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As 2023 approaches, the COVID-19 pandemic has killed millions. While vaccines have been a crucial intervention, only a few effective medications exist for prevention and treatment of COVID-19 in breakthrough cases or in unvaccinated or immunocompromised patients. SARS-CoV-2 displays early and unusual features of micro-thrombosis and immune dysregulation that target endothelial beds of the lungs, skin, and other organs. Notably, anticoagulation improves outcomes in some COVID-19 patients. The protein transforming growth factor-beta (TGF-β1) has constitutive roles in maintaining a healthy microvasculature through its roles in regulating inflammation, clotting, and wound healing. However, after infection (including viral infection) TGF-β1 activation may augment coagulation, cause immune dysregulation, and direct a path toward tissue fibrosis. Dysregulation of TGF-β signaling in immune cells and its localization in areas of microvascular injury are now well-described in COVID-19, and such events may contribute to the acute respiratory distress syndrome and skin micro-thrombosis outcomes frequently seen in severe COVID-19. The high concentration of TGF-β in platelets and in other cells within microvascular thrombi, its ability to activate the clotting cascade and dysregulate immune pathways, and its pro-fibrotic properties all contribute to a unique milieu in the COVID-19 microvasculature. This unique environment allows for propagation of microvascular clotting and immune dysregulation. In this review we summarize the physiological functions of TGF-β and detail the evidence for its effects on the microvasculature in COVID-19. In addition, we explore the potential role of existing TGF-β inhibitors for the prevention and treatment of COVID-19 associated microvascular thrombosis and immune dysregulation.
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Introduction

The transforming growth factor-beta (TGF-β) superfamily consists of 33 known mammalian proteins classified into subfamilies that include bone morphogenetic proteins (BMPs), growth differentiation factors (GDFs), activins, inhibins, and three TGF-β isoforms (TGF-β1, TGF-β2, and TGF-β3) (1). TGF-β1 is a ubiquitous pleiotropic cytokine expressed by numerous cell types and is well-known for its regulation of inflammation and wound healing. TGF-β1 is the dominant protein expressed in most tissues (including immune cells) whereas expression of TGF-β2 and TGF-β3 are more restricted. In this review “TGF-β” will refer to TGF-β1 unless otherwise specified. The amino acid sequence of TGF-β1 is markedly conserved between species, with 100% sequence homology between human, simian, bovine, porcine, murine, and chicken proteins. TGF-β1 shares moderate sequence homology with TGF-β2 and TGF-β3, with some overlapping functions. The phenotypes of null mice for each of these isoforms are strikingly different, suggesting key functions are distinct for each isoform. TGF-β1 null mice have the most severe phenotype, dying at 2 weeks of life from widespread inflammation, while TGF-β2 and TGF-β3 null mice each succumb to developmental abnormalities soon after birth (2–4).

In its most common form, TGF-β is inactive, or “latent” (L-TGF-β), being covalently bound to the latency-associated peptide (LAP) derived from the 5’ end of its gene transcript, which shields its receptor binding sites. This forms the small latent complex (SLC). TGF-β is secreted by most cells in this SLC form. LAP can also form a disulfide bond with the latent TGF-β binding protein (LTBP, from different genes for each TGF-β isoform) forming the large latent complex (LLC) (Figure 1). Interestingly, mice null for LTBP also suffer from widespread inflammation (5). Latency of TGF-β is essential to sequester its pluripotent effects while also maintaining a state where it can be rapidly activated (such as during tissue injury and acute inflammation). These inactive complexes can be manipulated through a variety of pathways that lead to release of active TGF-β, including non-covalent interactions with thrombospondin-1 (TSP1) or integrins, or proteolytic degradation of the LAP by enzymes such as metalloproteinases (5–9). TSP1 is able to conformationally alter LAP through its “KRFK” motif (lysine arginine phenylalanine lysine), one of the few molecular known to activate the latent form of TGF-β (10). Other such “keys” are contained in motifs of ανβ6 and ανβ8 integrins, which typically require membrane or matrix anchoring to bind to RGD amino acid motifs (arginine glycine aspartic acid) in LAP and deform its shape (11). This post-translational regulation of all TGF-β isoforms is the main determinant of their availability, rather than from changes in gene expression. The lung is one organ with high latent TGF-β expression and protein levels, both within structural and immune cells and intercalated into the extracellular matrix (after cell secretion) (Figure 1; 12). Thus in most tissues but particularly in the lungs, inflammatory and other stimuli can rapidly release active TGF-β from its latent stores (13). TGF-β release in this scenario is context-dependent, but often is a key event leading to a post-inflammatory tissue healing phase of illness (1). In some contexts TGF-β has anti-inflammatory effects, whereas in other contexts persistent stimulation by TGF-β may lead to tissue fibrosis (14).
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FIGURE 1
Cartoon schematic representing normal human transforming growth factor-beta (TGF-β) expression, latency, activation mechanisms, intracellular signaling, and effects on specific genes/pathways. The non-canonical signaling pathway is not discussed in this manuscript. For space purposes the binding of active TGF-β as a dimer to its tetrameric receptor complexes is not shown. ENaC, epithelial sodium channel; Nox4, NADPH oxidase 4; EMT, epithelial to mesenchymal transition; ECM, extracellular matrix; PAI-1, plasminogen activator inhibitor 1; Fx 12, coagulation factor 12; TF, tissue factor; TGFBIp, TGF-beta induced protein.



TGF-β is a mediator of thrombosis

The initial physiological response in mammals to vascular injury is hemostasis which begins with platelet aggregation at the wound site. Platelets are the most abundant source of human TGF-β1 (40–100 times the level of TGF-β1 compared with other cells), and this protein is stored in its latent form in platelet alpha granules (15). Coagulation factors V, XI, and XIII, and the TGF-β activator protein TSP1 are also stored in the alpha granules (15, 16). Therefore, measuring TGF-β levels in blood samples is complex due to much higher TGF-β levels in serum (coagulated blood) compared to that in plasma (anticoagulated blood) (17). Thus, comparison of serum TGF-β levels between populations or during illnesses may be confounded by platelet counts, intrinsic platelet aggregation properties, and/or use of anti-platelet agents (17, 18). Both latent forms of TGF-β are released from platelets with the LLC and SLC conformations comprising 65 and 35%, respectively (19, 20). These latent TGF-β forms are then likely activated by co-secreted platelet enzymes (like furin), co-secreted proteins (TSP1), shear stress (which can double in a thrombosing vasculature), or inflammation-induced enzymes like metalloproteinases (20, 21). Altered release of TGF-β from platelets has been described in several inflammatory diseases (17, 22). Notably, some cancers appear to “hijack” platelets and use TGF-β and other proteins to promote tumor growth and provide a permissive tumor environment (23).

Platelets express TGF-β receptors, so they can respond to TGF-β in an autocrine or paracrine manner (24). In normal platelets, exogenous TGF-β1 induces platelet aggregation (25). Exogenous TGF-β1 may also induce a procoagulant state via release of vascular or platelet stores of Factor XII, tissue factor, and plasminogen activator inhibitor-I (PAI-I) (26–28). In SARS-CoV-2 infected lung epithelial cells, the PAI-I gene (SERPINE1) is strongly upregulated (29). TGF-β also indirectly augments platelet activation via induction of TGF-β induced protein (TGFBIp) in platelets, respiratory epithelial cells, endothelial cells, keratinocytes, fibroblasts, and monocytes. TGFBIp is secreted and is also stored in the extracellular matrix, accumulating at sites of inflammation. TGFBIp has RGD sequences and fasciclin 1 domains that appear to bind to platelet surface integrins and activate platelets. Transgenic mice that overexpress TGFBIp are more prone to pulmonary embolism (30). Interestingly, platelets also maintain a small amount of L-TGF-β on their external surface bound to the glycoprotein-A repetitions predominant (GARP) protein. However, GARP-bound TGF-β seems more important for immune interactions rather than for coagulation (31).

Transgenic mouse models have given substantial insight into the role of platelet-derived TGF-β1 in coagulation. TSP1 null mice lose the major non-integrin mechanism by which L-TGF-β is activated. These mice have less active TGF-β in both platelets and in healing wounds, defects in platelet aggregation and wound healing, and markedly less platelet TGF-β release during aggregation (32). TGF-β1 null mice are difficult to study due to their demise in utero or shortly after birth, but conditional knockout of TGF-β1 in megakaryocytes (platelet precursors) reveals lower blood TGF-β1 levels and a bleeding diathesis with decreased platelet aggregation from fibrinogen receptor binding defects (25). In summation, existing evidence places TGF-β as an important orchestrator of coagulation whose role may loom larger during wound healing following inflammation. The key studies supporting this conclusion are summarized in Table 1.


TABLE 1    Key evidence for transforming growth factor-beta (TGF-β) as a mediator of thrombosis.
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TGF-β has critical roles in inflammation and immune regulation

Transforming growth factor-beta (TGF-β1) is the major TGF-β isoform involved in the regulation of immunity (12). Augmented TGF-β1 signaling drives a local suppression of the host immune system via direct inhibition of effector immune cells such as T cells, natural killer (NK) cells, and dendritic cells. This effect is amplified by activation of immune suppressor T cells known as T regulatory cells (Tregs) (33). Tregs further suppress T effector cell, dendritic cell, and NK cell function–thus limiting their responses to invading pathogens and blunting inflammation (34–36). Much of this occurs due to direct effects of SMAD transcription factors. TGF-β1 binding to its receptors leads to intracellular phosphorylation of SMAD3 and SMAD4 transcription factors, which then enter the nucleus and affect expression of multiple genes that leads to an inhibition of inflammatory responses (37). Notably, stimulated Tregs also secrete TGF-β1 with paracrine effects on neighboring cells, and keep a small amount of L-TGF-β1 on their surface bound to the GARP protein (31). On balance, these TGF-β1 driven pathways dampen inflammation on route to wound healing. The importance of these predominantly anti-inflammatory pathways is illustrated by the inflammatory phenotype of the TGF-β1 null mouse, which dies several weeks after birth from widespread inflammation in multiple organs (2).

However, TGF-β1 is pleiotropic and can also stimulate immune responses and drive inflammation through the Th17 pathway, particularly in the context of high IL-6 activity (38). TGF-β1 and IL-6 cooperatively drive induction of Th17 cells and secretion of proinflammatory IL-17 (39). Th17 pathway activation may also contribute to tissue fibrosis (40). Furthermore, IL-17 is a potent neutrophil chemokine and increased absolute neutrophil number, percentage of neutrophils, and neutrophil: lymphocyte ratio in the blood of COVID-19 patients are predictive of progression to severe disease (41).



TGF-β dysregulation in ARDS and pulmonary fibrosis

Prior to the COVID-19 pandemic, there was strong evidence that TGF-β1 is a key driver in the pathophysiology of the acute respiratory distress syndrome (ARDS) and in chronic fibrotic lung diseases such as idiopathic pulmonary fibrosis (IPF). In the early phases of ARDS, inflammatory signals likely release active TGF-β1 from latent stores in the lung extracellular. Released TGF-β1 can immediately inhibit alveolar fluid reabsorption through rapid endocytosis of the apical sodium channel (ENAc) at the airway surface of alveolar type II cells and drive oxidant stress through NADPH oxidase 4 (NOX4) induction (42–44). TGF-β1 also downregulates prolyl hydroxylase 2 (PHD2), and thereby stabilizes the transcription factor hypoxia inducible factor alpha (HIF-1α) leading to further upregulation of hypoxia-inducible genes such as mediators of endothelial permeability (45). TGF-β1 null mice die of multi-organ inflammation, including lung inflammation with features of ARDS. Thus, the complete absence of TGF-β1 and its related immune suppressive functions also favors lung inflammation, suggesting that TGF-β1 dysregulation in either direction has effects on inflammation. Interestingly, TSP1 null mice display milder chronic lung inflammation as their principal phenotype and can be rescued to a near-normal state by administration of short peptides of the L-TGF-β1 activating motif from TSP1, suggesting that TGF-β activation may be the most important constitutive function of TSP1 (16).

Transforming growth factor-beta (TGF-β1) staining is prominent in human ARDS lung, and TGF-β1 concentrations are elevated in ARDS bronchoalveolar lavage (BAL) specimens, but are minimal in BAL of healthy controls (42, 46–49). Continued TGF-β signaling akin to what occurs in IPF may drive a small subgroup of patients to develop fibroproliferative ARDS and permanent fibrosis. To date, no TGF-β1 targeted clinical trials have been published in non-COVID ARDS.

Transforming growth factor-beta (TGF-β1) has a clear pathologic role in the chronic disease pathophysiology of IPF. TGF-β1 staining is prominent in the IPF lung, and active TGF-β1 concentrations are elevated in IPF BAL specimens, far exceeding TGF-β2 and TGF-β3 levels (whereas free TGF-β3 levels are highest in healthy lung BAL) (50). Transient adenoviral over-expression of TGF-β1 in mouse lungs causes progressive pulmonary fibrosis that becomes severe by day 60, whereas TGF-β3 overexpression displays mild histologic fibrosis that mostly resolves by day 60 (51). Of the TGF-1β isoforms, TGF-β1 has the most robust effects on differentiation of fibroblasts into activated myofibroblasts by epithelial to mesenchymal transition, upregulating TGF-β receptors, increasing connective tissue growth factor, driving collagen synthesis, and inhibiting degradation of collagenous intercellular matrix (1, 51). To date, two clinical trials of anti-TGF-β drugs in IPF have failed to show a significant clinical benefit (an anti-TGF-β antibody, and an oral integrin blocker; unpublished), while one oral agent (epigallocatechin-3-gallate) showed benefit in a single center study (52).



Viral evasion of host immune recognition is aided by “TGF-β hijacking”

The principal fitness advantage of SARS-CoV-2 occurs through gain-of-function mutations of its spike protein that enhance infectivity via stronger binding to the angiotensin converting enzyme 2 (ACE2) cell entry receptor. While the main immune alteration in response to severe SARS-CoV-2 infection is the tendency toward a pro-inflammatory state, in part triggered by the spike protein, it is less clear how SARS-CoV-2 can escape immune detection during early infection. This leads to its unique asymptomatic carriage in many hosts, only to cause inflammatory illness much later post-exposure than other respiratory viruses.

Curiously, mechanisms to increase TGF-β tissue levels have been exploited by microbes for eons as a path to evade host immune detection, to increase infectivity, and to achieve latency/chronic infection. All of these paths augment a microbe’s reproductive fitness. Even an animal as primitive as a sea anemone employs TSP1 motifs to regulate the activation of L-TGF-β that permits its primitive immune system to tolerate symbiotic algae colonization. Mutation of these motifs leads to rejection of algae and death of the anemone (35, 53). L-TGF-β1 is highly expressed in airway and alveolar epithelium, alveolar macrophages, and in the lung intercellular matrix where inhaled microbes encounter host defenses during their pulmonary phase (12). Augmented TGF-β1 signaling initially drives a local suppression of the host immune system via direct inhibition of effector immune cells like T cells and dendritic cells, an effect amplified by activation of immune suppressor Tregs. Tregs further suppress the function of T effector cells, dendritic cells, and NK cells–thus limiting their responses to the invading pathogen (34–36). These effects typically occur due to direct binding of SMAD transcription factors, activated by TGF-β receptors, to gene promoters of IL-2, IL-10, forkhead box P3 protein (FOXP3) and other key immune cytokines and transcription factors (37). TGF-β1 also drives class switching of plasma cells from IgM and IgG to IgA antibody formation even outside mucosal barriers. Since IgA does not fix complement, it is less effective at directing immune responses to an invading pathogen (54).

Augmentation and exploitation of host TGF-β activity (known as “TGF-β hijacking”) by microbes occurs by various mechanisms. Since no known pathogen synthesizes TGF-β, host TGF-β must be hijacked from the host. The hepatitis C virus increases host TGF-β and TSP1 gene expression, increasing activation of latent TGF-β (55). Trypanosoma cruzi also increases host TSP1 (56). The influenza virus produces a protease that degrades LAP and thereby releases active TGF-β (57). The SARS 2004 (aka SARS-CoV) virus nucleocapsid protein associates with the TGF-β intracellular signaling transcription factors SMAD2 and SMAD3 and augments TGF-β induced gene transcription (58). Malaria and cryptosporidium parasites produce a TSP-like protein that activates latent TGF-β through TSP1-like WXXW domains (tryptophan, any amino acid, any amino acid, tryptophan) that inhibit the LAP-TGF-β interaction (59, 60). Schistosoma induces host monocyte TSP1 to activate pulmonary TGF-β as a contributor to the pulmonary vascular disease typical with this chronic infection (61, 62). Mitigating the TGF-β exploitation by these microbes consistently leads to decreased infectivity. For example, transgenic mice specifically lacking bronchial epithelial cell TGF-β1 display robust protection from influenza-induced weight loss, airway inflammation, and tissue injury; these airway null mice also have a heightened antiviral immune response (63). There is emerging evidence that SARS-CoV-2 has also evolved to exploit TGF-β and increase its infectivity. Parallel immunoprecipitation studies of SARS-CoV-2 or SARS-CoV-infected human respiratory epithelial cells (A549) reveal a strong and exclusive interaction of the open reading frame 8 (ORF8) protein of SARS-CoV-2 with TGF-β1, TGF-β2, TGFBR2, LTBP1 (and thus latent TGF-β1) that was not seen with SARS-CoV infection. The mechanism for these interactions is unclear, as the small ORF8 protein has no known amino acid sequences for activating LAP, LTBP, or for TGF-β isoform binding such as KRFK, RGD, or WXXW motifs. Whether the ORF8 interaction leads to TGF-β1 activation is unknown (29). Moreover, the TGF-β induced genes fibronectin (FN1) and plasminogen activator inhibitor (PAI-I, SERPINE1 gene) were prominently upregulated, but this was not seen with SARS-CoV infected cells. Another study found that phosphorylation and activation of the TGF-β pathway is prominent in SARS-CoV-2 infection (64). These findings suggest that exploitation of host TGF-β is a key mechanism of SARS-CoV-2 infection, and that inhibition of this pathway is a promising treatment for SARS-CoV-2 infection.

Well-characterized immune responses that occur during SARS-CoV-2 infection include aberrant activity of both the innate and adaptive immune systems (65). Cell-mediated innate immunity functions by activating toll like receptors (TLRs) and triggering interferon (IFN) production at sites of infection (66). Cytokines released by pro-inflammatory macrophages also play a key role in antiviral defense, activating T cells which then produce IFN-gamma and cytokines that activate more macrophages, driving a loop of anti-viral inflammation (67, 68). One hypothesis is that interference with IFN production is a key perturbation that allows SARS-CoV-2 to replicate freely during early infection. In later stages of severe disease, a rebound IFN response can be exaggerated–leading to cytokine storm and inflammation. Complement is also activated in SARS-CoV-2 and animal studies have shown that inhibition of complement may be beneficial during infection (69). The formation of neutrophil extracellular traps (NETs) is critical to the disruption of the microvasculature, with an imbalance in formation and degradation driving inflammation and occlusive NET-derived immunothrombosis (70). Adaptive immunity also plays a key role, with B cells producing multiple classes of antibodies. The production of these antibodies does not occur until at least day 7–8 of infection, and delays in antibody production have been associated with more severe COVID-19 illness (54). T cells are also activated with a predominance of CD4+ and CD8+ cells. Novel T cell responses are seen in SARS-CoV-2 infection, with increased T cell death by apoptosis and increased syncytia activity, presumably induced by SARS-CoV-2, which when internalized can kill T cells. It has also been observed that highly active CD16+ T cells are linked to microvascular endothelial cell injury and these cells can persist after acute infection which may contribute to long COVID. Other key players include pro-fibrotic CD163-expressing monocyte derived macrophages, and NK cells that exhibit impaired anti-fibrotic function (65). This review will focus on the multi-faceted TGF-β response seen with SARS-CoV-2 infection.



Linking TGF-β activation with thrombo-inflammatory responses in COVID-19

SARS-CoV was a much less prevalent coronavirus that also demonstrated TGF-β dysregulation, with frequent ARDS and pulmonary fibrosis, but it caused less than a thousand deaths (71). Using human peripheral lung epithelial (HPL) cell models infected with SARS-CoV, Zhao et al. found high levels of TGF-β expression, leading to increased plasminogen activator inhibitor-1 (PAI-1) related tissue fibrosis (58). This mechanism of TGF-β induced expression of PAI-1 has been well-described in prior models of lung fibrosis (72). In this same model of HPL cells, low levels of SMAD3/4 TGF-β induced apoptosis were found, leading to persistence of virus infected cells. The SARS-CoV papain-like protease was also shown to induce TGF-β signaling including fibrotic pathways in lung epithelial cells and blood monocytes (73, 74). Elevated levels of TGF-β1 in blood and high expression in autopsied lung were also reported in SARS 2003 patients (75, 76). Therefore, it is thought that TGF-β played an important role in the pathogenesis of SARS-CoV by promoting replication and proliferation of the virus and contributing to coagulation dysregulation and lung fibrosis.

SARS-CoV-2 infection has also been associated with dysregulation of the TGF-β pathway, resulting in increased TGF-β levels and pathway activity. Signatures of increased TGF-β activity in COVID-19 patients include increased plasma and serum TGF-β1 levels (77, 78), increased RNA levels of TGF β-induced protein in the blood of ARDS patients (79), plasmablast and monocyte TGF-β signatures in blood (80), increased IgA class switching pathognomonic of a TGF-β effect (81), and TGF-β mediated suppression of circulating NK cells (78). Furthermore, increased blood TGF-β levels were characteristically correlated with increased disease severity (80, 82). Strikingly, myeloid-derived suppressor cells (MDSC) from COVID-19 patients suppress T effector cells but this effect can be blocked with a neutralizing antibody to TGF-β, and this TGF-β antibody also rescued interferon responses in MDSC to SARS-CoV-2 antigens, where the number of MDSC also correlated with plasma TGF-β1 levels (83).

Another function of TGF-β is to dampen excessive immune responses and maintain homeostasis. This effect is unfortunately aberrant in SARS-CoV-2 infection due to the timing of its expression. In the sera of patients with severe COVID-19 infections, TGF-β gene expression was found to peak during the first 2 weeks of infection (78). At this time, NK cells, a key part of the innate immune system with activity against RNA viruses, were found to be inhibited in a TGF-β-dependent fashion. After pretreatment with TGF-β blocking antibodies, NK cell function recovered (78). This shows that it is not only the expression, but also the timing of TGF-β responses that allows the virus to proliferate, undetected and undisturbed by the immune system. In parallel, TGF-β1 could also contribute to inflammation through Th17 pathway activation in an IL-6 rich environment such as in the pulmonary phase of COVID-19 (67, 84–86). Interestingly, a subset of SARS-CoV-2 infections leads to a multisystem inflammatory syndrome in children (MIS-C; can also occur in adults) similar to Kawasaki’s disease–a disease associated with common genetic variation in the TGF-β pathway (87, 88).


Evidence of TGF-β as a mediator of lung microvascular injury and thrombosis during COVID-19

Most COVID-19 deaths occur from ARDS. While ARDS was also the major cause of death in SARS 2004, our understanding of lung pathophysiology in the SARS 2004 pandemic was limited by its brief duration and limited mortality (89). Due to its longer pandemic duration and an extensive number of investigations, substantial insights into COVID-19 ARDS have been made. Many of these insights resulted from its comparison to data from investigations of ARDS due to influenza, bacterial, and other etiologies (designated here as non-COVID ARDS). Compared to non-COVID ARDS, COVID-19 ARDS has evidence of more extensive microvascular thrombosis (in skin and lung) and a higher propensity to cause lung fibrosis (90, 91).

Microvascular clotting and venous thromboembolism are more common in COVID ARDS (90). Empiric treatment dose anticoagulation has been shown to benefit hospitalized COVID-19 patients outside of intensive care units (ICU), but not in severely-ill patients–suggesting that full dose anticoagulation may come too late in these patients to be of benefit (this subgroup still benefits from prophylactic anticoagulation) (92). The severity of microvascular clotting in COVID-19 ARDS has been surprising, with extensive clotting in lung and skin far surpassing that seen in non-COVID ARDS, with no clear explanations (93, 94).

In one study, postmortem lung samples and antemortem plasma samples were collected from a cohort of COVID-19 ARDS patients. In these samples, TGF-β expression and blood TGF-β1 levels paralleled PAI-1 expression in fibrotic areas of lung and in the endothelium of alveolar septal capillaries and blood vessels (95). PAI-1, a potent inhibitor of fibrinolysis, would be expected to promote clotting in these regions (28). This correlation of TGF-β with PAI-1 highlights an imbalance between prothrombotic and antifibrinolytic pathways in COVID-19. In autopsy studies of patients who died from COVID-19 versus those who died of causes without ARDS, there was a significant increase in expression of TGF-β1 in COVID-19 lungs (96). This TGF-β increase was associated with activation of the Th2 pathway, since increased immune expression of sphingosine-1 (M2 macrophages) and IL-4 were found. M2 macrophages are known to stimulate TGF-β which, in turn, potentiates tissue fibrosis and ineffective pathways for viral clearance. Most COVID-19 autopsy studies have not reported TGF-β staining.

Elevated blood TGF-β1 levels are described in multiple reports of COVID-19 cohorts and may also be a biomarker of COVID ARDS severity. Colarusso et al. described higher plasma TGF-β1 levels and higher stimulated release of TGF-β1 from blood monocytes in patients with signs of lung fibrosis on imaging (97, 98). Ghazavi et al. found increased serum TGF-β1 levels in COVID-19 patients that correlated positively with disease severity and serum IL-17 (82). Serum TGF-β1 levels have also been show to correlate with circulating monocyte phenotype in severe COVID-19 (99). In another study, blood levels of TGF-β-induced protein (TGF-βIp) were markedly elevated in severe COVID-19 (79). This protein is of particular interest as its transgenic overexpression worsens pulmonary emboli in a murine model of venous thromboembolism (30). The cause of increased blood TGF-β1 and activity in COVID-19 is likely in large part related to elevated pro-inflammatory cytokines and oxidant stress. IL-1 and IL-17 are proinflammatory cytokines that are typically elevated in blood of severe COVID-19 patients. IL-6 increases TGF-β1 expression, and IL-17 increases TGF-β receptor II expression (100, 101). TGF-β-induced epithelial-to-mesenchymal transition (EMT) via upregulation of NOX4 expression and activity that is augmented by intracellular oxidant stress (102). Thus, inhibition of TGF-β production by IL-6 may be one mechanism underlying the survival benefit seen with IL-6 inhibitor administration during severe COVID-19 (84). Likewise, corticosteroids improve survival in hypoxic COVID-19 patients, and steroid effects include suppression of TGF-β1 gene expression (103, 104).

Assessment of airspace levels of TGF-β or airway immune cell TGF-β expression during COVID-19 ARDS have been limited to a few reports based on understandable desire to limit aerosolization of sputum from COVID-19 patients to research or clinical personnel. While multiple groups have reported on RNA expression or inflammatory cell distributions within BAL fluid from mechanically ventilated COVID-19 patients, to our knowledge none have reported an assessment of TGF-β protein levels in BAL fluid or other respiratory specimens. Grant et al. collected BAL from 88 COVID-19 patients and reported RNA sequencing results on 10 specimens and cell subset analyses by flow cytometry; in this study TGF-β was not reported as a dysregulated gene nor was a TGF-β driven gene signature reported among findings of T cell and macrophage drive alveolar inflammation (68). Ronit et al. studied lymphocyte subsets and a limited cytokine panel from BAL of four COVID-19 patients and found an inflammatory pattern, but TGF-β was not a target of the assays (105). Xiong et al. reported that RNA sequencing results from two COVID-19 BAL specimens demonstrated significantly increased TGF-β2 gene expression in BAL cells compared to three healthy controls (106). Zhou et al. reported RNA sequencing results from cells of eight COVID-19 BAL specimens compared to healthy control and non-COVID pneumonia patients, but TGF-β genes were not reported as dysregulated. Ferreira-Gomes et al. reported day 31 and day 46 BAL cell analysis from one mechanically-ventilated COVID-19 ARDS patient and found persistently high TGF-β protein in T cells (80). Since TGF-β availability is regulated at the post-transcriptional level, measurement of active TGF-β levels in lung secretions and lung tissue will be important to assess.

Cell-based models of respiratory epithelial cell infection with SARS-CoV-2 have provided additional insights into the role of TGF-β in epithelial cell injury. In an interactome study, human A549 lung epithelial cells transfected with individual SARS-CoV-2 proteins showed a prominent and exclusive binding of the viral ORF8 protein with TGF-β1-2 isoforms, TGF-β receptor 2 (TGFβR2), and L-TGF-β (29). This finding was unexpected, as the small ORF8 protein has no known protein sequences for LAP, LTBP, or TGF-β isoform binding such as KRFK, RGD, or WXXW motifs (107, 108). Moreover, known TGF-β1 induced genes fibronectin and PAI-1 were upregulated.

A recent animal model of COVID-19 used the MA10 mouse strain to evaluate longitudinal changes in lung pathology with a non-lethal SARS-CoV-2 dosing approach. This model revealed a post-transcriptional pattern of increased alveolar TGF-β1 pathway signaling (such as fibronectin and type I collagen upregulation) at days 15 and 30 post-infection. Moreover, increased TGF-β1 gene transcription was seen in areas of residual fibrosis at 15–120 days after clearance of viral infection (109).



Evidence of TGF-β as a mediator of skin microvascular injury and thrombosis during COVID-19

COVID-19 is associated with variable dermatologic presentations with vasculopathies being common. The rich capillary supply network of skin and its safe and feasible biopsy have given important insights into the microthrombotic and inflammatory features of COVID-19. Of particular interest is the ability of skin biopsies to give information on living COVID-19 patients. In comparison, study of tissues such as lung or heart microvascular injury during COVID-19 are mostly limited to animal or human autopsy studies.

Prevalence estimates for COVID-19 skin disease are confounded by the predominance of case reports, nevertheless, data from reviews suggest that dermatologic microvascular damage may be present in up to 20–25% of cases, and in almost all severe cases (110). Of these, the most frequently reported conditions are chilblain-like vasculitic acral lesions (pernio-like lesions, “COVID toe”) and reticular lesions such as livedo reticularis and retiform purpura, typically associated with microvascular clotting (110). Several pathophysiologic mechanisms have been implicated in the development of these cutaneous microvascular lesions. In one study, microthrombosis was seen in 87% of premortem skin biopsies of severe COVID-19 cases with ARDS, but no microthrombi were seen in the premortem skin biopsies of mild COVID-19 cases or in skin from ARDS patients with non-COVID etiologies (111). As to inflammatory mediators in COVID-19 affected skin, terminal complement C5b-9 and MASP2 (lectin complement pathway) deposition are prominent in skin biopsies of severely ill COVID-19 patients with livedoid or purpuric cutaneous reactions that clinically suggest vasculitis. Strikingly, deposition of C5b-9 has also been demonstrated in biopsies of apparently normal skin–where its deposition tracks COVID-19 severity (highest in COVID-19 ARDS), while such C5b-9 deposition is absent from the skin of patients with non-COVID ARDS (69, 111). This complement deposition damages the endothelium resulting in further clotting cascade activation and a pro-coagulative state, likely explaining the tight correlation of complement deposition with micro-thrombosis. Complement activation has also been demonstrated in acro-ischemic chilblain-like lesions frequently seen in milder COVID-19 cases and in younger patients (112).

Prominent expression of the transcription factor SIN3A has been demonstrated in premortem skin biopsies of severe COVID-19 patients, where it also correlates with disease severity (111). The potential significance of this finding in the context of TGF-β is that SIN3A is known to co-localize with SMAD transcription factors on TGF-β driven gene promoters, suggesting it may have a cooperative effect with TGF-β on the genesis of microvascular injury during COVID-19 (113). To our knowledge, no biopsy studies have directly evaluated levels of skin TGF-β protein or RNA expression in COVID-19. At autopsy, skin is among the highest ACE2 receptor expressing organs in COVID-19 patients (second only to the lungs) (69). Binding of spike protein (“pseudovirus”) to dermal microvessel ACE2 also correlates strongly as a signal for subsequent complement deposition and inflammation (110, 114). These reports demonstrate unique pathophysiologic features linked with cutaneous microvascular damage, overall disease severity, and patient outcomes. This evidence suggests an interplay of several inflammatory pathways in the pathogenesis of microvascular skin conditions in COVID-19. Further high-quality clinical studies are needed to fully elucidate the pathophysiology of these microvascular manifestations as well as their clinical significance in relation to overall COVID-19 severity and treatment options. Importantly, skin biopsies in living subjects remain a feasible and minimally invasive technique to better understand the longitudinal microvascular pathophysiology of COVID-19, particularly related to investigation of TGF-β pathways. Importantly, anti-TGF-β therapies have been shown to have dramatic effects on TGF-β driven genes in analyses of skin biopsy from clinical trial subjects with scleroderma (115). Analysis of skin biopsies from COVID-19 patients treated with anti-TGF-β therapies also promise to be a useful, safe, and feasible window in understanding the effects of these therapies on microvascular injury due to inflammation and clotting.

These data show that TGF-β is a key mediator in the pathogenicity of COVID-19 and likely vital to the virus’s asymptomatic carriage that contributes to high viral loads and increased viral spread, delayed progression to severe illness, and transition in a subset of patients into a pro-inflammatory, pro-fibrotic final phase of illness with prominent microvascular clotting. A summary of the key evidence for this paradigm during COVID-19 illness is listed in Table 2 and illustrated by Figure 2.


TABLE 2    Key evidence for transforming growth factor-beta (TGF-β) as a mediator of COVID-19 immune dysregulation and thrombosis.
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FIGURE 2
Cartoon schematic of aberrant transforming growth factor-beta (TGF-β) pathway activity during SARS-CoV-2 infection in the human lung microvasculature and its consequences. Skin, kidney, and other organ involvement are not depicted but similar mechanisms likely occur.





TGF-β pathway inhibitors may ameliorate TGF-β driven thrombosis and immune dysregulation in COVID-19

Given the substantial evidence that SARS-CoV-2 stimulates host TGF-β pathways, TGF-β antagonism arises as a potential therapeutic target for improving outcomes during COVID-19 illness. Such an approach was suggested by multiple investigators early in the COVID-19 pandemic (80, 108, 116, 117). Over a dozen TGF-β inhibitors (TGF-βi) have been evaluated in human clinical trials of cancer and inflammatory diseases. Thus given the evidence presented above, the TGF-βi space is ripe for immediate repurposing for animal “proof of principle” studies and subsequent clinical trials of COVID-19 (Table 3; 118). A number of robust animal models exist for COVID-19, allowing rapid assessment of candidate TGF-βi for efficacy and safety to identify agents worth promoting to human clinical trials (119–122).


TABLE 3    Transforming growth factor-beta (TGF-β) pathway inhibitors (approved, currently in clinical trials, or preclinical) potentially relevant to COVID-19 prevention or treatment.
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To date, the majority of TGF-βi have failed to benefit primary outcomes in phase I-II clinical trials of various cancers and inflammatory diseases (123–127). For some agents, recognition of concerning adverse events limited further development (127, 128). None of these studies evaluated thrombosis as an outcome. These existing TGF-βi target multiple points in the TGF-β pathway (Table 3). TGF-β receptor inhibitors are typically small molecule oral drugs that inhibit intracellular TGF-β receptor I (TGFBRI, also known as ALK5) or TGF-β receptor II (TGFBRII) kinase activity, including catechin polyphenol derivatives of green tea extracts (52, 126). Antibodies to TGF-β ligand (both to individual and to all TGF-β isoforms) also exist, as do ligand traps (124, 129–131). Agents targeted at preventing L-TGF-β activation such as integrin inhibitors have already entered clinical trials of inflammatory diseases (125), and antibodies and small molecules blocking L-TGF-β are in preclinical development (132, 133). Angiotensin converting enzyme inhibitors and angiotensin-II receptor blockers such as losartan has been evaluated in clinical trials of COVID-19 (NCT04312009 and NCT04312009) given their low cost, worldwide availability as approved drugs for hypertension and heart failure, and their potential modulation of surface expression of the ACE2 receptor where the SARS-CoV-2 spike protein binds for its cellular uptake route. These agents are also known to have off-target effects via decreased TGF-β signaling through inhibiting synthesis of TSP1 and other mediators that increase active TGF-β (134). They have been used to slow TGF-β mediated thoracic aortic aneurysm progression in Marfan’s disease with evidence for improved outcomes (135). To date, losartan has not been shown to improve outcomes in COVID-19 (136). As these agents are not specifically directed at TGF-β, they are not a subject of this review.

Antisense RNA agents targeting TGF-β1 or TGF-β2 are also in development or in clinical trials (137). Notably, while only one of these agents is FDA-approved, in most cases these agents could undergo a rapid production phase as most have already completed phase I trials. These would be reasonable agents to test in animal models of COVID-19, selecting promising agents for further evaluation in human trials. One TGF-βi, luspatercept, is an FDA-approved TGF-β “trap” that is already marketed worldwide in a subcutaneous formulation to decrease red cell transfusion needs in thalassemia. In thalassemia, marrow production of red blood cells is inhibited by TGF-β (129). Pirfenidone and nintedanib are an antifibrotic agents that have anti-TGF-β properties and are approved in many countries for the treatment of idiopathic pulmonary fibrosis. Pirfenidone works in part by inhibiting furin, an enzyme that activates TGF-β from its precursor form. Furin is also necessary for SARS-CoV-2 internalization (138). A phase 2 trial of pirfenidone in 146 inpatients with acute COVID-19 (NCT04282902) did not meet its primary endpoint for change in pulmonary-related quality of life scoring at week 4, but improvements in secondary outcomes such as decreased proinflammatory cytokines, decreased coagulation biomarkers, and decreased hospital days were reported (139). Pirfenidone is currently in a phase II clinical trial for post-COVID-19 pulmonary fibrosis (NCT04607928). Nintedanib is also being evaluated in post-COVID fibrosis in several phase III-IV trials (NCT04541680 and NCT04619680). To date, only one clinical trial of a specific TGF-βi for use during COVID-19 illness has begun and is ongoing. This trial tests the effect of trabedersen, an antisense RNA for TGF-β2 (137). Trabedersen has been repurposed for evaluation in COVID-19, a decade after an initial clinical trial in brain tumors did not show improved outcomes (140). The ongoing phase 2 double blind placebo-controlled trial in South America of hospitalized severe COVID-19 patients involves a 7-day intravenous infusion of trabedersen or placebo in combination with the oral anti-malarial drug artemisinin (which binds to TGF-βR2) (141); results have not been published (NCT04801017).

Transforming growth factor-beta (TGF-β) inhibition will also have direct or indirect effects on other cytokines that should on balance be beneficial during COVID-19 illness. TGF-β1 drives proinflammatory Th17 cell production (38), and Th17 cell number and activity (including IL-17 and IL-23 secretion) are increased during COVID-19 illness (86, 142). TGF-β1 also indirectly upregulates HIF-1α induced genes via decreased expression of PHD2, which leads to an increase in intracellular HIF-1α levels (since PHD2 normally leads to hydroxylation and ubiquitination/destruction of HIF-1α) (45). Thus, HIF-1α driven genes such as vascular endothelial growth factor, erythropoietin, heme oxygenase-1, and glucose transporter 1 would be expected to decrease with TGF-βi.



Scope and limitations of using TGF-β inhibitors and antisense RNA agents

The best timing of administration of TGF-βi in this paradigm remains unclear. Existing data suggests that SARS-CoV-2 exploitation of TGF-β and related immune evasion most likely occurs during early infection (week 1) when a milder illness is present. During this early stage, an immune reconstitution driven by TGF-βi administration would strengthen anti-viral immunity and be less likely to have adverse effects. However, even after the onset of fever and a proinflammatory state or cytokine storm in more severe COVID-19 cases (correlating with immune recognition of infection, typically week 2 post-infection), evidence of ongoing TGF-β activity persists–such as IgA antibody class switching, high TGF-β blood levels, Th17 pathway activation, and the onset of lung fibrosis (54, 80, 86, 97, 105, 143). Thus, TGF-β pathway activity may remain high over most of the illness course, particularly in severe cases and during lung fibrosis. During these later inflammatory stages, an immune reconstitution driven by TGF-βi administration could trigger adverse inflammatory effects. For example, in one study of cancer patients given an antibody to TGF-βRII, a cytokine release syndrome developed that limited further drug development and suggested that immune stimulation occurred with this agent (144). However, such adverse events have been rare with TGF-βi and may be ameliorated in COVID-19 by concomitant therapies such as steroids and anti-inflammatory agents that are already given in hospitalized patients with severe illness requiring oxygen therapy (84, 103). Current studies are insufficient to implicate TGF-β in the “long covid” syndrome, also known as the post-acute syndrome of COVID (PASC). However, Colarusso et al. have demonstrated elevated blood levels of TGF-β1 and stimulated blood monocyte release of excessive TGF-β1 in patients with persistent lung abnormalities on computed tomography scans months after clearance of SARS-CoV-2 (97, 98, 145). If clinical trials of TGF-βi are shown to be effective in acute COVID-19, it will be important to assess their effect on PASC.

Any salutary effects of TGF-βi on COVID-19 induced thrombosis would have to be additional to those already proven for the standard therapeutic anticoagulant heparin (92). Moreover, due to TGF-β’s pluripotent effects on inflammatory and immune mediators, separating out specific TGF-βi effects on thrombosis will be difficult in the greater context of its more direct effects on immune function and inflammation. Moreover, unexpected side effects could occur with TGF-βi given the panoply of genes and processes that TGF-β regulates.




Summary

Thrombosis, inflammation, and immune dysregulation are all key events that contribute to microvascular injury and adverse outcomes during SARS-CoV-2 infection. Increasing evidence suggests that activation of the TGF-β pathway is a prominent feature of the microvascular clotting and inflammatory injury characteristic of SARS-CoV-2 infection. Given the substantial evolution seen in other viruses and pathogens where enhancement of their fitness is achieved by TGF-β hijacking, a paradigm exists where SARS-CoV-2 elicits initial immune evasion by increasing activation of host TGF-β. Ongoing TGF-β activation then promotes collateral downstream adverse effects during the inflammatory phase of COVID-19 such as continued immune dysregulation, inflammatory injury including Th17 pathway activation, and fibrosis. These reports suggest that TGF-β pathway inhibitors may be a useful approach to improve outcomes in SARS-CoV-2 infection. One such inhibitor is already being tested in a clinical trial of COVID-19, one inhibitor is FDA-approved for another illness, and over a dozen inhibitors are available for repurposing after unsuccessful or ongoing clinical trials in cancer and inflammatory diseases. Evaluation of these inhibitors in animal models of COVID-19 is highly feasible and will be an important first step for “proof of concept” before clinical trials in humans with SARS-CoV-2 infection.
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Sotatercept Acceleron SQ TGEFB trap Investigationa Of 21 trials: Phase 2
(ACE-001) (Merck) (ACtRIIa) pulmonary hypertension | NCT03496207
NCT04896008
Bintrafusp-o EMD Serrano v Bifunctional Ab: | Investigational Of 46 trials: Phase 1-2; ongoing or
(M7824) (Merck-GSK) TGEFB-trap, cancer NCT02517398 completed
aPDL1 NCT04727541 Tolerable (rash, pruritis)
Dalutrafusp-a Gilead v Bifunctional Ab: | Investigational NCT03954704 Phase 1, terminated
(GS-1423) aCD73, cancer

TGEFB-Trap
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Antisense RNA

NCT00844064

Trabedersen Autotelic Investigational Phase 2-3
AP12009 (Isarna) topical to TGFp2 cancer NCT00431561 Ongoing or completed/
OT-101 COVID-19 NCT00761280 Unpublished
myopia NCT04801017
ISTHO0036 Isarna Therapeutics | Eye Antisense RNA | Investigational NCT02406833 Phase 2, Ongoing
to TGFB1 glaucoma
AMD
TRK-250 Toray Industries Inhaled Antisense RNA | Investigational NCT03727802 Phase 1, Ongoing
to TGFB1 Lung fibrosis
XOMAO089 Novartis 1IV/SQ TGFp 1-3 Ab Preclinical NA NA
(all isoforms)
1Y2382770 Eli Lilly SQ TGFB1 Ab Investigationa NCT01113801 Phase 2, completed
kidney disease No clinical benefit to date
Well-tolerated
Fresolimumab Sanofi v TGFp 1-3 Ab Investigationa Of 12 trials: Phase 2; completed
(GC1008) (to all isoforms) | cancer NCT00125385 No clinical benefit to date
fibrosis NCT01665391 Skin toxicity
SRK-181 Gilead v Latent-TGFp1 Investigationa NCT04291079 Phase 1, Ongoing
(Scholar-Rock) Ab cancer
NA Merck (Tilos) v Anti-LAP Pre-clinical NA NA
integrin Ab cancer
BG00011 Biogen sQ anti-avp6 Investigational NCT01371305 Phase 2, unpublished
(STX100) integrin Ab Lung fibrosis Trials stopped early 2017
VTX-001 Venn Therapeutics | IV/SQ anti-avB6 Pre-clinical None to date NA
integrin Ab fibrosis

Some pre-clinical agents and other agents with halted development are not shown. Only one drug is FDA-approved (luspatercept), and only one drug is currently in COVID-19 clinical
trials (trabedersen). Ab, antibody; ACtRIIa, activin receptor ITa; ACtRIIb, activin receptor IIb; AMD, adult macular degeneration; aPDL1, anti-programmed death ligand 1; IV; intravenous;
LAP, latency activating peptide; NA, not applicable; SQ, subcutaneous; TGF-B, transforming growth factor beta; TGFBIR, TGE-B receptor I, also known as ALK5; TGFBR2 trap, Fc-based
compound containing copies of TGF-B receptor II; TGFBRIi, TGF-B receptor I inhibitor.
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TGEB in platelets is bound to thrombospondin-1 (an key activator of latent TGFp)
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TGEp enhances platelet aggregation via effects on the fibrinogen receptor
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Platelets have TGFB receptors; TGFB1 does not cause direct platelet aggregation but modulates ADP-induced aggregation

Ahamed et al. (21)

Shear stress causes activation of circulating latent TGFf (present in the LLC form), in vivo clotting releases TGFf
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TGEB indirectly activates platelets through platelet TGFp induced protein, which potently increases in vivo clotting
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Platelet TGFf induces tissue factor expression

Alllisted studies are cited in the references section. TGF-B, transforming growth factor beta; LLC, large latent complex; PAI-I, plasminogen activator inhibitor; SLC, small latent complex;

SMAD, small mothers against decapentaplegic (transcription factor named as an anagram after homologies with fly and worm genes).
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