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The balance between pro- and anti-inflammatory immune system responses is crucial to preventing complex diseases like cancer. Macrophages are essential immune cells that contribute to this balance constrained by the local signaling profile of the tumor microenvironment. To understand how pro- and anti-inflammatory unbalance emerges in cancer, we developed a theoretical analysis of macrophage differentiation that is derived from activated monocytes circulating in the blood. Once recruited to the site of inflammation, monocytes can be polarized based on the specific interleukins and chemokines in the microenvironment. To quantify this process, we used a previous regulatory network reconstructed by our group and transformed Boolean Network attractors of macrophage polarization to an ODE scheme, it enables us to quantify the activation of their genes in a continuous fashion. The transformation was developed using the interaction rules with a fuzzy logic approach. By implementing this approach, we analyzed different aspects that cannot be visualized in the Boolean setting. For example, this approach allows us to explore the dynamic behavior at different concentrations of cytokines and transcription factors in the microenvironment. One important aspect to assess is the evaluation of the transitions between phenotypes, some of them characterized by an abrupt or a gradual transition depending on specific concentrations of exogenous cytokines in the tumor microenvironment. For instance, IL-10 can induce a hybrid state that transits between an M2c and an M2b macrophage. Interferon-   can induce a hybrid between M1 and M1a macrophage. We further demonstrated the plasticity of macrophages based on a combination of cytokines and the existence of hybrid phenotypes or partial polarization. This mathematical model allows us to unravel the patterns of macrophage differentiation based on the competition of expression of transcriptional factors. Finally, we survey how macrophages may respond to a continuously changing immunological response in a tumor microenvironment.
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1 Introduction

Macrophage phenotypes contain a spectrum of stages whose selection is ruled by feedback loops between transcription factors and exogenous signals from the microenvironment (1–4). Evidently, there is a close relationship between the exogenous signals that set a specific environment and the macrophage functionality. Interestingly, the signaling microenvironment drives the polarization of the macrophage to eliminate tumor cells, or it reduces the cytokine storm and removes the cells causing the permanent immune response (5, 6). In other words, different combinations of cytokines in the microenvironment can be agonists or antagonists of macrophage polarization. This fact reveals that macrophages are essential components in shaping the inflammatory response from the initial to the resolution phase (7–10). Despite this specific control on the macrophage state having been reported, its regulatory mechanisms are not well understood yet (11). In this context, two immediate questions emerge in cancer studies. The first is how the tumor microenvironment modulates the polarization of macrophages for thriving cancer cells and developing the aggressive phenotype. The second is how to change the signal microenvironment to design and improve therapeutical applications.

In a glimpse, the whole spectrum of macrophage phenotypes starts with the monocytes (M0), which circulate in the blood and are in charge of sensing the released chemokines at the site of inflammation (12). Once in the microenvironment, macrophages M0 polarize to a steady state in response to different signals. In general, macrophages have anti-inflammatory and pro-inflammatory phenotypes. Pro-inflammatory phenotypes are related to M1-type macrophages, while the anti-inflammatory phenotypes are associated with regulatory/wound healing behavior denoted as M2a, M2b, M2c, and M2d macrophages. Interestingly, the signals produced by macrophages reinforce their phenotype and, in turn, reshape the environment. M1 macrophages express NFκB or STAT1 and secrete TNF- α and IL-12, which correlate with a microbicidal and pro-inflammatory response. The M2 anti-inflammatory phenotype has several sub-phenotypes (M2a, M2b, M2c, and M2d) with a higher range of complex responses than the M1 phenotype (13). Hence, M2a macrophages express STAT6 and secrete IL-10, TGFB, and IL-1RA, whose activity is associated with fungal and helminth infections, inhibition of Th1, and a Th2 response (14). M2b macrophages express ERK and AP-1, and secrete IL-10, TNF- α, and IL-1, while it prevails in immune regulation (15). M2c macrophages express STAT3 and secrete IL-10 and TGFB, which are involved in tissue repair, matrix remodeling, and immunosuppressive behavior (16). M2d macrophages express HIF1-α or a defective NFκB, enhance STAT1, and induce the secretion of IL-10, TGFB, and VEGF. Interestingly, there are shreds of evidence that the M2d phenotype is associated with malignant tumor development by regulating the immune system and enhancing angiogenesis, metastasis, and tumor growth (17–19).

The tumor microenvironment can reversibly transit among the macrophage polarization states through a miscellaneous of external stimuli (20). This fact supports the idea that macrophages are highly plastic and heterogeneous in their responses and phenotypes during polarization (3, 21). Even more, there are several articles describing macrophage polarization through a spectrum model of additional phenotypes, further than the well-established M1 and M2 phenotypes, constrained by the signaling and metabolites into the environment. In particular, the authors in (22) suggested a regulatory network that reveals novel TFs that coordinate to respond to inflammation as a function of the signaling environment condition. Furthermore, a recent study has associated gene expression profiles with different stimuli through transcriptome and network modeling. The authors found that macrophages when exposed to stimuli associated with chronic inflammation (TNF-α and prostaglandin E2), developed different activation programs commanded by STAT4 (23). In addition, they concluded that a macrophage polarized to a phenotype does not its behavior by adding another signaling component linked to that phenotype. However, the addition of metabolic (fatty acids, glycolysis, and oxidative phosphorylation components) or chronic inflammation components into the environment favors the changes in the macrophage phenotype. Evidence of these metabolic adaptations in macrophages has been described elsewhere in more detail (24, 25). More recently, macrophage polarization has been analyzed by next-generation sequencing technology like single cell (SC). Because of the detail provided by this technology, it allows us to survey how macrophages behave in response to an immune threat or stimuli they encounter (26). An interesting observation obtained from SC technology is that once a pro-inflammatory cytokine activates a macrophage, there is a small proportion of macrophages that secretes IL-10 to balance and avoid a hyper-inflammatory scenario (27). Notably, these studies point out that there is no transcriptional difference between the macrophages that secrete pro-inflammatory cytokines compared to the macrophages that secrete IL-10. This generation of macrophage that secretes IL-10 is a response based on the cell density to maintain inflammatory homeostasis (28). Another application of SC in ovarian and pancreatic ductal adenocarcinoma has demonstrated that if the balance of macrophage polarization tilts to a pro-inflammatory secretion, then the clinical output is associated with a good prognosis (27, 29). Conversely, the anti-inflammatory macrophages are a highly interactive hub with the tumor microenvironment and can generate pairs of ligand-receptor with a bad prognosis and low survival rate (29). Under this assumption, mixed cellular phenotypes or hybrid stages in macrophage polarization is a feasible situation induced by the activity of cytokines, membrane receptors, and transcription factors in the microenvironment. In agreement with this idea, hybrid macrophages have been detected experimentally (30), however, the diversity of hybrid macrophage states has not been fully described. Curiously, the same signal that polarizes macrophages from a monocyte can return it to the same state from another phenotype. For example, M1 macrophages can polarize reversibly into M2a (if IL-4 is in the microenvironment), M2c (If IL-10 is present), and M2d (If IL-6 is present), while M2c can polarize reversibly into M2a (If IL-4 is being secreted) (17–19, 31). Starting from Boolean dynamic modeling, these patterns of transitions can be simulated by reconstructing a cell fate map from the perturbations of the steady-state attractors and evaluating which phenotypes are fixed and cannot move to another state, despite a perturbation (21).

Given the plethora of massive amounts of stimuli in a tumor microenvironment, the possibility of understanding the dynamics of macrophage behavior becomes challenging. To elucidate and understand these mechanisms, there has been an intense activity to integrate signal responses and molecular mechanisms into complex regulatory networks (1, 3, 21, 32). Mathematical and computational analysis of these regulatory networks has become a useful approach to understanding the multistability underlying cell fates in macrophages. Two approaches overcome this list of methods, the Boolean and ODE formalisms. One advantage of the Boolean scheme is that it can reach different stable state configurations, called attractors, without the need for kinetic parameters (25, 26, 28). Hence, our team, through a Boolean network approach, accomplished a metabolic reconstruction and postulated that the static attractors were associated with different types of macrophage phenotypes (comprising M0, M1, M2, and hybrid stated among them) (21). Despite its utility, the Boolean approach does not capture fine-grain details of the continuous nature of the gene expression profiles, which in most cases is an important variable to explore continuous phenotypes. With the purpose to overcome this situation, some mathematical models have been reported simulating macrophage polarization and plasticity using ordinary differential equations (ODEs) (33–36). Particularly, an important mathematical result with experimental evidence is the one developed by the authors in reference (35). The authors constructed a complete model with a total of 80 differential equations to explain the complex intracellular signaling pathways in macrophage polarization. They used three types of activation (IFNG (M1a), IL-4 (M2a), and oxidative stress (M2d)) for identifying which are the most important transcription factors driving each phenotype. In another paper, the authors developed a system of ODEs based on a mathematical transformation of the Wilson-Cowen structure equation (34). This system of ODEs was used to explain the bifurcation diagram of the M1 and the M2 based on the expression of NFκB and STAT6 respectively. As a result, they supplied evidence in favor of hybrid phenotypes. However, despite these and other scientific endeavors, none of these approaches have portrayed the landscape between macrophage hybrid phenotypes and their transition as a function of the microenvironment. With the purpose to contribute to this direction, here we applied a mathematical model of fuzzy logic onto a set of previously reported Boolean attractors obtained from a transcriptional regulatory network of macrophages (21). Mathematical models based on fuzzy logic have been applied to explore the phenotype landscape in complex systems such as regulatory networks in flower development (37, 38). As a result, the continuous model of the transcriptional regulation of macrophage polarization allowed us to: 1) evaluate the quantitative changes in the external (exogenous cytokines) and internal (transcriptional factors) components, and 2) assess their potential to cause transitions among previously reported macrophage phenotypes (21).We focused specifically on the M1 and M2 subtype transitions, due to their importance in balancing the pro- and anti-inflammatory responses in the tumor microenvironment. Through this approach, we untangled the robust circuitry underlying the M1 and M2 subtype macrophages and the shift between a cytotoxic and regulatory immune response when early differentiation of macrophages occurs. The results in this article may be useful to understand the dynamics of the mechanisms of the response of macrophages, how its adaptability and plasticity can be handled by the signals in the microenvironment. Potentially, understanding the complex relationship between macrophage phenotype and signals from microenvironments will contribute to the design of effective strategies in cancer studies, where the balance of pro- and anti-inflammatory response is moving to favor the malignant phenotype.




2 Material and methods



2.1 Network reconstruction and Boolean states

We start our analysis by considering a concise network of the molecular basis of macrophage polarization and the Boolean attractors obtained from it. Both sources of data were previously reported by our group of researchers in (21).In summary, our reconstructed network was obtained through a bottom-up approach, where we set up the signaling network by literature research on interactions. The resulting transcriptional regulatory network (TRN) has 29 nodes and 60 interactions and consists of two parts: the extracellular component (green nodes) and the master TFs (blue nodes) (Figure 1). As reported before, we simulate the dynamics of a macrophage in a tumor microenvironment by the Boolean approach. Then, Boolean attractors obtained from this network were classified into pure or mixed states among the five experimentally proven macrophage phenotypes: M1, M2a, M2b, M2c, and M2d. In global terms, we used the following criteria to label these attractors. For the M1 macrophages, we considered that the TFs associated with these phenotypes were STAT1 and NFκB (39, 40). The activation of at least one of these TFs is implicated with secreted cytokines that eliminate tumor growth and enhance a pro-inflammatory condition (41, 42). M2 activation is associated with pro-tumorigenic outcomes. The key TF implicated in M2a’s Th2 response and profibrotic is STAT6 (43)- (44, 45). STAT6, at the same time, can inactivate the functions of NFκB and STAT1 through SOCS1, avoiding the M1 phenotype. The activation of the M2b macrophage is quite complex, with the inclusion of immune complexes (like immunoglobulin G (IgG)) and interleukin-1 receptors (IL1-R) (for example IL1-β) (15, 46). The M2b macrophage has the ability to secrete not only anti-inflammatory cytokines but pro-inflammatory cytokines is M2b (47, 48). The M2c emerges from the stimulation of IL-10 [the most important cytokine with an anti-inflammatory capacity and associated with bad prognosis in cancer (49, 50)]. STAT3 is the condition for the anti-inflammatory capacity and inhibitor of the secretion of pro-inflammatory cytokines (51). Finally, the M2d macrophage is activated via a co-stimulation of adenosines and TLR4, as well as the activation of HIF1-α (52). This macrophage is implicated in processes like angiogenesis and tumor progression, which is why they are also known as tumor-associated macrophages (52, 53). The full description and characterization of the network used in this work is in (21). The list of Boolean attractors and their classification in macrophage states can be reviewed in the Supplementary Material.




Figure 1 | Gene regulatory network polarization in a tumor microenvironment. Green circles represent components of the extracellular space and blue circles of the internal machinery. Solid green arrows represent activation and dashed red arrows inhibition.






2.2 The transformation from discrete to continuous using the fuzzy logic approach

The Boolean approach allowed us to explore the epigenetic landscape that emerged from a regulatory network, by considering that each element in the network can be in one of two states, 0 or 1. To overpass this limitation, in this paper we neglect this assumption and consider that the elements in the regulatory network can take continuous and normalized values of expression. Extracellular and intracellular signals may behave as continuous variables, therefore we identified additional attractors with biological relevance. The model transformation from discrete to continuous was carried out using the booleanTODE function in the BoolNetPerturb R package. In our model, we used a fuzzy logic model based on probabilistic rules and the Villareal method (29, 31).

The regulatory network consists of 29 nodes (i) interacting with each other with an expression level at a time t stated by   . As in the Boolean model, the state of a node is regulated by its interaction with other nodes, which can be represented by the fuzzy logic composition   ωi (qi1 … q2q). The characteristic function with that logic structure was parameterized through the following expression:

	

Where b indicates the saturation rate of the node from being unexpressed (value equal to zero) to an expressed state (value equal to one). A small value of b settles that the shift is gradual, and a large value settles a sharp shift (32). Meanwhile,   represents the threshold between inactivation and activation, we set the value to 0.5.   was defined according to the interaction of their nodes in the following manner:


 



suppose p and q are nodes in a fictional regulatory network. Once probabilistic rules are applied, we end with 29 differential equations, which represent each of the 29 nodes in the regulatory network.




2.3 Dynamics of our model in a continuous scale

The dynamical simulation of the normalized expression levels of each   was determined by the regulatory network described by a set of ODES in the form:

	

where   i denotes the decay rate of the expression of the node. We set the value of each   to one so that the expression level of the node at its stationary state is merely determined by the degree of the truth of the fuzzy proposition   (32, 33). The detail of the ODE system used for simulating the macrophage regulatory network can be seen in Supplementary Material and https://github.com/resendislab/DifEquations-macrophage.




2.4 Polarization analysis

The fuzzy logic transformation allowed us to evaluate the alteration of the inputs on a continuous scale between   We modeled the polarization process of a monocyte (absence of a polarizing cytokine) to evaluate the final steady states in a specific cytokine environment. To achieve the description of the macrophage phenotypes we consider that a node is activated if its steady-state value   , and inactivated when the value is   The intermediate range   may correspond to a hybrid phenotype. Evaluating all the possible initial conditions in this continuous regulatory network is conceptually impossible because we have to set infinite initial conditions for each node lying in the range   . To overpass, this limitation, we only validated specific phenotypes obtained in the discrete Boolean setup and evaluated how specific perturbations affect the steady-state of a specific phenotype. All steady states that lay in the intermediate zone will be considered to be hybrid phenotypes (phenotype coexistence). The code was adapted from (32).




2.5 Network reconstruction

We reconstructed a macrophage regulatory network using a literature search for interactions between external components and how this affects the activation or inhibition of transcriptional factors associated with macrophage polarization (21). The feasible space of phenotypes was obtained using a Boolean approach. Briefly, we assumed that each node in the network can be in one of two states   , and their dynamic behavior is entirely governed by a Boolean function, which is defined by the logical rules of our network (34). Our regulatory network includes 40 nodes, excluding intermediate nodes in the lineal array, for example, node a activates node b, and then node b activated node c. This interaction was reduced to only node an activating node c because eliminating node b did not affect the global interaction. The reduction resulted in a final network of 29 nodes. 14 nodes are associated with important transcription factors and 15 nodes with interleukins or metabolic byproducts present in a tumor microenvironment. Macrophage behavior depends greatly on the microenvironment being recruited so we focused on these microenvironments: pro-M1, pro-M1a, pro-M2a, pro-M2b, pro-M2c, and pro-M2d. Finally, we explored 4 breast cancer-associated microenvironments as in (21). All the implemented code for the methodology and analysis is available at https://github.com/UgoAvila/Differential-equations.





3 Results



3.1 Consequence of the exogenous tumor microenvironment on macrophage polarization

To assess how concentrations of specific exogenous cytokines and metabolic byproducts shape macrophage polarization, we evaluated the feasible steady-state transition from the monocyte as a function of the concentration of the exogenous nodes (Figure 2). The first tested condition was the activation of cytokines involved in polarizing macrophages to a cytotoxic tumor-eliminating phenotype: IFNG, IFNB, TNFA, and IL1B. Interferon-γ and β polarized the monocyte to an M1 type macrophage where STAT1 is being specifically activated with a concentration of 0.55 for both types of interferons. From a theoretical point of view, our simulation allows us to note that there is a normalized range of concentration between 0.475 and 0.525, where the macrophage phenotype is not defined and we cannot describe its possible behavior (35) (Figures 2A, B). The M1 type STAT1 macrophage is important in a tumor microenvironment because of its connection with Th1 cells and the secretion of IL-12, a cytokine that maintains Th1 cells sustaining a tumor-eliminating microenvironment (36). A monocyte under TNFA follows the rise to an M1 type NFкB macrophage, but it will need a higher concentration of said factor roughly to a value of 0.6 to differentiate (Figure 1C). The M1-type NFкB macrophage is associated with secreting pro-inflammatory cytokines in tumor-eliminating factors (37). Nevertheless, an amount of pro-inflammatory cytokines may create a microenvironment inducing more damage than a solution, the M1 type NFкB macrophage has no regulation of the secretion of cytokines associated with the cytokine storm (38). The regulation may focus on the behavior of NFкB dynamics which is still an extensively studied transcription factor in macrophages (39).




Figure 2 | Macrophage Polarization in different Proinflammatory single exogenous cytokines. All panels have as an initial state the M0 (monocyte) phenotype. The plot shows in the y-axis the difference between the values of the initial state M0 and the final steady state, meanwhile the x-axis plots the gradual increase of the exogenous cytokines. (A) Gradual augmentation of the interferon-gamma (IFNG), (B) enhancement of the interferon-beta (IFNB), (C) gradual increase of the tumor necrosis factor-alpha (TNFAe), and (D) gradual augmentation of the interleukin 1-beta (IL1B).



IL1B induces the monocyte to differentiate into two types of macrophages based on its concentration. If the value of IL1B is relatively low, the monocyte will polarize to an M1 type NFкB/STAT1 type (Figure 2D). Moreover, it shifts to the hybrid macrophage phenotype M1M2b as IL1B is greater than 0.75. This hybrid can be an important component when the cytokine storm is triggered, it has the M2b phenotype as a counterpart involved in regulating inflammatory behavior produced by the M1 phenotype due to the activation of the ERK transcription factor (15). IL-6 has a dual role, it can activate an M1 AP-1 type macrophage and the activation of STAT3 which is conditioned by the presence of other cytokines. With a concentration of 0.45, it will abruptly jump from monocyte to an M1-type macrophage associated with the secretion of TNFA, which will be associated with a more inflammatory macrophage (Figure 2C). TNFA can become an inflection point in regulating the malignancy of a cytokine storm, by augmenting the secretion of pro-inflammatory cytokines and eliminating tumor cells by not allowing their division.

As Figure 2 depicts some macrophage transitions, there is an interval in the graphs that displays NoLabel, we called this gap the range of uncertainty. It is a state where the macrophage phenotype is still not clearly defined by the model because the expression of a transcription factor is not unique to portray one of the considered phenotypes based on the cytokine in the microenvironment.

The M2 macrophage subtypes (M2a, M2b, M2c, and M2d) are polarized by the following cytokines and metabolic byproducts: immune complexes (IgG), MCSF, TGFB, IL-10, IL-4, and adenosines. IL-4 activates the M2a macrophage phenotype, it is associated with inhibiting the Th1 response and enhancing the Th2 response (14). When the value of IL-4 is 0.55 the monocyte changes to an M2a phenotype for a short interval of time (Figure 3A). Because IL-4 is implicated in secreting IL-10 and TGFB in the microenvironment due to the activation of STAT6, the M2a phenotype jumps to the tumor-promoting macrophage phenotype M2aM2cM2d hybrid. The M2b macrophages need little value of the immune complexes (IgG) to induce the polarization from a monocyte to said phenotype. When IgG values are greater than 0.5 it favors the transition to the solo M2b phenotype after transiting in a brief time in the hybrid M2aM2bM2d macrophage (Figure 3B). IL-10 and TGFB induce tumor growth and alterations in the immune system, respectively. The range of uncertainty is low between 0.475 and 0.525. IL-10 can maintain the immune response at bay and prevents the elimination of tumor cells because it counterattacks the cytotoxic functions in macrophages (16). While   , the monocyte will polarize to a hybrid phenotype M2aM2cM2d with a regulatory unfavorable behavior towards tumor promotion, and it will secrete growth factors and cytokines involved in regulating tumor elimination (Figure 3C). M2aM2cM2d develops a macrophage with only a regulatory capacity to inhibit T-cell expansion, reducing tumor cell clearance (40). So, IL-10 is a cytokine to be avoided in a tumor microenvironment because it is associated with a bad prognosis for any type of cancer, including breast cancer (41). MCSF is implicated in polarizing the monocyte to an M2-type phenotype. In a brief set of conditions when the value of MCSF is between 0.45 and 0.5, macrophages transit to an M2c phenotype. The phenotype stabilizes with a value greater than 0.5 to a pro-tumor hybrid M2aM2cM2d (Figure 3D). Meanwhile, adenosine expression in the microenvironment will make the monocyte transit between two phenotypes and stabilize to an M2aM2cM2d when the value is greater than 0.55. Between 0.5 and 0.52, it will first transit from M0 to an M2a phenotype, followed by the polarization to a hybrid phenotype M2aM2d with regulatory activity (Figure S1). Finally, TGFB will polarize monocytes to a regulatory hybrid M2aM2d, transiting first through a pure M2a macrophage when the values are between 0.425 and 0.525(Figure 3E). The M2d phenotype is associated with secreting vascular endothelial growth factor (it will help create new blood vessels) (37), mixed with the M2a compartment that will secrete TGFB that may enhance tumor growth, creating a perfect environment that will allow tumor cells to thrive.




Figure 3 | Macrophage Polarization in different Anti-Inflammatory single exogenous cytokines. All panels have as an initial state the M0 (monocyte) phenotype. The plot shows in the y-axis the difference between the values of the initial state M0 and the final steady state, meanwhile the x-axis plots the gradual increase of the exogenous cytokines. (A) Gradual augmentation of interleukin-4 (IL4e), (B) enhancement of immunoglobulin (IgG), (C) gradual increase of interleukin-10 (IL-10e), (D) gradual augmentation of Macrophage Colony Stimulating Factor (MCSF), and (E) gradual enhancement of tumor growth factor beta (TGFB).



Lastly, the continuous model of macrophage polarization in a tumor microenvironment sets the monocyte polarization shift given the tumor microenvironment when recruited. The transition between phenotypes is mostly gradual with a range of uncertainty but for some, the transition is abrupt. Hybrid phenotypes are stable steady states, meanwhile experimentally (M2a, M2b, M2c, and M2d) verified proven phenotypes are only phenotypes between the transition zones to a steady state.




3.2 Steady-state attractors evaluated in specific macrophage microenvironments

In this section we will evaluate the stability of the thirteen intermediary steady-states of the macrophages theoretically obtained in our previous work (21) as a function of different microenvironments mimicking tumor space. Thus, having selected one steady-state (for example M1) we tested their robustness under different microenvironments present in a tumor microenvironment by gradually increasing the concentration of different cytokines. As a result, we arrived at the following conclusions. In agreement with previous reports, our model concludes that M1 macrophage is invariant under an interferon-present microenvironment, which means M1 maintains the same phenotype independent of interferon concentrations (Figure 4A). For the case of the cytotoxic macrophage M1, we evaluated the dynamics of the polarization based on adverse microenvironments conditions. First, when we gradually increased IL1B and TNFA simultaneously (a pro-cytokine storm microenvironment), M1 gets polarized and stabilized to a regulatory M1M2b hybrid phenotype. Interestingly, the macrophage changes its phenotype albeit the value for both factors was greater than 0.3 (Figure 4B). On the other hand, when we evaluated the M1-type macrophage in a regulatory microenvironment with IL4 and TGFB slightly expressed (Figure 4C), the phenotype changed to an M2d-type macrophage. Curiously, the M1 macrophage remained in the same phenotype until the external cytokine’s values were greater than 0.5. As the value of 0.5 is surpassed, the macrophage polarized to the M2 tumor-associated macrophage. IL-4 had no action on the activation of STAT6 because STAT1 was always present. Meanwhile, TGFB had the ability to activate HIF1α by inactivating STAT1. Therefore, this situation favors the development of a macrophage without cytotoxic capacities and with regulatory functionality. In the meantime, the M1 shifted to an M2b macrophage in the pro-M2b microenvironment. In this last case, an explanation can emerge by considering that the immune complexes mixed with glucocorticoids activate ERK and inactivate the cytotoxic function of STAT1 (Figure 4D). There is a slight moment of the interval range of uncertainty in this microenvironment when the value was between 0.5 and 0.525. By uncertainty, we mean a state where there is no way to label the phenotype of the macrophage in agreement with the classic biomarkers. The transition occurs when the value was greater than 0.525. On the other hand, the M1 macrophage coexisting in an immune regulatory microenvironment (pro-M2c) evolve to the M1M2b hybrid phenotype, which kept the cytotoxic counterpart of M1 mixed with M2b (Figure 4E). The polarization was set when the value of the external cytokines was higher than 0.5, and a range of uncertainty was observed in this simulation. Besides, if the M1 macrophage encounters a hypoxic microenvironment (which is very common in a tumor microenvironment), it will polarize into an M2-type macrophage (Figure 4F). As in previous cases, we noted a threshold in the concentration to proceed with the transition. The polarization takes place when values are bigger than 0.6 of hypoxia, glucocorticoid, and adenosine factors. Interestingly, when the values of these factors are scarce, the macrophage will remain in the cytotoxic behavior, allowing tumor elimination.




Figure 4 | Macrophage Polarization in different phenotype-associated microenvironments. All panels have as an initial state the M0 (monocyte) phenotype. The plot shows in the y-axis the difference between the values of the initial state M0 and the final steady state, meanwhile the x-axis plots the gradual increase of the exogenous cytokines. (A) Gradual augmentation of the interferon-gamma (IFNG) and interferon-beta (IFNB) in the M1a environment, (B) enhancement of tumor necrosis factor-alpha (TNFAe) and interleukin 1-beta (IL1B) for the M1 microenvironment, (C) gradual increasing of interleukin-4 and tumor growth factor, a pro-M2a microenvironment, (D) gradual augmentation of immunoglobulin and glucocorticoids, the pro-M2b microenvironment, (E) gradual enhancement of interleukin-10, macrophage colony-stimulating factor and interleukin-6, the pro-M2c environment, and (F) gradual increase of adenosines, hypoxia and glucocorticoids, the pro-M2d environment.



One of the hybrid phenotypes with promising therapeutic modification due to its cytotoxic/regulatory mechanisms is M1M2b. We assessed how this hybrid phenotype behaves in adverse microenvironments. Of the six environments evaluated (all experimentally proven in macrophages), only three were associated with a polarization scheme. In the other conditions, the macrophage maintains the same phenotype (Figures S2A, B, E). The pro-M2a condition was implicated in polarizing the M1M2b macrophage into an M2d macrophage, a regulator of the immune system (Figure S2C). This phenotype is implicated in maintaining a microenvironment that allows tumor cells to thrive. The M2d macrophage was also polarized in the pro-M2d microenvironment (Figure S2F). The M2b environment polarized the hybrid to solely M2b when the values were greater than 0.5 (Figure S2D).

We characterized previously, through a Boolean analysis of the transcriptional regulatory network of a macrophage, that the regulatory/pro-tumoral macrophage hybrid M2bM2d was the most stable attractor (it has a higher basin of attraction) (21). However, it behaved quite differently when introduced to specific environments, we found that only in two of six microenvironments the phenotype was maintained, the rest of the microenvironments encourage to polarize of the M2bM2d to another phenotype. For instance, the pro-M1a environment favors the polarization of the M2bM2d to M1M2b hybrid phenotype (Figure S3A). The interferon G and B had the ability to shift to a new phenotype when values were bigger than 0.1 and the phenotype stabilized as the interferon values were gradually increased. This hybrid state has the capacity to eliminate tumor cells due to the interferon secreted mixed with the regulatory component of the M2b macrophage. Overall, this condition simultaneously acts to eliminate and recover damaged tissue. Regarding the pro-M1 microenvironment (or the pro-cytokine storm environment), the M1M2b macrophage was not affected by the environment and stayed in the same initial phenotype (Figure S3B), whereas the M2bM2d is polarized to a different phenotype in the pro-M2a or wound-healing microenvironment. The hybrid macrophage polarizes the behavior to a completely regulatory/pro-tumor, named M2aM2d. An explanation of this fact is due to the action of external TGFB, which activates HIF1α and the STAT3 transcription factor (Figure S3C). This transition took place when the values of the external factors were bigger than 0.55. The M2b environment had interesting dynamic behavior when values of IgG and GCGCR were between 0.1 and 0.25 (Figure S4D). However, when we increased the values from 0.3 to 0.5, the macrophage went through a polarization toward the M2aM2bM2d phenotype, a regulatory hybrid state conformed by three phenotypes. In addition, the phenotype remains fixed to an M2bM2d macrophage with a regulatory/pro-tumoral environment. Meanwhile, the regulatory environment, pro-M2c, polarized the macrophage to a pro-tumoral phenotype and inactivated the immune system when external factors were greater than 0.2 (Figure S3E). This last type of microenvironment is common in tumors, and it is characterized by the presence of IL-10 and IL-6, which favors tumor proliferation and metastasis. On the other hand, the tumor core environment defined by the pro-M2d phenotype shifted the M2bM2d to the hybrid phenotype M2aM2cM2d, creating a scenario where tumor cells may thrive, and the macrophage can survive a complicated no-oxygen environment due to the M2a counterpart (Figure S3F).

Last, but not least important, we analyzed the pattern of behavior of the M2cM2d macrophage. This hybrid phenotype is implicated in tumor immune evasion because it has the ability to secrete IL-10. In addition, it promotes the secretion of factors that enhance tumor growth by creating new imperfect vessels with nutrients to reach the site where cancer cells are scarce. Accordingly, with our model, the interferon conditions had the ability to inactivate the M2c counterpart when values were bigger than 0.5, developing into an M2d macrophage. The pro-cytokine storm (Figure S4B) and the pro-M2a domain (Figure S4C) did not affect the behavior of the M2cM2d macrophage. Meanwhile, the M2b environment developed an interesting set of polarization schemes (Figure S4D). When the values of IgG and GCGCR were between 0.15 and 0.5 the M2cM2d polarized to an M2aM2cM2d. For a brief interval of time, the macrophage shifted to an M2aM2d, to finally converge on the M2aM2bM2d phenotype as the values were above 0.6. This phenotypic tri-hybrid macrophage can recuperate damaged tissue due to the activation of the inflammatory response, as the secretion of factors enhances tumor proliferation. Despite this, the microenvironment was able to inactivate the M2c phenotype, which may allow for the recruitment of macrophages with cytotoxic and tumor-eliminating functions. As expected, the pro-M2c environment did not affect the macrophage dynamics (Figure S4E). The hypoxic condition (pro-M2d) polarized the macrophage to an M2aM2cM2d hybrid. The M2a component was added to allow this macrophage to survive in an inhospitable microenvironment, enabling it to secrete factors to enhance tumor growth and create a hostile environment for tumor-eliminating cells (Figure S4F).




3.3 Theoretical genetically modified macrophages are resistant to specific macrophage phenotypes

In our previous work, we developed a macrophage with the activation of NFкB and the inhibition of HIF1α to incline the balance from a protumoral over an anti-tumoral behavior. By targeting these transcription factors, the constructed regulatory network develops NFкB-activated M1 macrophages that secrete proinflammatory cytokines. Given previous results, the polarization can be shifted under specific conditions. Moreover, we wanted to evaluate the polarization dynamics in four different and simplified breast cancer microenvironments and evaluate if there is a theoretical pharmaceutical approach to deal with the tumor progression. We analyzed the effect on the following conditions: 1) IgG and Adenosines, 2) IL10 and TGFB, 3) IL1B, IL6, and IFNG, and 4) hypoxia with glucocorticoids. Of the four phenotypes obtained in the TGEM, only three developed a shift in the behavior of the phenotypes. The pro-cytokine storm and interferon microenvironment polarized from an M1 phenotype to a hybrid with regulatory components mixed with tumoricidal capacity. The shift was only achieved when the value was bigger than 0.75, creating a balance in the ability to eliminate tumor cells and recover the damage with the M2b counterpart (Figure 5A). The most complicated microenvironment was the one with the presence of IgG and A2a because it is implicated with metastasis. The M1 polarized to a hybrid phenotype M1M2b through a continuous transition. Because of the M1 compartment in the hybrid M1M2b, we will have the tumoricidal action of NFкB that can be associated with sufficient elimination of tumor cells. When values in the expression of IgG and adenosines are greater than 0.6, the macrophage polarizes to an M1M2b phenotype with tumor elimination (M1) mixed with the regulatory component (M2b) (Figure 5B). Despite this microenvironment associated with tumor metastasis (54), it generates a phenotype with a balance between anti-tumoral and pro-tumoral behaviors. IL10 and TGFB are the only microenvironments that shift the behavior to a pro-tumoral component. When levels of expression for the cytokines (IL10 and TGFB) are bigger than 0.6, the M1 phenotype polarizes to an M2a macrophage which will not create a suitable environment for tumor elimination (Figure 5C). Finally, the hypoxia and glucocorticoid environment does not affect all the transition of the macrophage. Thus, we concluded that despite the patterns of hypoxia is important in a tumor microenvironment (55) (Figure 5D).




Figure 5 | Theoretically Genetically Modified Macrophages (TGEM) in different Breast Cancer microenvironments. All panels have as an initial state the activation and inhibition as constant perturbations of NFкB and HIF1-α respectively. The plot shows in the y-axis the difference between the values of the initial state M0 and the final steady state, meanwhile the x-axis plots the gradual increase of the exogenous cytokines. (A) Gradual augmentation of interferon-gamma (IFNG), interleukin-beta (IL1B), and interleukin-6 in the pro-cytokine and tumor elimination environment, (B) enhancement of immunoglobulin-G (IgG) and adenosines (A2a), a pro-regulatory microenvironment, (C) gradual increasing of interleukin-10 and tumor growth factor, an anti-inflammatory microenvironment, (D) gradual augmentation of hypoxia and glucocorticoids, a pro-hypoxic microenvironment.






3.4 The exogenous microenvironment affects the endogenous behavior of macrophage phenotypes plasticity

In the previous section, we have focused on how different environments influence the reversible transition between M1 and M2 types of macrophages. We concluded that only certain exogenous cytokines could change the behavior to polarize another phenotype based on the initial phenotypic states. This means that M1 and M2 phenotypes, and their hybrids stages, are not as plastic as we thought. In this section, we evaluated how the phenotypes behaved with initial lower concentrations of endogenous transcription factors of M1 and M2 subtype phenotypes. We evaluated these transcription factor concentrations in combination with their opposing cytokines (for example if we start with an M1 phenotype we will evaluate in IL-10 or TGFB environment) and studied the existence of partial polarization. As well, we assessed whether the qualitative concentration of a specific transcription factor is enough to stay in certain phenotypes or to shift to another. For instance, we selected the M1 phenotype when NFкB is activated and evaluated how certain level of expression of these transcription factors competes with the transcription factors activated when exposed to M2a, M2b, M2c, and M2d microenvironments. Our analysis allowed us to arrive at these conclusions. In an M2b microenvironment, the M1 will polarize to an M1M2b when values are greater than 0.35 of NFкB regardless of the value of ERK (Figure S5A). When values of NFкB are lower than 0.35 and ERK is lower than 0.2, the macrophages will shift back to the monocyte. When we increase the value of ERK between 0.2 and 0.75, there will be an interval where the macrophage cannot be labeled with a phenotype, in other words, the phenotype is still not determined. With an ERK greater than 0.75 and NFкB lower than 0.35, the M1 macrophage will polarize to a regulatory macrophage M2b. Overall, we observed that most of the time, the macrophage was in an anti-tumor/regulatory hybrid state. STAT6 (associated with an M2a phenotype) is much more dominant than ERK when we compare it with NFкB. When STAT6 relative concentrations are lower than 0.15, the M1 phenotype will maintain the same phenotype only if NFкB is lower than 0.35. for higher values, it will shift to an M1M2b regulatory/cytotoxic phenotype (Figure S5B). If STAT6 values are between 0.15 and 0.75 the M1 phenotype will transit to a pro-tumor M2d despite NFкB being present. However, if the STAT6 value is greater than 0.75 it will shift to a hybrid with wound-healing and regulatory behavior M2aM2d. The competition between the expression of STAT3 and NFкB is like STAT6. As STAT3 gets lower values than 0.35 the phenotype will transit to an M1M2b hybrid, and only if NFкB is greater than 0.35, lower values will maintain the same phenotype (Figure S5C). The complexity arises as STAT3 is greater than 0.35. For values between 0.45 and 0.75, the macrophage will shift to an M2aM2d hybrid allowing the activation of STAT6 by inhibiting the expression of NFкB. But for values greater than 0.75 and NFкB greater than 0.35 the macrophage will transit to a completely regulatory pro-tumoral macrophage M2aM2d creating a perfect environment for cancer to progress. HIF1α activation only inhibits a cytotoxic behavior if its value is greater than 0.75, polarizing the macrophage to an M2d phenotype. If HIF1α is lower than 0.75 the macrophage will behave as M1 or M1M2b phenotype based on the values of NFкB (Figure S5D). Instead, the M1 type activated by STAT1 behaves differently and maintains a certain dominance. For the M2b microenvironment regardless of the value of ERK, it will always be a shift to a hybrid M1M2b (Figure 6A). STAT6 and STAT1 have more competition when compared with STAT3 (Figure 6B). As STAT1 gets lower than 0.35 and STAT6 values are between 0 and 0.75 the macrophage will polarize to an M2cM2d regulatory of the immune system phenotype. But if the value of STAT1 is greater than 0.35 and STAT3 is lower than 0.15, the macrophage will polarize to a cytotoxic and regulatory hybrid M1M2d. When we combined higher values of STAT1 and a value of STAT6 between 0.15 and 0.75 the macrophage will transit to a pro-tumor macrophage M2d. Once STAT6 is greater than 0.75 we had two possible transitions based on the level of expression of STAT1. When values are lower than 0.35, it will shift to a three phenotypic hybrid with a completely pro-tumor behavior M2aM2cM2d, and when values are greater than 0.35 it will shift to an M2aM2d, inhibiting the action STAT3. STAT3 competitive interaction with STAT1 is based on the value of STAT3 (Figure 6C). For values lower than 0.35, the macrophage will polarize to an M1M2b, and for values between 0.35 and 0.75, it will polarize towards M2d. Values greater than 0.75 will shift the macrophage to a regulatory and pro-tumoral M2cM2d phenotype. STAT1 effect is more dominant versus HIF1α. Only ifHIF1α is greater than 0.75 the macrophage will polarize to an M2d phenotype, instead for lower values than 0.75 it will shift to an M1M2b macrophage (Figure 6D).




Figure 6 | Phenotype space diagrams for the M1a macrophage phenotype in opposite microenvironments. All panels of the diagram have as an initial state the M1a macrophage (STAT1 activated). As well for all panels, STAT1 is gradually increased in the opposite macrophage microenvironments (A) Gradual augmentation of ERK transcription factor in a pro-M2b microenvironment, (B) enhancement of STAT6 transcription factor in a pro-M2a microenvironment (C) gradual increasing of the STAT3 transcription factor in a pro-M2c microenvironment, (D) gradual augmentation of HIF1-α in a pro-M2d microenvironment.



We compared the behavior of all the combinations of the M2 subtypes macrophages immerse into pro-M1 and all pro-M2 microenvironments. When the M2a macrophage is exposed to a pro-M1 microenvironment, the trajectory of the transition behaves slightly differently when we evaluate the M1 phenotype in the pro-M2a microenvironment. As normalized concentrations of STAT6 are lower than 0.35, regardless of the value of NFкB, the macrophage will shift to an anti-tumor/regulatory hybrid M1M2b (Figure S6A). Notably, once the concentration of STAT6 takes the values between 0.35 and 0.75, there is bistability based on the level of expression of NFкB. When NFкB is lower than 0.35 will shift the macrophage to an M2cM2d phenotype, meanwhile, greater values than 0.35 it will get polarized to M2d macrophage. Interestingly, our analysis concluded that the only way to maintain a hybrid phenotype with an M2a component is given values greater than 0.75. In this last situation, depending on the amount of NFкB, the M2 macrophage polarizes into M2aM2d and M2aM2cM2d. On the other hand, as the value of STAT6 is lower than 0.35, mixed with a variety of values of STAT1, we observe three types of behavior. First, at lower values of 0.25, the M2a will shift to a monocyte. Secondly, when STAT6 takes amounts between 0.25 and 0.75 there will be a range of uncertainty. Finally, when it takes values greater than 0.75 it will polarize to an M1 anti-tumor macrophage (Figure S6B). In addition, a STAT6 value between 0.35 and 0.75, regardless of the amount of STAT1, will polarize the M2a macrophage into M2d due to the secretion of TGFB. Higher values of STAT6 are associated with an M2aM2d hybrid phenotype. Moreover, the behavior changes if we introduced an M2a macrophage in an M2b microenvironment (Figure S6C). When STAT6 values are less than 0.35 and it is mixed with an ERK amount lower than 0.25, the macrophage will shift back to a monocyte, but for values of ERK between 0.25 and 0.75, the phenotype of the macrophage will not be defined. ERK values greater than 0.75 combined with low expression of STAT6, the macrophage will shift to an M2b phenotype (Figure S6C). As STAT6 is between 0.25 and 0.75, no matter the amount of NFкB, the macrophage will transit to M2d. STAT6 values greater than 0.75 are associated with a two-hybrid that includes the M2a phenotype. If values of ERK are lower than 0.75, then the M2a will shift to an M2aM2d phenotype, meanwhile values greater than 0.75 will include the M2b phenotype in a three phenotypic hybrid with regulatory behavior M2aM2bM2d macrophage.

M2b macrophage behaves differently when it is immersed in two types of M1 microenvironments. In the environment where NFкB has activated the M2b macrophage, it transits into two phenotypes based on the expression of ERK (Figure S7A). If ERK is greater than 0.45 the macrophage will polarize to an M2cM2d phenotype due to the secretion of regulatory cytokine IL-10, meanwhile, for lower values, it will shift to an M1M2b phenotype. In a STAT1-activated microenvironment, there is a gap of uncertainty as ERK and STAT1 are between 0.25 and 0.75 (Figure S7B). If STAT1 is higher than 0.75 the M2b macrophage will polarize to an M1 phenotype, in combination when ERK is lower than 0.75 but higher than 0.25. A combination of the higher value of STAT1 and ERK is associated with a hybrid M1M2b. With higher values of ERK mixed with lower values of STAT1, the macrophage will stay in the same phenotype. M2b in a STAT3 microenvironment has a complicated behavior (Figure S7D). When ERK values are between 0.25 and 0.75 mixed with a lower value of STAT3 there is a range of uncertainty. Regardless of the value of ERK, when the M2b is mixed with a range of STAT3 between 0.25 and 0.35, the macrophage shifts to an M2d phenotype. If the amount of STAT3 is between 0.45 and 0.75, combined with an ERK value lower than 0.75, its transits to an M2aM2d macrophage. Notably, higher values of STAT3 are associated with an M2aM2cM2d. When ERK is higher than 0.75 and STAT3 is higher than 0.35, M2b shifts to an M2aM2bM2d macrophage. Besides, lower values of STAT3 and a high amount of ERK are implicated that the macrophage remaining in an M2b phenotype (Figure S7D). In a hypoxic environment, the range of uncertainty is related to HIF1α and ERK lower than 0.45. In a hypoxic condition, M2a macrophage can appear for ERK values greater than 0.45, and HIF1α ranges between 0.45 and 0.75. If the HIF1α amount is greater than 0.75, there can be two possible phenotypes based on the expression of ERK (Figure S7E). For ERK lower than 0.75 the macrophage will polarize to an M2aM2cM2d macrophage, instead if ERK values are greater than 0.75 the macrophage shifts to an M2aM2bM2d phenotype, this last incorporating the M2b instead of the M2c counterpart (Figure S7E).

The most harmful effect of macrophage on health is in the M2c phenotype, which has prevailed over the M1 microenvironment. In the case of NFкB, if STAT3 is lower than 0.35 combined with an increasing value of NFкB (Figure 7A), the macrophage will shift to an M1M2b phenotype. Otherwise, if STAT3 is between 0.35 and 0.75, M2c will transit to an M2d macrophage. However, if STAT3 is greater than 0.75 regardless of the value of NFкB, M2c will polarize to an M2cM2d phenotype. For STAT1 the pattern of polarization for M2c is a little bit complex (Figure 7B). The macrophage may shift to an anti-tumoral phenotype if STAT1 is greater than 0.75 and STAT3 is lower than 0.35. In our analysis, we noted that STAT3 has a dominance against STAT1 if the value is greater than 0.35. In this last situation, the macrophage will transit to a pro-tumor and regulatory hybrid regardless of the expression of STAT3. When the M2c macrophage is in a microenvironment of tissue remodeling, when the values of STAT3 are between 0.35 and 0.65 and STAT6 are between 0.1 and 0.7 the macrophage will transit to a M2d phenotype with the capacity to regulate the growth of tumor cells (Figure 7C). For the M2b microenvironment STAT3 is only affected when the values of ERK are greater than 0.35 (Figure 7D). Greater values of ERK than 0.7 the macrophage will transit to a M2b phenotype (Figure 7D). Interestingly values of STAT3 lower than 0.35 and values of ERK between 0.25 and 0.7 the macrophage will have no label or a period uncertainty (Figure 7D). In a hypoxic microenvironment, the M2a phenotype dominates in the polarization dynamics (Figure 7E). Only when STAT3 is higher than 0.75 the macrophage will shift to a hybrid M2aM2cM2d, a hybrid phenotype that simultaneously includes the M2c and M2a phenotypes. The M2d macrophage converges to different phenotypes when exposed to M1 types of microenvironments.




Figure 7 | Phenotype space diagrams for the M2c macrophage phenotype in opposite microenvironments. All panels of the diagram have as an initial state the M2c macrophage (STAT3 activated). As well for all panels, STAT1 is gradually increased in the opposite macrophage microenvironments (A) Gradual increase of NFкB in a pro-M1 microenvironment, (B) Gradual enhancement of STAT1 in a pro-M1a microenvironment, (C) enhancement of STAT6 transcription factor in a pro-M2a microenvironment (D) Gradual augmentation of ERK transcription factor in a pro-M2b microenvironment, (E) gradual augmentation of HIF1-α in a pro-M2d microenvironment.



In brief, to understand the overall dynamics of the possible phenotypes of macrophages in a tumor microenvironment, we must focus not only on the cytokines present but also on the concentration of the transcription factors. Nevertheless, it is not only enough to know the concentration, but also the mechanisms of direct interaction with other transcriptional factors. Combining all layers of information, we can unravel the complexity of macrophage adaptation in a continuously changing environment and try to predict possible behavioral changes. Altogether, we highlight that this analysis can serve as a framework for designing testable experimental strategies that prevent detrimental phenotypes to the patient.





4 Discussion

The interaction between the immune system, the microenvironment, and cancer is one appealing topic to design effective treatment strategies. To do so, we need to understand how cancer and immune signals affect the behavior of endogenous factors in macrophage polarization in a continuum approach. The analysis of our mathematical model demonstrates contradictory patterns of differentiation of macrophages under different microenvironments. Even more challenging and counter-intuitive, the complexity increase when we take into account the combination of cytokines present in a tumor microenvironment. As expected, the pattern of macrophage differentiation is shaped by the regulatory and signaling network whose components and circuits eventually support the pro- and anti-inflammatory responses against cancer cells. In our model, we demonstrated that exogenous cytokines and endogenous components are crucial for macrophage functional behavior and their emerging phenotypes (36).Thus, our mathematical approach can study the transition between phenotypes based on an initial state and a combination of exogenous cytokines. In a glimpse, we observed two types of transitions between macrophage phenotypes: continuous and discontinuous. Discontinuous transitions occur when the change between the initial state and steady states has a sudden shift, once we overcome a threshold in the intensity of an external signal, see for instance Figure 4B. Meanwhile, continuous transitions comprise those trajectories that occur in a gradual fashion, for instance, see Figure 5E. Notably, continuous transition was only present in the M1 subtypes with an uncertainty region where both M1 transcription factors, NFкB and STAT1, were activated but not enough to develop in a differentiated macrophage with functional interferon or pro-inflammatory response. The uncertainty came from the poor knowledge about macrophage polarization, despite having explored and described intermediate states, results pointed out the existence of other macrophage responses. Instead, we may have a range of functional intermediate behavior of a specific molecule that can coexist or change to one another under certain microenvironments. This regulation of cytokine behavior is observed in response to interferons, TNF-α, and IL-1β. The regulatory effects of said exogenous cytokines will dictate the type of cytotoxic behavior based on the microenvironment. It is not the same response based on interferon or interleukins (56, 57). Exogenous cytokines may be used as potential immunotherapy due to their immunoregulatory behavior, but they are pleiotropy and have poor-like drug properties. So, we can obtain a macrophage with anti-tumor properties mixed with pro-inflammatory cytokines like the range of expression in M1 macrophages (58).

Our model recognize the importance of cytokines when they act as single or in cooperation with other signals. For the M1 type macrophage, a single cytokine had the sufficient capacity to polarize the monocyte to the M1 state. Nevertheless, when the synergy occurs in specific environments, it produced an acceleration of activation compared with the activation with a single cytokine. Based on our model, this synergy of signals has the capacity to activate macrophages with hybrid phenotypes (with at least two types of macrophage behavior). For example, M1M2b and M1M2d hybrid states emerge mainly through their interaction with the microenvironment (For example IgG, IL1β and TNF-α). Notably, these M1-like tumor-associated macrophages (TAM) have dual or bi-directional behavior, these have the capacity to eliminate and promote the motility of tumor cells simultaneously (59, 60). A similar antagonist effect may happen with M1M2d state, which can eliminate tumor cells, promote angiogenesis or metastasis depending of the signal profiles (60).The same phenotypic responses of having a dual response were observed for the hybrids that only include M2 subtypes. This being said, the hybrids will have a plethora of functions that go from regulating the immune response, promoting angiogenesis to tissue remodeling. The hybrid states falling into this category are: M2aM2d, M2bM2d, and M2cM2d (61–63).

In addition, we evaluated the plasticity of the response of the M1 and the M2 subtypes in opposing cytokine microenvironments. We conclude that once M1 or M2 reaches the steady state, it will be difficult to transit toward other phenotypes, even exposing them to opposing microenvironments. On the other hand, the plasticity of partially polarized macrophages (hybrid states) is quite different. Based on the expression of certain transcription factors, it seems that macrophages in hybrid phenotypes can transit more easily between phenotypes, and the transition is mainly affected by the microenvironment of the opposing cytokine.

Finally, our mathematical approach has some limitations and challenges that should be addressed in future works. Even though we have included the time as a continuous variable, the model is circumscribed to build qualitative hypotheses of the transition of macrophage phenotypes. As a consequence, we cannot obtain the precise dynamics of the transition but only the qualitative behavior that it portrays. Besides, in our study, some biological and physical factors have been neglected for the sake of simplicity. For instance, it neglected the influence of the extracellular matrix in shaping the macrophage polarization by inhibiting the integrins in the surface of the membrane of macrophages. In addition, the diffusion of signals is absent, which in real cases is fundamental to analyzing the heterogeneous macrophage phenotype in space and time. A careful analysis of these factors on macrophages phenotypes is an interesting question that can be addressed in future studies. On the other hand, one of the outstanding challenges to overcome is the experimental validation of in-silico observations. We expect that this theoretical model mixed with recent experimental evidence may be used as a tool to understand, design, and explain the diversity of macrophages in a tumor microenvironment. Undoubtedly, the positive crosstalk between experimental results and theoretical models is a valuable enterprise to unravel the complexity of the function of macrophages in a tumor microenvironment and develop experimental strategies for maintaining the functional homeostasis between pro- and anti-inflammatory disrupted by cancer disease (64). This being said, we can integrate the description of tumor associated macrophages (TAMs) using single-cell technologies with the theoretical outcomes obtained in this in-silico work or others to solve the unification of the TAMs subsets in tumor microenvironments. Undoubtedly, this aim will be a new avenue to transit in future studies.

Finally, an important aim to look at in the future is to evaluate the possible clinical relevance of the obtained phenotypes. In our previous work (21), we theoretically postulated some hybrid phenotypes with a tumoricidal capacity or promoting regulatory mechanisms against cancer. These preditions claims for experimental assessment. For instance, we concluded that our tumor-eliminating hybrids (M1M2d and M1M2b) behave similarly to the interferon-primed tumor-associated macrophages (TAMs) and the inflammatory cytokines enrich TAMs (65). Interestingly, both types of TAMs have been characterized through single-cell technologies. So, in order to understand and solve the unification of the TAM subset of all possible tumor microenvironments, it is desirable to integrate theoretical solutions with single-cell data. Undoubtedly, this aim will be a new avenue to transit in future studies.
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