune suppression and contributor to tumorigenic activity
[4-6]. This activity occurs through intermediary steps involving
Tumour Associated Macrophages (TAMs) and T regulatory
cells (Tregs), mediating crosstalk between the two, generating
immunosuppression concerning both innate and adaptive immunity
[7]. TAMs within a tumour induce STAT3 activation and release
cytokines like IL-10 and IL-6, indicating a correlative relationship
between cytokines and tumour growth [8,9]. Tregs can accumulate
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within the tumour microenvironment, releasing immunosuppressive
mediators (e.g., IL-10) and ultimately suppressing immune responses
mediated by CD8 T cells [10]. This immunosuppression by antigenic
stimulation triggers STAT3 to create an active feed forward
mechanism to increase STAT3 activity both in tumour cells and
associated immune cells. The cytokines increase STAT3 expression
through a positive feedback loop [4].

This cascade of events leads to multiple immune suppressive
effects. Various physiological effects can be correlated from previous
studies, such as increased angiogenesis through amplified VEGF
expression [11], inhibition of Dendritic Cells (DCs) maturation due
to upregulation of STAT3, which impairs the immune system’s ability
to induce and maintain an anti-tumour immune response [10,12],
direct suppression of CD8 T cells function by inducing exhaustion due
to induction of PD-L1 expression on tumour or APCs, and indirect
suppression of CD8 T cells due to impaired DCs maturation [13,14].
In addition, STATS3 is also implicated in promoting metastasis and
impairing p53 based checks on tumour proliferation [15]. Therefore,
STAT3 mediated signalling and immunomodulation can cause
enhanced proliferation of tumours (in resistance to apoptosis),
triggering/activating immune suppressive effects and reducing CD8 T
cells effector function. Apart from immunomodulation, such activities
contribute to tumour cell migration/invasion, apoptosis/survival,
and angiogenesis [16], thus making cancer a long-lasting disease
and extending the survival of patients. These continuous changes
in physiological conditions within the tumour microenvironment
require therapeutic strategies that focus on the major pathways and
nodal interacting species.

Current chemotherapeutic strategies for treating cancer
include mechanisms like induction of apoptosis or autophagy,
regulation of the cell cycle, inhibition of tumour cell migration
and invasion, and stimulation of the immune response of patients.
Various chemotherapy drugs used are 5-FU (5-Fluorouracil),
Cyclophosphamide, Platinum derivatives, Vincristine, Taxane,
Irinotecan and Anthracycline. Among these, 5-FU is a widely used
chemotherapeutics in treating various cancers. 5-FU is catabolized
into active metabolites, resulting in DNA damage [17]. DNA damage
causes activation of p53, leading towards cell cycle arrest to repair
the damaged DNA. In the absence of a repair process, apoptosis
occurs. Another mechanism of apoptosis is through TNF-Rs and
TRAIL-Rs and their binding to their respective ligands. 5-FU acts by
depleting immature myeloid-derived suppressor cells (MDSCs) that
accumulate with tumour progression and suppress T-cell activation,
increasing IFN-y production by tumour-specific CD8 T cells required
for cancer management [18]. But the elimination of MDSCs also
leads to the activation of NLRP3 inflammasome in dying MDSCs,
causing secretion of IL-1p, elicitation of Th17 cells, IL-17 production,
henceforth supporting tumour growth [19]. Another study exhibits
the effect of 5-FU treatment upregulating PD-L1 expression, involved
in negative regulation of the immune response, leading to systemic
immunosuppression in gastrointestinal cancers [20,21]. These effects
have been documented for various cancers, and their synergy with
5-FU has been observed in several cancers, including head and
neck squamous cell carcinoma and colorectal cancer [22]. Such
treatments have immense side effects, while surgical interventions are
ineffective in preventing cancer metastasis, highlighting the need for

combination therapy with chemotherapeutic drugs such as 5-FU and
prevent tumour progression.

In these circumstances, herbal medicines containing natural
bioactive compounds prove suitable candidates for preventing and
treating numerous diseases because of their therapeutic properties,
multi-targeted efficacy, and low toxicity. Immusante is one such
herbal formulation (by Himalaya Wellness Company) containing
Symplocos recemosa Roxb. (Symplocaceae) and Prosopis glandulosa
Torr (Fabaceae) extracts that exhibits
properties. Immusante consists of biologically active compounds
such as Apigenin, Quercetin, Betulinic Acid, and Oleanolic Acid,
considered significant and characterized as the key phytoconstituents
of this formulation [23,24]. It is established as efficacious and safe
(Srivastava, A. N., Singh, U., and Kolhapure, S. A. 2004. Evaluation
of clinical efficacy and safety of IM-133N as an immunomodulator
in various carcinomas: A prospective clinical trial. Indian J. Clin.
Pract. 15:25-37). Immusante is considered a potential therapeutic
entity because of pharmacological properties like antioxidant, anti-
mutagenic, anti-inflammatory, and many others.

immunomodulatory

Immusante modulates biological processes such as cell
proliferation, apoptosis, migration and differentiation, and oxidative
balance at the biochemical level and plays a major role in controlling
or modulating carcinogenesis [25]. Immusante compounds also
inhibit NF-kB, MAPK, JAK/STAT, PI3K/AKT signalling pathways,
consequently studies have
demonstrated Immusante compounds effectiveness on different
tumour types, altering multiple checkpoints, and interacting at several
nodal points of various signalling pathways, thereby demonstrating
immunomodulation. These nodal points are well-known target
sites for several therapeutic drugs, and their effect on tumour
proliferation is summarised extensively in our previous review [26].
These compounds inhibit cell cycle progression, differentiation,
angiogenesis, cell survival, death receptor expression and altering the
balance of apoptotic proteins. The net effect inhibits proliferation and
diminishes tumour cell survival.

limiting  inflammation. Various

The major bioactive compounds of Immusante, such as
Apigenin, Quercetin and Betulinic Acid, are known to possess
immunomodulatory properties in cancer conditions on the above-
mentioned physiological effectsand suppress STAT3 phosphorylation,
nuclear localization and transcriptional activity [27-30]. Quercetin
blocks the STAT3 activation pathway stimulated by IL-6, potentially
preventing and treating cancer cells [31]. The deterrent activity of
these compounds downregulates STAT3 target genes such as VEGF,
which are involved in cell growth, proliferation, migration and
invasion [32] and induce apoptosis through a p53-dependent pathway
[33]. The bioactive compound Apigenin of Immusante also leads to
declined expression of PD-L1 in DCs, resulting in improved CD8 T
cells function to prevent tumour cell escape [34]. Also, as discussed in
our previous review, these bioactive compounds can reduce tumour
cell proliferation and migration, sensitizing the apoptotic pathways
and cell cycle checkpoints [26]. Based on the observations mentioned
above, the macro-level immunomodulatory effects of Immusante are
shown through green arrows in (Figure 1).

With a vast range of studies on the functioning of Immusante
components involved in several signalling cascades and immune
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Figure 1: Immusante immunomodulation. The bold black arrows represent malfunction in the signalling network due to tumour cells, and the bold green arrows
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system responses, the current study focuses on analyzing the
behaviour of Immusante immunomodulatory properties in the
cancer microenvironment integrating it with a mathematical
model reported by Sontag et al. [3]. The major signalling pathways
are integrated with the immune dynamics to capture the cancer
phenotype and how Immusante components can augment the region
where tumours can be eliminated. The model is also used to evaluate
the combined effect of Immusante and various chemotherapeutics.
Overall, the current study represents the immunomodulatory, non-
immunomodulatory, and synergistic effects of Immusante on tumour
growth and suppression and further extended to the population level.

Materials and Methods

The present study incorporates the important signalling factors
and immunomodulation through STAT3 (Figure 1) to address
tumour progression, and effector cells
interplay. It creates a framework employing the mathematical model
and its physiological parameter values discussed in Sontag et al. [3].
The tumour-specific immune model considering all the mechanisms
mentioned above is implied with Immusante cancer management
properties in this study, shown in Figure 2, and simulated for different
scenarios at an individual and population level.

immunosuppressants,

The model accounts for three key variables, U, X, and Y, where
the variable U signifies an immune challenge, such as the number
of cells in a tumour. The variable X represents an “intermediate
regulatory node” because U drives it and, in turn, regulates Y. This
node has an explicit biological correlate, immune-suppressing factors
such as the number of T regulatory cells (Tregs) in a defined tumour
microenvironment. The variable Y represents an agent that can
eliminate challenge U, such as the number of tumour-specific effector
T cells, i.e., CD8 T cells in the same environment.

Effect of the Varying Growth Rates of Tumour Cells on
Tumour Growth Dynamics

The effect of varying growth rates on tumour growth dynamics
was simulated, and the changes in the number of tumour cells (U),
immune-suppressing species (X) and CD8 T cells (Y) were observed.
The tumour cells proliferate with positive autoregulation having
a rate constant of A ranging from 10 to 10°. The effect of varying
tumour growth dynamics was introduced using different levels of A in

each simulation. The tumour cells activate both the CD8 T Cells and
immune-suppressing factors. The rate constant for the formation of
immune-suppressing factors is . CD8 T cells inhibit tumour growth
with a rate constant k CD8 T cells mediated cytotoxic effects. The unit
of time was considered as days in the model. Cell populations (U, X,
Y) are in units of 10° cells. The parameters used and corresponding
units are as follows: k = 10 (10° cells)* day and p = 1 day™".

Effect of Inmusante on the Tumour Growth Dynamics

The effect of Immusante was observed on the tumour growth
dynamics by incorporating the major immunomodulatory effects of
Immusante into the mathematical model. The effect was simulated
using increased CD8 effector function (k), reduced tumour
suppression (B) and keeping the tumour proliferation rate (\)
constant, as shown by bold green arrows in Figure 2.

Steady-State Dynamics in the Absence and Presence of
Immusante

The effect on the steady-state of tumour growth dynamics with
and without the Immusante effect was simulated by increasing k,
reducing B and decreasing A to observe the changes in the biphasic
behaviour of tumour cells. The parameter values are presented in
(Table 1).

Population-Level Effect of Chemotherapy and Immusante

The population-level simulations were carried out to observe the
effect of chemotherapy with and without the adjuvant Immusante
effect on the tumour growth dynamics. The model included the
mechanisms through which chemotherapeutics like 5-FU acts and
has side effects, as shown in (Figure 3).

The effect of Immusante was simulated by decreasing A and
keeping B and k constant with respect to the drug-free condition.
The Chemotherapy drug effect was simulated by decreasing A
and keeping B and k constant. The effect of combinatorial therapy
with chemotherapy and Immusante was simulated by decreasing
A and B and increasing k. The effect of varied combination therapy
administration profiles was studied using varying parameter sets
under four different scenarios: Drug-free, Immusante, chemotherapy
(5-FU effect), and chemotherapy (5-FU) + Immusante environments.

For population dynamics, a set of 10000 random combinations
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discussed in the previous section on relevant rate constants of the reduced model.

Figure 2: Mathematical model framework. The model accounts for three key variables: U represents the tumour cell count, X is the approximation for a level of
immune suppression, and Y is the CD8 effector T cell count. (a) Cancer microenvironment: U has an intrinsic proliferation rate (rate A). U upregulates X via antigenic
stimulation and upregulates X (rate ) via upregulating suppressive cytokines, Tregs etc. X inhibits Y through multiple mechanisms. Y inhibits U (rate k) via CD8
mediated cytotoxicity; (b) Immusante effect on the cancer microenvironment: The bold green arrows represent the effects of the four compounds of Immusante as

Immune
suppression(X)
(Treg,
Macrophages
ete.)

Table 1: The parameters perturbed to simulate the therapeutic effect of the
adjuvant with respect to the tumour growth conditions. The adjuvant effect is
simulated in different scenarios at individual and population levels and combined
with chemotherapeutics to analyze the synergistic effects.

Drug effect A K B
Individual dynamics:
Tumour growth dynamics 10“to 10° 10°% 1
Immusante effect on Tumour growth dynamics | 10“to 10° 10°% 0.5
Immusante effect on Steady-state dynamics 10“to 10° 10° 0.785
Population dynamics (range):
Drug-free 10%,10° |10°, 10* 0.8,1.2
Immusante 10%%5,10°% 10%, 10* 0.8, 1.2
Chemotherapy (5-FU) 104,102 |10% 10“ 0.8,1.2
Chemotherapy (5-FU) + Immusante 10°, 102 10% 10° 0.7,1.1

(A = Tumour proliferation rate, k = CD8 effector function, B = Immune suppression)

was created using varying growth rate constant (A), immune
suppression rate constant (), and CD8 T cell inhibition rate constant
(k), and initial conditions. These combinations represent an in-silico
population of 10000 individuals with varying inherent immune
capability and immune suppression states. The parameter changes
are mentioned in (Table 1).

Results and Discussion

Tumour growth dynamics in different scenarios were analyzed

using the system physiology-based mathematical model of
immunomodulation and signalling pathways at an individual and

population level.

Effect of Varying Growth Rates on Tumour Growth
Dynamics

Simulations were performed to assess the tumour growth
dynamics under different conditions using the mathematical model
shown in Figure 2. Tumour growth dynamics were simulated for
different growth rates for tumour cells (A) ranging from 10 to 10°.
The dynamics of Tumour cells (U), Immune suppressing species (X),
and CD8 effector T cell response (Y) are shown in (Figure 4).

As discussed by Sontag and group [3], different thresholds
are observed for a range of growth rates. As shown in Figure 4a,
if the growth rate A of the tumour is less than A = 10* (Blue), it is
eventually eliminated by the immune system. When the tumour is
more aggressive, A > 10 but A < 10 (Red), it cannot be eliminated
(it is “tolerated” by the immune system) and saturates later. For an
even more aggressive challenge, with A > 10 but A < 10" (Yellow),
again the tumour is eliminated; and if X > 10! (Purple), again there
is no elimination (the tumour “escapes”). Therefore, the clearance of
tumours is observed for A value less than 10 followed by saturation,
and then clearance at intermediate, i.e., A = 10" value, followed by
saturation at higher A values.

The immune-suppressing species (X) also exhibit a similar trend,

P53
activation

Active
metabolites

damage

TNF-Rs, TRIAL R

Figure 3: Adjuvant effect - Synergy with 5-FU. 5-FU is broken down to active metabolites, resulting in DNA damage. The DNA damage activates p53 which
can either cause cell cycle arrest and trigger DNA repair or cause apoptosis. The later fate is preferred when the cellular stress is high or the cell is sensitized to
apoptosis. With the Immusante effect shown in green arrows, the cell is subjected to apoptotic pressure by TNF-Rs and TRAIL R due to the skewed balance of
apoptotic proteins favouring apoptosis. Therefore, Immusante works synergistically with 5-FU to trigger apoptosis in tumour cells.

Cell Cycle Arrest
DNA repair

Apoptosis

Pro apoptotic
Proteins
(caspase3)
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Figure 4: Model simulation of tumour growth dynamics at various growth rates (A). (a) Tumour cells (U); (b) Immune suppressing species (X); (c) CD8 T cells
(Y). (A = tumour growth rates ranging from 10 to 10°, CD8 effector function k = 10 (10° cells)* day, and Immune suppression = 1/day).
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Figure 5: Effect of Immusante on the altered tumour growth dynamics. (a) Tumour cells (U); (b) Immune suppressing species (X); (c) CD8 T cells (Y). For all
A values, tumour cells are cleared with a high CD8 T cell activity and lowered immune suppression effect. (A = tumour growth rates ranging from 10 to 10°, CD8
effector function k = 10 (10° cells)~ day* and Immune suppression 8 = 0.5/day).
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i.e., at a high tumour proliferation rate (A > 10!), the number of
immune suppression species also increase and saturate whereas, at
intermediate A = 10" value, immune suppression species increase and
are cleared off by the system (Figure 4b). Interestingly, the tumour
saturates both above and below these intermediate values. This is
in accordance with observations wherein tumours with a very low
growth rate are naturally cleared by the innate immune response
through CD8 T cells activity. There are more CD8 T cells at very high
tumour proliferation, but the CD8 T cells fail to respond due to high
immune suppression. As expected at a very low tumour proliferation
rate, the low concentration of CD8 T cells can clear the tumour cells
(Figure 4c). CD8 T cells (Y) inhibit tumour proliferation, whereas
immune-suppressing species (X) inhibit the production of CD8 T
cells (Y).

Effect of Inmusante on Tumour Growth Dynamics

The immunomodulatory effect of Immusante was introduced by
reducing tumour proliferation and immunosuppressive species and
increasing CD8 effector function on the tumour growth dynamics.
The altered tumour growth dynamics of Tumour cells (U), Immune
suppressing species (X), and CD8 effector T cell response (Y), due
to the incorporation of Immusante, for different growth rates for
tumour cells () ranging from 10 to 10° is shown in (Figure 5). The
effect of Immusante was simulated by increasing the rate parameters
for CD8 effector function () by 100-fold and decreasing immune
suppression (f) by 0.5-fold, relative to the tumour condition.

Varying levels of enhanced k and decreased P represents the
significant effects of Immusante immunomodulatory activity:
increased tumour clearance, reduced immune suppression, and

increased CD8 effector response, as seen in Figure 5. It was observed
that for all A values, tumour cells are cleared with a high CD8 T
cell activity and lowered immune suppression effect. This analysis
establishes the efficiency of the Immusante effect on the tumour
proliferation rate. It facilitates faster clearance as different rate
parameters fluctuate, and the preventive factors are retained even
at very low parameter values. It indicates that with the introduction
of Immusante, tumour clearance is enhanced with a concomitant
reduction in immune suppression and heightened effecter cell activity
for a wide range of tumour proliferation rates. The biological effect of
Immusante on tumour growth by immunomodulation and altering
the signalling pathway status is corroborated by the simulation results
obtained using the mathematical model.

Steady-State Dynamics

When the tumour cells were simulated for different growth rates
(M) ranging from 10 to 10° the biphasic behaviour observed explains
that tumours can sneak through from the immune responses and
can only be eliminated within the intermediate region (Figure 6a),
as described in Sontag et al. [3]. Thereby indicating that tumours
with a moderate growth rate escape the inherent immune defence;
these are transitory to the actual capability of the immune response,
as discussed earlier in (Figures 4 and 5), while simulating the tumour
growth dynamics. The immune response also clears tumour cells with
growth rates immediately higher than the moderate.

The effect of Immusante was simulated by modulating the rate
parameters for CD8 effector function, i.e., k is kept approximately
constant, but the immune suppression effect, i.e., B, is decreased by
0.2-fold, relative to tumour condition. The altered tumour growth
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Figure 6: Biphasic behaviour in tumour saturation based on varying growth rates (A). (a) Cancer micro-environment; (b) Immusante effect on the Tumour
cells (U) in the cancer microenvironment, for which the rate parameters for CD8 effector function, i.e., k and B, are increased (0.000025) and decreased (0.785),
respectively, relative to the tumour condition. Tumour clearance was observed at A <10 and at intermediary A value 10*. Tumours show saturating growth for two
ranges of A with clearance otherwise. The intermediate region was broadened by the effect of Inmusante com-pounds correlating to greater elimination of tumour
cells.
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Figure 7: Drug effect on the Tumour cells (U). (a) Drug-free shows log uniform distribution of tumour saturation levels in 10,000 individuals’ population for tumour
cell number (U). The simulations are performed by randomly choosing 10,000 combinations of tumour growth rate constant (A), immune suppression rate constant
(B), and CD8 T cell inhibition rate constant (k). The values are taken for A € (103, 10°), B € (0.8, 1.2), K€ (10, 10*) in the given range; (b) The effect of Immusante
is simulated by decreasing A (102.5, 10°°) and keeping B and K constant. The comparison between Drug-free and Immusante graphs shows a 13% increase
in population with no/very low tumorigenesis; (c) The Chemotherapy drug (5-FU) effect is simulated by decreasing A (10, 10?) and keeping B and K constant.
The comparison between Drug-free and Chemotherapy (5-FU) graphs shows a 28% increase in population with no/very low tumorigenesis; (d) The rightmost
Chemotherapy (5-FU) + Immusante effect is simulated by decreasing A (10°, 102) and B (0.7, 1.1) and increasing K (10, 10%). The comparison between Drug-free
and Chemotherapy (5-FU) + Immusante graphs show a 44% increase in population with no/very low tumorigenesis.

dynamics of Tumour cells (U) due to the incorporation of Immusante
is shown in (Figure 6). The intermediate region is broadened as an
effect of Immusante compounds, correlating greater the elimination
of tumour cells than the system’s innate immune response (Figure
6b). Therefore, highly aggressive tumours that are not cleared by
innate immune capability and escape immune responses can be
managed with Immusante immunomodulatory effects.

Population-Level Effect on Tumour Growth Dynamics

The signalling model with the immune response was integrated
with the specific side-effects of chemotherapeutics like 5-FU to
quantify the combined effects of the drug with Immusante. Other
drugs categories include Cyclophosphamide, Platinum derivatives,
Vincristine, Taxane, Irinotecan and Anthracycline. The effects of
5-FU and other chemotherapeutics and Immusante effect on various

nodal points (explained in detail within the Supplementary section)
were incorporated into the tumour-immune model. Immusante,
with its varied response at the major nodal points in the pathway and
immune cells, was seen to counter and reduce the possible side effects
of chemotherapeutic treatments. It acts as an adjuvant and provides
additional efficacy to alleviate the ill effects of immunosuppression
in cancer.

The simulations were performed by creating 10,000 random
combinations of tumour growth rate constant (\), immune
suppression rate constant (), and CD8 T cell inhibition rate constant
(), and initial conditions. These distinct parameters and initial
condition values represent an in-silico population with varying
inherent immune capability and immune suppression states. The
effect on the population is shown in four different scenarios: Drug-
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Figure 8: Drug effect on the Inmune suppressing species (X). (a) Drug-free shows log uniform distribution of tumour saturation levels in 10,000 individuals’
population for Immune suppressing species (X). The simulations are performed by randomly choosing 10,000 combinations of tumour growth rate constant (A),
immune suppression rate constant (8), and CD8 T cell inhibition rate constant (k). The values are taken for A € (103, 10°), B € (0.8, 1.2), K& (10, 10*) in the given
range; (b) The effect of Inmusante is simulated by decreasing A (10-3®, 10°%) and keeping 8 and K constant. The comparison between Drug-free and Immusante
graphs shows a 12% increase in population with low immune suppression; (c) The Chemotherapy drug (5-FU) effect is simulated by decreasing A (10, 10?)
and keeping B and K constant. The comparison between Drug-free and Chemotherapy (5-FU) graphs shows a 26% increase in population with low immune
suppression; (d) The rightmost Chemotherapy (5-FU) + Immusante effect is simulated by decreasing A (10, 102) and 8 (0.7, 1.1) and increasing K (10, 10%). The
comparison between Drug-free and Chemotherapy (5-FU) + Immusante graphs show a 43% increase in population with low immune suppression.
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free, Immusante, chemotherapy (5-FU effect), and chemotherapy
(5-FU) + Immusante environments. The effect of Immusante was
simulated by decreasing A and P and increasing k. The effect of
chemotherapy (5-FU effect) was simulated by decreasing A and
keeping B and x constant. In comparison, the effect of 5-FU +
Immusante was simulated by decreasing A and p and increasing k.

Effect of Drugs on the Tumour Cells (U) and Immune
Suppressing Species (X)

The log uniform distribution of tumour cells in a population
within a normal physiological range and when the drugs are
introduced with and without the herbal adjuvant is shown in (Figures
7 and 8). The first blue bar corresponding to the left on the x-axis
represents the normal condition, and the following bars represent
varying degrees of tumour growth rates in a population.

About 50% of the population demonstrate a tendency of
tumorigenesis (Figure 7a). On introducing the effect of Immusante
only considering its effect on the signalling pathway, the Drug-free
and Immusante graphs show a 13% increase in population with
no/very low tumorigenesis (Figure 7b). Figure 7c shows a 28%
increase in population with no/very low tumorigenesis under only
Chemotherapy (5-FU) condition. The comparison between Drug-
free and Chemotherapy (5-FU) + Immusante graphs shows a 44%
increase in population with no/very low tumorigenesis (Figure 7d).

A similar effect can be observed on the immune-suppressing
species. As shown in (Figures 7a and 8a), about 50% of the population
under the Drug-free condition shows high tumour occurrence. A
12 % increase in the population with low immune suppression was
seen as an effect of Immusante administration (Figure 8b). A 26%
increase with low immune suppression under only Chemotherapy
(5-FU) conditions is seen in (Figure 8c). The comparison between

Drug-free and Chemotherapy (5-FU) + Immusante graphs show a
43% increase in population with low immune suppression, indicating
more functionality of effector species in the presence of Immusante
(Figure 8d).

The mathematical simulations indicate that chemotherapy
drugs mediate tumour clearance, further augmented by Immusante
administration. The population-level analysis demonstrates the
therapeutic effect of Immusante compounds and shows an enhanced
effect of Immusante in a population and greater tumour clearance at
a steady state.

Combination Therapy Effects of Immusante with
Chemotherapeutics with Varied Administration Profile

The signalling model with the immune response was integrated
with the specific side-effects of chemotherapeutics to quantitate the
combined effects of the drug and Immusante. Simulations showed
the effects of 5-FU, long-duration 5-FU (periodic), Immusante, and
different combinations of 5-FU and Immusante, as seen in Figure
3. The simulation results show an indicative synergistic effect of
5-FU and Immusante. Seven different conditions were simulated to
assess the effect of the adjuvant comprehensively, viz., Untreated,
5-FU alone as a therapeutic, Immusante alone, a combination of
5-FU and Immusante, multiple dosages of 5-FU treatment (5-FU
periodic), multiple combination dosages 5-FU and Immusante (5-FU
+ Immusante periodic) and intermediary dose of Immusante during
continuous 5-FU treatment.

The simulation results indicate that only 5-FU reduces tumours
up to 49% compared to only Immusante, which only causes a 17%
reduction. When the effect of Immusante with 5-FU was simulated,
it showed a significant reduction in tumour growth up to 99%.
The model also indicates an adaptive response of the tumour on
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Tumor growth level simulated at different 5-FU and Immusante combinations
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Figure 9: Combination therapy effects. The leftmost bar shows normalized level of tumour growth under the untreated condition. The 5-FU reduces tumour up
to 49% compared to only Immusante, which alone only causes 17% reduction shown in the figure. The effect of Immusante with 5-FU showed significant reduction
in tumour growth up to 99%. The adaptive response of tumour on continuous 5-FU administration, which reduces the effect of 5-FU from 49% to 15% over time.
Immusante with 5-FU helps in inhibiting adaptive response and inhibits tumour growth in con-tinuous administration of the drug. Immusante has also shown to help
with the side-effects of continuous treatment of 5-FU. The values tumour proliferation rate constant (a), suppressor cells rate constant (B), and CD8 T cells rate
constant (k) for simulating all results are given as follows: Untreated: a =1, 3 =1, k = 0; only 5-FU: a = 0.3, B = 1, k = 0; only Immusante: a = 0.75, § = 0.75, k =
0; 5-FU and Immusante: a = 0.23, B = 0.75, k = 0; 5-FU periodic: a = 0.4, B = 1, k = 0; 5-FU and Immusante periodic: a = 0.24, = 0.75, k = 0; 5-FU periodic and

Immusante: a =0.3, 3 =0.75,k = 0.

continuous 5-FU administration, which reduces the effect of 5-FU
over time (5-FU periodic). But the adaptive response can significantly
be overcome by Immusante with 5-FU. Immusante has also been
shown to help reduce the side effects of continuous treatment of
5-FU. The results are shown in (Figure 9).

It should be noted that the results shown in Figure 9 are indicative
of the effect shown in individuals, and combination therapy may not
represent the exact quantitative effect. It provides meaningful insights
around expected results observed in experimental studies. The effect
of Immusante was captured by a 25% decrease in tumour growth rate,
25% enhancement in immune activity and a 25% lowering of immune
suppression. In addition, Immusante also reduced the side effect of
5-FU by reducing the effect of MDSC on tumour cells and lowering
PD-L1 levels in the T-cells. Simulations suggest that combination
enhances effectiveness and reduces the side effects of 5-FU. It was
observed that Immusante could effectively counter side-effects and
adaptive response of cancer cells to improve efficacy and normalize
immune response.

Simulations were also conducted for the effect of other drugs such
as Cyclophosphamide, Platinum-based drugs, Vincristine, Taxane,
Irinotecan, and Anthracyclines, based on available literature data
and their corresponding target action mechanism. The individual
simulation results for other drugs showed a 39%, 30%, 24%, 28%,
52%, and 17% reduction in tumour growth compared to untreated,
respectively. The combined effect of these drugs and Immusante
further decrease the tumour level to 66%, 65%, 62%, 64%, 68%, and
60% compared to untreated growth, respectively. The reduction in
the tumour growth is indicative and broadly observes the effect of the
individual drug and combination. The actual percentage reduction
may vary in experimental studies. The results for these drugs are
provided in the Supplementary data.

Conclusion

Several medicinal herbsareknown to containbioactive compounds

in varying proportions. Herbal medicines with immunomodulatory
properties have been used to activate host defence systems that
can then be used to support the host’s health during conventional
chemotherapy when the immune system is impaired. Many herbal
adjuvants can be administered along with regular therapeutics to
elicit faster, stronger immune responses. The analysis of the herbal
supplements positioned for immuno-modulatory properties in this
study indicates that Immusante (a herbal formulation developed and
recommended as immunotherapeutic support in conditions where
immunity is compromised) contains major bioactive compounds,
namely Apigenin, Quercetin, Betulinic Acid and Oleanolic Acid
[23,24]. Our previous review refers to the altering mechanisms of
these bioactive compounds [26]. Herbal products such as Immusante
may contain additional phytoconstituents that act synergistically.
In a cancer microenvironment, the present study discusses the
quantitative analysis of a well-defined static signalling network
detailing the major immunomodulatory effects of Immusante key
components on cell proliferation, angiogenesis, and survival.

Based on the mathematical model in Sontag et al. [3], a curated
set of simulations were carried out to assess and quantify the
immunomodulatory effects of Immusante. The Immusante effect
was introduced by suppressing of STAT3/IL-6/IL-10 signalling
axis, reducing tumour proliferation, diminishing the formation of
immunosuppressive species, and enhancing CD8 effector T cell
function. Despite the exact roles of IL-6 and IL-10 being somewhat
conflicted, there is considerable evidence for their tumour-promoting
and immune suppressive effects in the context of STAT3 mediated
signalling cascades. The effects on several key pathways indicate
considerable evidence supporting the relevance of this network in
several cancer types. Thus, the STAT3/IL-6/IL-10 signalling cascade
is a target of significant interest in cancer management. Considering
these effects on a macro level, a framework was constructed to
capture the effects of Immusante. The biphasic behaviour is observed
in the tumour growth dynamics, which explains that tumours escape

Submit your Manuscript | www.austinpublishinggroup.com

Austin J Cancer Clin Res 9(2): id1103 (2022) - Page - 08



Venkatesh KV

Austin Publishing Group

from the immune responses and can only be eliminated within
the intermediate region. The intermediate region was broadened
by the effect of Immusante compounds correlating greater the
elimination of tumour cells. Greater tumour clearance and enhanced
immune function were observed in scenarios with Immusante
effects for a wide range of parameters. The analysis above indicates
the probable mechanisms to establish Immusante as an effective
immunomodulator.

The formulation appears to have considerable potential as an
adjuvant during cancer management. It targets multiple nodal
points cutting across signalling pathways and with few side effects.
Hence, based on the available literature, the STAT3/IL-6/IL-10
signalling cascade and major immune markers were considered
crucial in mediating the immunomodulatory activity of Immusante.
The study also exhibits the synergistic effect of Immusante with
chemotherapeutic drugs, such as 5-FU, which targets the apoptosis
pathway and factors such as STAT3, VEGF, PD-LI, to cause
increased tumour clearance. The effect of the Immusante, along
with a chemotherapy drug, 5-fluorouracil (5-FU), was simulated to
assess the effect of combination therapy. The addition of 5-FU as a
monotherapy showed a 28% increase in the population with no/very
low tumorigenesis. A combination of 5-FU and Immusante showed
a 44% increase in the population with no/very low tumorigenesis.
A similar trend was seen for population size with low immune
suppression, where 5-FU monotherapy showed a 26% increase,
Immusante showed 12%, and a combination of 5-FU and Immusante
showed a 43% increase in the population with low immune
suppression, indicating increased efficiency of effector species in the
presence of Immusante. The adjuvant effect may help to increase the
effectiveness of the administered drugs. Similar results were obtained
for other drugs such as Cyclophosphamide, Platinum-based drugs,
Vincristine, Taxane, Irinotecan, and Anthracyclines combined with
Immusante. In the case of some of the drugs mentioned above,
Immusante may also help overcome tumour adaptation which
happens with continuous administration of the drug for long periods.
The continuous use of these chemo drugs also causes dysregulation of
immune response in patients. The immunomodulatory properties of
Immusante have been shown to restore balance in immune response
and reduce the cytotoxic effects of drugs on healthy organs. These
characteristics make Immusante a promising adjuvant during cancer
management in cancer therapeutics and improve the quality of the
treatment.
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