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Genómica (INMEGEN), Ciudad de México, Mexico, 3Coordinación de la Investigación Cientı́fica –
Red de Apoyo a la Investigación, Universidad Nacional Autónoma de México (UNAM), Ciudad de
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Introduction

The post-pandemic period of the current coronavirus disease (COVID-19), caused by

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has lasted longer than

expected despite the huge impact of the world-wide vaccination campaign in the past

years (1). Since the pandemic began, endless mathematical models have been published

to describe the viral outbreak at a population level. However, the molecular mechanism

that drives the pathogenesis of the virus in the human microenvironment has been scarce

(2–6). The existing mechanistic models deal to answer how SARS-CoV-2 invades the

lung microenvironment and shapes the composition of the immune system in favor of

virus duplication. From the clinical point of view, almost all patients that develop severe

COVID-19 lead from a life-threatening acute respiratory distress syndrome (ARDS),

which is associated with a hyper-inflammatory microenvironment and injury in the

alveolar and lung epithelium (7). One of the cells associated with this syndrome is an

uncontrolled hyper-activated macrophage-associated syndrome (MAS), which promotes

a systemic inflammatory response that exacerbates the progress of the cytokine storm in

the host (8, 9). Furthermore, single-cell high-throughput technologies applied in

COVID-19 infections have shown that macrophages and monocytes are more

abundant over other immune cells in bronchoalveolar lavage fluid (BALF) and

peripheral blood mononuclear cells (PBMC) (10–13). In addition, the cytokines

produced by monocytes and macrophages modulate the response of the immune

system in patients with COVID-19 (14–16). For instance, there is evidence supporting

that monocytes in severe patients have a lower expression of the human leukocyte

antigen HLA-DRB1, which represses the activation of the immune response through the

low production of foreign peptides (17–19). Besides, monocytes have a lower expression

of interferon-stimulated genes in severe COVID-19 patients, resulting in the delay of the
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interferon response against SARS-CoV-2 (19). Furthermore,

macrophages in severe COVID-19 patients are associated with

overexpression of pro-inflammatory genes when compared with

moderate COVID-19 patients (20). Altogether, these and other

findings highlight the remarkable role that monocytes and

macrophage polarization have in the progression of the disease.

Given the overwhelming complexity underlying the

macrophage polarization during the SARS-CoV-2 infection,

there is a need to develop computational/mathematical models

to understand their regulatory principles and built testable

hypotheses to lessen their lethal effect on human health. To

this end, it is desirable that these mathematical models integrate

transcriptional regulatory information and include the lung

microenvironment for moving towards a global outlook of

how SARS-CoV-2 and macrophages interact to favor the

progression of the disease.
A glance at COVID-19
mathematical models

While most of the mathematical models have been focused

on the direction of epidemiology studies, some of them have

been suggested to understand how the immune system responds

to the lung when infected by SARS-CoV-2. Sadria et al.

developed a system of ordinary differential equations (ODEs)

that includes the two types of immune response: innate and

adaptive. In this paper, the authors highlighted the relevance of

the adaptive response through the mechanistic action of effector

T and plasma cells, both considered the main factor to trigger the

infection in the lung. Through their mathematical model, they

explore the effect of three potential therapies and found that

these have effective outcomes in the patient when applied in the

early stages of the disease (21). In order to analyze more realistic

models, Vaidya et al. (22) developed a mathematical model

including parameters of infection in infected ferrets. To simplify

the analysis, they incorporated one variable for the whole

immune response as a soluble mediator of interferon type I,

which has the ability to activate an antiviral response in

macrophages (23). Given that the dynamics of infection of a

ferret are shorter than humans and develop the same dynamics

as the virus, this has been an interesting experimental model to

explore how the virus infects host cells. Moreover, Li et al.

developed a detailed multicompartmental mathematical model

that integrated cytokine and immune cells in the peripheral

blood and the trafficking to the lung. They focused on the

activation of naive T/B cells by the antigen-presenting cells

(APC) systems. The model predicted that a delay and an

ineffective activation of T/B cells is associated with an increase

in the viral load and that the constant absence of T/B cells is

driven by myeloid-derived suppressor cells in severe patients of

COVID-19 (24). Another compartmental model, calibrated with

the viral charge of rhesus macaque infected with SARS-CoV-2,
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simulated the anti-inflammatory and pro-inflammatory

immune response and concluded that the spread of the SARS-

CoV-2 virus can be controlled by enhancing an innate response

with an antiviral drug (25). Chowdhury et al. constructed a

model that incorporated the interaction between the natural

killer (NK) and T cells and explored how these cells had the

ability to eliminate the virus by the influx of NK cells. Despite

NK cells are not the most abundant cell in the lung, this study

points out the importance of a fast and precise response of the

NK cells of the innate immune system given their ability to

secrete mediators that neutralize virus division (26). From a

systemic perspective, a multiscale model was pursued by Wang

et al, who incorporated the action of the cytokine storm and

effector T cells (6). This data-driven study demonstrated that

interferon can prolong the incubation period of the virus in the

absence of T cells when patients transit from mild to severe

symptoms. Voutouri et al. assimilated the importance of

neutrophils and the secretion of their extracellular traps (NET)

and evaluated how they shape the dynamics of the adaptive

immune response. Currently, most of these mathematical

models suggest that a delay in T cell function is associated

with severe symptoms in the patients (27). For instance,

Voutouri et al. supplied evidence of the relevant role that

T cells have in the hyper-activation of the immune response

and the cytokine storm (27). Other mathematical models have

focused on the action of an antiviral response over the immune

system, establishing the bases for theoretical therapies (28).

Overall, these papers highlight directly or indirectly that two

variables are important in the development of COVID-19: the

microenvironment (cytokine storm, fibrosis mediators) and the

cells conforming the immune system. In agreement with this

fact, some mathematical models have evaluated the dynamics of

cytokines and antigens in severe COVID-19 patients with fine

levels of regulatory details. For instance, Reis et al. (29)

developed a mathematical model of a set of fifteen ODEs

comprising T and B cells, antibodies, and cytokines. Besides,

the action of APC cells was included to mimic the innate

immune response. With this model, they demonstrated that an

environment with high cytokine secretion favors the virus and

can infect immune cells. Other mathematical models have

focused on analyzing the dynamical origin of the cytokine

storm in severe COVID-19 patients. Sasidharakurup et al.

developed a system of ODEs that incorporated cytokines and

explored how their dysregulation affects the insulin production,

thrombosis and nitric oxide pathways (30). In their simulation,

they found that the most abundant cytokines, like IL1-b, IL-6
and tumor necrosis factor (TNF-a), can imbalance the

homeostasis of the body. As well, they concluded that

cytokines had the ability to maintain a positive feedback with

other immune cells, much of it deriving in an uncontrolled

cytokine storm (30). On the other hand, most of these models

confirm that the nuclear-factor B(NFkB) is a crucial component

that modulates not only the immune cells but also the
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inflammatory mediators. Notably, this transcription factor (TF)

is activated in macrophages which is associated with an pro-

inflammatory phenotype (31, 32). In reference (33) the authors

developed a compartmentalized system of ODEs by which they

assessed how detrimental is cytokine storm for healthy cells. In

this last work, they simplified a single equation of all the possible

cytokines that can be found in a COVID-19 inflamed lung. As a

result, they concluded that the cytokine storm was the variable to

focus with the therapies because it caused a decrease of healthy

cells which made the recovery in severe patients harder (33).

Furthermore, in reference (34) the authors developed a two-step

system of ODEs whose variables represented the immune-

cytokine and the standard SIV (susceptible-infected-virus)

systems. Interestingly, they called attention to the fact that the

cytokine storm may or may not be subject to a challenge of the

immune system. In other words, they suggest some rare cases of

individuals who develop a chronic infection without a storm-like

immune-cytokine dynamics. This mathematical result suggests

that the cytokine storm could be an individual-specific response

to SARS-CoV-2, probably associated to factors such as the

personalized genetic, sex, age and comorbidities in the patient.

Undoubtedly, this last point requires more studies to be verified

in clinical stages, a field that should be addressed in the next

future (34). Altogether, this strongly suggest that fails in the

immune system are responsible, directly or indirectly, for

fomenting an augmentation in the cytokine storm. Despite

monocytes and macrophages are the most abundant cell in an

infected lung cell, to our knowledge there is no mathematical

model that incorporates the transcriptional regulatory

mechanism of macrophages for elucidating the dynamics in

the progression of the disease.
SARS-CoV-2 pathogenesis
and its association with
macrophage polarization

At present, the linkage between SARS-CoV-2 and the

macrophage polarization can be summarized as follows.

Macrophages sense the E protein of SARS-CoV-2 viral particles

by using Toll-like receptor 2 (TLR2). Consequently, the activation

of this receptor trigger downstream the mobilization of pro-

inflammatory transcriptional factors that induce the secretion of

IL-6, IL-8, and TNF-a among others signals involved in the

cytokine storm (35). In addition, other toll-like receptors (1,4,5,8

and 9) are highly expressed in severe COVID-19 patients which

activate pro-inflammatory cytokines (36). Interestingly, toll-like

receptor 7 (TLR7), essential to trigger an antiviral response through

the secretion of type I IFN-a/b, increases in moderate COVID-19

patients. Meanwhile, in severe COVID-19 patients, TLR7 decreases

its expression because SARS-CoV-2 has the ability to inhibit

pathways associated with the secretion of IFN-a/b (37).
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Macrophages not only produce pro-inflammatory cytokines,

but they also can be a target for the virus. Once invaded by the

virus, macrophages secretes IL-6, TNF-a, IL-10, and cytokines

that regulate the continuous activation of macrophages. The

virus itself has developed structural and non-structural proteins

to strictly inhibit the signaling towards the secretion of

interferons. For example, open reading frame 3a (ORF3a) has

the capacity to prevent the phosphorylation of STAT1, a TF

associated with an interferon-based macrophage (38, 39). In

addition, the M protein is associated with inhibiting the pathway

of IFN-a/b and NFB, both pathways associated with the

secretion of antiviral cytokines (40).

SARS-CoV-2 is not only the one factor that can trigger a

hyper-inflammatory phenotype in macrophages, but also

neutrophils and CD4+ T cells can stimulate the same

response. Pro-inflammatory macrophage secretes IL-8, a

potent chemoattractant for neutrophils (41, 42). Once in the

lungs, they secrete extracellular traps (NET) to prevent

pathogens from escaping the immune response, and the

presence of an excess of NET is implicated in a poor outcome

in COVID-19 (43). These NETs generate positive feedback

between the cross-talk signals coming from macrophages and

neutrophils, specifically NETs enhance the secretion of TGF-b
(11, 44) and IL-1b, which further recruits more neutrophils in

the lungs. Due SARS-CoV-2 infection is associated with the

secretion of reactive oxygen species, neutrophils tend to die and

be consumed by inflammatory macrophages, secreting TGF-b
and IL-1b and creating a vicious cycle in favor of a

pro-inflamatory environment (7). The secretion of TGF-b
polarizes macrophages to an M2 state associated with the

secretion of pro-fibrotic mediators which is implicated with

fibrosis in the lungs (11, 13, 44). On the other hand, CD4+

TGehan Umali Cortezcells secrete the granulocyte colony-

stimulating factor (GMCSF) an activator of a pro-

inflammatory macrophage (45), and the hyper-activation of

macrophages is associated with the depletion of CD8+ T

lymphocytes, which is correlated with disease severity (46, 47).

Altogether, these mechanisms conform to a complex

environment by which the virus modulates the phenotype of

the macrophage toward a pro-inflammatory stage, a situation

with lethal consequences in the human host.
Future directions for macrophages
targeting agents for reducing the
severity of COVID-19

In our opinion, two factors will contribute to unveil the

genetic mechanism that guides the response of macrophages

facing the SARS-CoV-2 infection: the high-throughput

technologies and the computational/mathematical model of

regulatory networks. On one hand, the importance of
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macrophages in COVID-19 has been evidenced thanks to the

transcriptional profiles of thousands of single cells obtained

from bronchoalveolar samples in COVID-19-infected patients

(7, 20). Currently, these massive amounts of data can integrate

the gene expression of thousands of genes in thousands of cells

from a sample in time and space simultaneously (48). At this

stage, the analysis of these data through machine learning (ML)

algorithms can identify how the abundance of macrophages

and other immunological cells could be associated with the

progression and outcome of the disease. For example, by

combining ML algorithms and single-cell RNASeq data from

bronchoalveolar samples, we classified COVID-19 patients

with different degrees of severity and found that genes

associated with a pro-inflammatory response are implicated

in severe COVID-19 patients (20). Besides, it has been reported

that unsupervised hierarchical clustering is a proper method to

stratify and classify patients through their severity progression

determined by the pro-inflammatory, anti-inflammatory, and

antiviral cytokines abundance data (49). By using this

approach, the authors moved toward pragmatism and

categorized an individual on its hospital admittance into high

or low-risk categories (49). Simultaneously, other studies have

been able to track immune cell subsets using an unsupervised

algorithm (50). Another contribution of machine learning

method in COVID-19 is that it enables us to track possible

trajectories of differentiation from macrophages to T cells as

the disease evolves. Specifically, these studies have concluded

that the macrophage phenotypes changed with respect to

disease severity, while T cells-related phenotypes did not.

Macrophage phenotypes tilted to a more pro-inflammatory

phenotype as severity increased (51). Finally, but not less

important, some ML approaches have been used to

differentiate flow cytometry profiles of blood samples from

positive COVID-19 patients with respect to other diseases (like

pneumonia) (52). On the other hand, the second factor that

completes the global outlook is given by advanced techniques

to gather biological data, and use them to build high-curated

gene regulatory networks (GRN) in macrophages (32, 53).

Finally, the computational modeling of these GRN

constitutes an appealing framework to delimit the structure

of the epigenetic landscape, this last a concept defined by

Waddington in the mid-twentieth century (54). Notably, this

last avenue was started some years ago with remarkable

contributions in cancer to quantify the possible phenotype

space for macrophages and its functional characterization in

cancerous environments (32, 55). With the purpose to estimate

the different phenotypes obtained from a GRN, a common

approach is Boolean modeling. To simplify the complexity of

the possible phenotypes emerging from the number of genes

and their interactions in a GRN, this mathematical approach

simplifies the description by considering two assumptions.

First, one assumes that each gene can be in one of two

feasible states: 0 (OFF) or 1 (ON). While the OFF state
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means that a transcription factor or gene is inactive, ON

indicates that the gene is active. Second, we determine the

state of each gene in the network through a Boolean function,

which mathematically is represented by the combination of the

logical operators AND, OR, and NOT. As far as possible, these

logical functions are constructed from the experimental in

order to improve the phenotypic landscape obtained from

the GRN in a study (56, 57). Despite the simplicity, the

Boolean network approach can allow us to tackle a set of

relevant questions in immunological cells ranging from how in

silico perturbation influences specific phenotypes, to the

identification of those variables with the highest relevance in

the secretion of cytokines, and those that could trigger the

cytokine storm. In a pragmatical sense, the Boolean network

approach generates testable hypotheses to evaluate the role that

macrophages have in the hyper-inflammatory process during a

SARS-CoV-2 infection. Thus, this formalism establishes the

bases to tackle a set of questions that comprise the macrophage

ability to transit among distinct phenotypes to the design of

optimized strategies for preventing the committed activation of

macrophages during COVID-19. For example, if we

understand how the cytokines, chemokines, and viral

p roduc t s in pa t i en t s w i th COVID-19 a ff e c t th e

transcriptional polarization of macrophages, we can try to tilt

the balance of the hyper-inflammatory scenario to a more

hyper/regulatory inflammatory by perturbing specific TF. The

implementation of this formalism can drive strategies to limit a

hyper-inflammatory stage in macrophages and avoid cytokine

storm, lymphopenia, thrombosis, or other complications

related to COVID-19 (58). Finally, more than ever the

development of mathematical and computational strategies

that help us understand the molecular mechanism of

COVID-19 at a systemic level is a required activity with

invaluable benefits at a long time scale to move from

associations to mechanistic explanations, both areas needed

to overcome the pandemic situation that we face around

the world.
Discussion and conclusion

Understanding the physiological response that emerged

from the complex interaction between macrophages and

SARS-CoV-2, is a valuable aim to potentially design effective

treatments against COVID-19. Given the complexity of this

pandemic disease, Boolean network modeling is one of the

feasible strategies for a better understanding of how the disease

starts and progresses. In this article opinion, we have focused

on the role that macrophages play in COVID-19 given

predominant relative abundance onto other cells of the

immune system. To this end, we need to construct a highly

curated signaling network between SARS-CoV-2-derived

factors and macrophages. Interestingly, previous GRN of
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macrophages can help toward this purpose (32, 53, 55). Such a

regulatory network should be able to condense well-known

physiological knowledge of the macrophages and the

information accumulated in the last years of the pandemic

outbreak. We know that macrophages can be into two

phenotypes: M1 and M2. M1 is associated with a pro-

inflammatory phenotype while M2 is implicated with an

anti-inflammatory phenotype. In an inflamed lung with

SARS-CoV-2, there is an excessive amount of pro-

inflammatory cytokines because of the cytokine storm. Pro-

inflammatory macrophages (M1) are activated by TLR2 (which

is activated by SARS-CoV-2) or by inflammatory cytokines like

IL-6, IL1, TNF-a and IL-8 creating a positive feedback loop

between the IL-6, IL1, TNF-a and IL-8 coming from the

environment and those signals coming from the M1

macrophages. The TF responsible of the secretion of pro-

inflammatory cytokines in macrophages is NFB. Another TF

associated with M1 macrophage is STAT1 implicated in

secreting IFN-g and IFN-b, both molecules associated with

viral clearance of SARS-CoV-2 (59–61). STAT1 decreases its

expression (if not stimulated with IFN-g), thus NFkB, in the

absence of interferon gamma (IFN-) seems to maintain the

M1-polarized system with liberation of cytokines to enhance

the cytokine storm. M2a macrophage is activated by IL-4 or IL-

13, nevertheless IL-4 was higher in severity than mild COVID-

19 (62, 63). Despite having a greater amount of IL-4 the

number of M2 macrophages were lower in COVID19 than

H1N1 patients, which means that most of the IL-4 is tilted to a

TH2 response associated with lymphopenia (64). This being

said, we need more macrophage polarization to an M2a type

because it is associated with fibrogenic inflammatory

remodeling, promoting the secretion of TGF-b (which did

not present any stat is t ica l di fference between the

comparisons (64)) allowing the formation of a temporary

matrix and the proliferation of type II pneumocytes. M2c is a

macrophage activated by IL-10, which is associated with the

secretion of IL-10 and TGF-b. However, recent evidence shows

that if IL-10 is secreted at the early process of inflammation it

may have the ability to induce a pro-inflammatory action

instead of an anti-inflammatory behavior. Because it is in a

hyperinflammatory state due to the cytokine storm, IL-10 tries

to temper and prevent tissue damage, but fails to do so which

has been reported in arthritis (65, 66). Another possibility of

the fail of IL-10 is the presence of high glucose in the blood

(associated with diabetes), studies have shown that

macrophages cultivated in high glucose uptake are implicated

in an IL-10 resistance implicating in the inability to inhibit the

secretion of pro-inflammatory cytokines (67). This means that

IL-10 has to be perfectly secreted in the precise time to avoid in

the inability to inhibit a pro-inflammatory response, so we can

diminish the concentration of IL-10 by inhibiting the
Frontiers in Immunology 05
activation of M2c macrophages, and more macrophages

associated with tissue repair. In conclusion, understanding

how macrophages a re r egu la t ed in a COVID-19

microenvironment could lead us to improve strategies to face

this and future outbreaks. At present, the mathematical and

computational models are invaluable schemes not only for

understanding the molecular mechanism by which the SARS-

CoV-2 evolves and transmit along the population, but also

suggest strategies that in combination with health authorities

help to decide the best actions for the benefit at local and global

scales in the human population.
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Meı ́xico (UNAM). This paper was written during his

PhD studies.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.997434
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


de León and Resendis-Antonio 10.3389/fimmu.2022.997434
References
1. Watson OJ, Barnsley G, Toor J, Hogan AB, Winskill P, Ghani AC. Global
impact of the first year of COVID-19 vaccination: a mathematical modelling study.
Lancet Infect Dis (2022) 22(9):1293–302. doi: 10.1016/S1473-3099(22)00320-6

2. Jenner AL, Aogo RA, Alfonso S, Crowe V, Deng X, Smith AP, et al. COVID-
19 virtual patient cohort suggests immune mechanisms driving disease outcomes.
PloS Pathog (2021) 17:e1009753. doi: 10.1371/journal.ppat.1009753

3. Chhetri B, Bhagat VM, Vamsi DKK, Ananth VS, Bhanu PD, Mandale R, et al.
Within-host mathematical modeling on crucial inflammatory mediators and drug
interventions in COVID-19 identifies combination therapy to be most effective and
optimal. Alexandria Eng J (2021) 60:2491–512. doi: 10.1016/j.aej.2020.12.011

4. Hernandez-Vargas EA, Velasco-Hernandez JX. In-host mathematical
modelling of COVID-19 in humans. Annu Rev Control (2020) 50:448–56.
doi: 10.1016/j.arcontrol.2020.09.006

5. Du SQ, Yuan W. Mathematical modeling of interaction between innate and
adaptive immune responses in COVID-19 and implications for viral pathogenesis.
J Med Virol (2020) 92:1615–28. doi: 10.1002/jmv.25866

6. Wang S, Hao M, Pan Z, Lei J, Zou X. Data-driven multi-scale mathematical
modeling of SARS-CoV-2 infection reveals heterogeneity among COVID-19
patients. PloS Comput Biol (2021) 17:e1009587. doi: 10.1371/journal.pcbi.1009587

7. Liao M, Liu Y, Yuan J, Wen Y, Xu G, Zhao J, et al. Single-cell landscape of
bronchoalveolar immune cells in patients with COVID-19. Nat Med (2020)
26:842–4. doi: 10.1038/s41591-020-0901-9

8. Lee JS, Park S, Jeong HW, Ahn JY, Choi SJ, Lee H, et al. Immunophenotyping
of COVID-19 and influenza highlights the role of type I interferons in development
of severe COVID-19. Sci Immunol (2020) 5:1–13. doi : 10.1126/
sciimmunol.abd1554

9. Yao XH, Li TY, He ZC, Ping YF, Liu HW, Yu SC, et al. A pathological report
of three COVID-19 cases by minimal invasive autopsies. Zhonghua Bing Li Xue Za
Zhi (2020) 49:411–7. doi: 10.3760/cma.j.cn112151-20200312-00193

10. Wilk AJ, Rustagi A, Zhao NQ, Roque J, Martıńez-Colón GJ, McKechnie JL,
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20. Vázquez-Jiménez A, Avila-Ponce De León UE, Matadamas-Guzman M,
Muciño-Olmos EA, Martıńez-López YE, Escobedo-Tapia T, et al. On deep
landscape exploration of COVID-19 patients cells and severity markers. Front
Immunol (2021) 12:705646. doi: 10.3389/fimmu.2021.705646

21. Sadria M, Layton AT. Modeling within-host SARS-CoV-2 infection
dynamics and potential treatments. Viruses (2021) 13:1–15. doi: 10.3390/
v13061141

22. Vaidya NK, Bloomquist A, Perelson AS. Modeling within-host dynamics of
SARS-CoV-2 infection: A case study in ferrets. Viruses (2021) 13:1635–52.
doi: 10.3390/v13081635

23. Kosyreva A, Dzhalilova D, Lokhonina A, Vishnyakova P, Fatkhudinov T.
The role of macrophages in the pathogenesis of SARS-CoV-2-Associated acute
Frontiers in Immunology 06
respiratory distress syndrome. Front Immunol (2021) 12:682871. doi: 10.3389/
fimmu.2021.682871

24. Li J, Wu J, Zhang J, Tang L, Mei H, Hu Y, et al. A multicompartment
mathematical model based on host immunity for dissecting COVID-19
heterogeneity. Heliyon (2022) 8:e09488. doi: 10.1016/j.heliyon.2022.e09488

25. Mochan E, Sego TJ, Gaona L, Rial E, Ermentrout GB. Compartmental
model suggests importance of innate immune response to COVID-19 infection in
rhesus macaques. Bull Math Biol (2021) 83:79. doi: 10.1007/s11538-021-00909-0

26. Chowdhury SMEK, Chowdhury JT, Ahmed SF, Agarwal P, Badruddin IA,
Kamangar S, et al. Mathematical modelling of COVID-19 disease dynamics:
Interaction between immune system and SARS-CoV-2 within host. AIMS math
(2022) 7:2618–33. doi: 10.3934/math.2022147

27. Voutouri C, Nikmaneshi MR, Hardin CC, Patel AB, Verma A, Khandekar
MJ, et al. In silico dynamics of COVID-19 phenotypes for optimizing clinical
management. Proc Natl Acad Sci U.S.A. (2021) 118:1–8. doi: 10.1073/
pnas.2021642118

28. Chimal-Eguia JC. Mathematical model of antiviral immune response
against the COVID-19 virus. Sci China Ser A Math (2021) 9:1356. doi: 10.3390/
math9121356

29. Reis RF, Pigozzo AB, Bonin CRB, Quintela B de M, Pompei LT, Vieira AC,
et al. A validated mathematical model of the cytokine release syndrome in severe
COVID-19. Front Mol Biosci (2021) 8:639423. doi: 10.3389/fmolb.2021.639423

30. Sasidharakurup H, Kumar G, Nair B, Diwakar S. Mathematical modeling of
severe acute respiratory syndrome coronavirus 2 infection network with cytokine
storm, oxidative stress, thrombosis, insulin resistance, and nitric oxide pathways.
OMICS: A J Integr Biol (2021) 25:770–81. doi: 10.1089/omi.2021.0155

31. Dorrington MG, Fraser IDC. NF-kB signaling in macrophages: Dynamics,
crosstalk, and signal integration. Front Immunol (2019) 10:705. doi: 10.3389/
fimmu.2019.00705

32. Avila-Ponce de León U, Vázquez-Jiménez A, Matadamas-Guzman M,
Pelayo R, Resendis-Antonio O. Transcriptional and microenvironmental
landscape of macrophage transition in cancer: A boolean analysis. Front
Immunol (2021) 12:642842. doi: 10.3389/fimmu.2021.642842

33. Rana P, Chauhan S, Mubayi A. Burden of cytokines storm on prognosis of
SARS-CoV-2 infection through immune response: dynamic analysis and optimal
control with immunomodulatory therapy. Eur Phys J Spec Top (2022) 27:1–19.
doi: 10.1140/epjs/s11734-022-00435-7

34. Kareva I, Berezovskaya F, Karev G. Mathematical model of a cytokine storm.
bioRxiv (2022) 16:2022.02.15.480585. doi: 10.1101/2022.02.15.480585

35. Zheng M, Karki R, Williams EP, Yang D, Fitzpatrick E, Vogel P, et al. TLR2
senses the SARS-CoV-2 envelope protein to produce inflammatory cytokines. Nat
Immunol (2021) 22:829–38. doi: 10.1038/s41590-021-00937-x

36. Sariol A, Perlman S. SARS-CoV-2 takes its toll. Nat Immunol (2021)
22:801–2. doi: 10.1038/s41590-021-00962-w

37. Onofrio L, Caraglia M, Facchini G, Margherita V, Placido SD, Buonerba C.
Toll-like receptors and COVID-19: a two-faced story with an exciting ending.
Future Sci OA (2020) 6:FSO605. doi: 10.2144/fsoa-2020-0091

38. Xia H, Cao Z, Xie X, Zhang X, Chen JY-C, Wang H, et al. Evasion of type I
interferon by SARS-CoV-2. Cell Rep (2020) 33:108234. doi: 10.1016/
j.celrep.2020.108234

39. Ricci D, Etna MP, Rizzo F, Sandini S, Severa M, Coccia EM. Innate immune
response to SARS-CoV-2 infection: From cells to soluble mediators. Int J Mol Sci
(2021) 22:7017. doi: 10.3390/ijms22137017

40. Li J-Y, Liao C-H, Wang Q, Tan Y-J, Luo R, Qiu Y, et al. The ORF6, ORF8
and nucleocapsid proteins of SARS-CoV-2 inhibit type I interferon signaling
pathway. Virus Res (2020) 286:198074. doi: 10.1016/j.virusres.2020.198074

41. de Oliveira S, Reyes-Aldasoro CC, Candel S, Renshaw SA, Mulero V, Calado
A. Cxcl8 (IL-8) mediates neutrophil recruitment and behavior in the zebrafish
inflammatory response. J Immunol (2013) 190:4349–59. doi: 10.4049/
jimmunol.1203266

42. Teijeira, Garasa, Ochoa, Villalba. IL8, neutrophils, and NETs in a collusion
against cancer immunity and ImmunotherapyIL8 and NETs in cancer
immunotherapy. Clin Cancer Drugs (2021) 27(9):2383–93. doi: 10.1158/1078-
0432.CCR-20-1319.

43. Barnes BJ, Adrover JM, Baxter-Stoltzfus A, Borczuk A, Cools-Lartigue J,
Crawford JM, et al. Targeting potential drivers of COVID-19: Neutrophil
extracellular traps. J Exp Med (2020) 217:1–7. doi: 10.1084/jem.20200652

44. Shafqat A, Shafqat S, Salameh SA, Kashir J, Alkattan K, Yaqinuddin A.
Mechanistic insights into the immune pathophysiology of COVID-19; an in-depth
review. Front Immunol (2022) 13:835104. doi: 10.3389/fimmu.2022.835104
frontiersin.org

https://doi.org/10.1016/S1473-3099(22)00320-6
https://doi.org/10.1371/journal.ppat.1009753
https://doi.org/10.1016/j.aej.2020.12.011
https://doi.org/10.1016/j.arcontrol.2020.09.006
https://doi.org/10.1002/jmv.25866
https://doi.org/10.1371/journal.pcbi.1009587
https://doi.org/10.1038/s41591-020-0901-9
https://doi.org/10.1126/sciimmunol.abd1554
https://doi.org/10.1126/sciimmunol.abd1554
https://doi.org/10.3760/cma.j.cn112151-20200312-00193
https://doi.org/10.1038/s41591-020-0944-y
https://doi.org/10.1126/sciimmunol.abm5505
https://doi.org/10.1038/s41590-021-01091-0
https://doi.org/10.1038/s41590-021-01091-0
https://doi.org/10.3389/fphar.2020.570698
https://doi.org/10.3389/fphar.2020.570698
https://doi.org/10.14740/jmc3520
https://doi.org/10.1111/imcb.12464
https://doi.org/10.1007/s00134-021-06509-9
https://doi.org/10.1002/cyto.a.24249
https://doi.org/10.1016/j.humimm.2020.12.010
https://doi.org/10.1016/j.cell.2020.08.001
https://doi.org/10.3389/fimmu.2021.705646
https://doi.org/10.3390/v13061141
https://doi.org/10.3390/v13061141
https://doi.org/10.3390/v13081635
https://doi.org/10.3389/fimmu.2021.682871
https://doi.org/10.3389/fimmu.2021.682871
https://doi.org/10.1016/j.heliyon.2022.e09488
https://doi.org/10.1007/s11538-021-00909-0
https://doi.org/10.3934/math.2022147
https://doi.org/10.1073/pnas.2021642118
https://doi.org/10.1073/pnas.2021642118
https://doi.org/10.3390/math9121356
https://doi.org/10.3390/math9121356
https://doi.org/10.3389/fmolb.2021.639423
https://doi.org/10.1089/omi.2021.0155
https://doi.org/10.3389/fimmu.2019.00705
https://doi.org/10.3389/fimmu.2019.00705
https://doi.org/10.3389/fimmu.2021.642842
https://doi.org/10.1140/epjs/s11734-022-00435-7
https://doi.org/10.1101/2022.02.15.480585
https://doi.org/10.1038/s41590-021-00937-x
https://doi.org/10.1038/s41590-021-00962-w
https://doi.org/10.2144/fsoa-2020-0091
https://doi.org/10.1016/j.celrep.2020.108234
https://doi.org/10.1016/j.celrep.2020.108234
https://doi.org/10.3390/ijms22137017
https://doi.org/10.1016/j.virusres.2020.198074
https://doi.org/10.4049/jimmunol.1203266
https://doi.org/10.4049/jimmunol.1203266
https://doi.org/10.1158/1078-0432.CCR-20-1319
https://doi.org/10.1158/1078-0432.CCR-20-1319
https://doi.org/10.1084/jem.20200652
https://doi.org/10.3389/fimmu.2022.835104
https://doi.org/10.3389/fimmu.2022.997434
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


de León and Resendis-Antonio 10.3389/fimmu.2022.997434
45. Kumar V. Macrophages: the potent immunoregulatory innate immune cells.
Macrophage Act Biol Dis (2019). doi: 10.5772/intechopen.88013

46. Dhar, Vishnupriyan, Damodar, Gujar, Das. IL-6 and IL-10 as predictors of
disease severity in COVID-19 patients: results from meta-analysis and regression.
Heliyon (2021) 7:1–9. doi: 10.1016/j.heliyon.2021.e06155.

47. Luo M, Liu J, Jiang W, Yue S, Liu H, Wei S. IL-6 and CD8+ T cell counts
combined are an early predictor of in-hospital mortality of patients with COVID-
19. JCI Insight (2020) 5:1–11. doi: 10.1172/jci.insight.139024

48. Dries R, Chen J, Del Rossi N, Khan MM, Sistig A, Yuan G-C. Advances in
spatial transcriptomic data analysis. Genome Res (2021) 31:1706–18. doi: 10.1101/
gr.275224.121

49. Mueller YM, Schrama TJ, Ruijten R, Schreurs MWJ, Grashof DGB, van de
Werken HJG, et al. Stratification of hospitalized COVID-19 patients into clinical
severity progression groups by immuno-phenotyping and machine learning. Nat
Commun (2022) 13:915. doi: 10.1038/s41467-022-28621-0

50. Barone SM, Paul AGA, Muehling LM, Lannigan JA, KwokWW, Turner RB,
et al. Unsupervised machine learning reveals key immune cell subsets in COVID-
19, rhinovirus infection, and cancer therapy. bioRxiv (2020). doi: 10.1101/
2020.07.31.190454

51. Jeong H-H, Jia J, Dai Y, Simon LM, Zhao Z. Investigating cellular
trajectories in the severity of COVID-19 and their transcriptional programs
using machine learning approaches. Genes (2021) 12:635. doi: 10.3390/
genes12050635

52. Gladding PA, Ayar Z, Smith K, Patel P, Pearce J, Puwakdandawa S, et al. A
machine learning PROGRAM to identify COVID-19 and other diseases from
hematology data. Future Sci OA (2021) 7:FSO733. doi: 10.2144/fsoa-2020-0207

53. Ordaz-Arias MA, Dı ́az-Alvarez L, Zúñiga J, Martinez-Sánchez ME,
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