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Capillary regression, a key pathogenic feature of COVID-19 infection?
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ABSTRACT

In this brief communication, we propose the concept that capillary regression may
represent a primary pathogenic process underlying COVID-19 infection, particularly in
the serious and life-threatening manifestations of the disease. We suggest that the
marked elevations of pro-inflammatory mediators that are observed in these seriously ill
patients may directly induce capillary regression and endothelial cell (EC) loss. Recent
autopsy studies are demonstrating EC loss leading to widespread microthrombi and
associated tissue damage. Recent work has indicated that interleukin-1 beta (IL-1pB),
tumor necrosis factor-alpha (TNFa), and thrombin, individually and in combination, can
potently cause capillary tube regression in experimental models in vitro and in vivo.
Other pro-inflammatory mediators including interferon gamma (IFNy), interleukin-4 (IL-
4), and interleukin-13 (IL-13) were also shown to be pro-regressive and could be
relevant mediators in COVID-19 patients. Interestingly, combinations of pharmacologic
agents were identified that reduced capillary regression and protected capillary tube
networks against these pro-inflammatory mediators. Such an approach might be an
important therapeutic option going forward to treat key disease states where capillary
regression plays a major underlying pathogenic role. Finally, if capillary regression is
occurring in response to these pro-inflammatory mediators during COVID-19 infection,
we suggest that combinations of blocking agents directed to these key pro-regressive

mediators might be necessary to appropriately treat patients.
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COMMUNICATION

In severe cases, coronavirus disease 2019 (COVID-19) is associated with acute
respiratory distress syndrome (ARDS), which classically results from increased
permeability of pulmonary capillaries [1-3]. The vascular leakage characteristic of
ARDS diminishes the capacity for oxygen to diffuse from the alveolar space into
adjacent capillaries, leading to respiratory failure and systemic hypoxia. Other
mechanisms that can contribute to capillary dysfunction and hypoxia include
development of microthrombi and endothelial cell (EC) death. COVID-19 autopsy cases
are revealing evidence for all of these mechanisms of pulmonary capillary damage,
including microthrombi, inflammatory cell infiltration into small vessels, EC death,
edema, and focal hemorrhages [1, 2, 4, 5]. In this brief perspective, we address
potential mechanisms by which COVID-19 might lead to EC death and capillary
regression in lungs and other organs, resulting in an ARDS-like condition, systemic

hypoxia and multi-organ failure.

Patients with particularly severe COVID-19 symptoms frequently show marked
elevation of pro-inflammatory factors such as thrombin, IFNy, and the cytokines TNFa,
IL-6, and IL-18 [3, 6-8]. These factors are interesting in the context of COVID-19-related
vascular damage because of their known capacity to cause vascular permeability and/or
thrombosis. They are also interesting to our two laboratories because of our recent work
identifying key regulators of capillary regression [9]. Capillary regression (i.e. EC loss
and death) is an understudied process that appears to play a pathogenic role in
numerous disease states, including hypertension, ischemia and infarction, diabetes,
heart failure, malignant cancers, neurodegeneration, and sepsis. Our broad screen of
many growth factors, cytokines and other molecules revealed that the most potent pro-
regressive molecules we could identify were IL-1[3, IL-1a, TNFa, and thrombin [9].
When added individually or in combination, they induced profound capillary collapse
and regression and selective loss of EC-lined tubes but did not cause loss of associated
pericytes [9]. Thrombin also enhanced the pro-regressive activities of both IL-1
isoforms and TNFa. This broad screen also revealed that IFNy and IL-4 have strong

pro-regressive activity, and both have been identified as upregulated factors in the
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COVID-19 “cytokine storm”. Interestingly, with regard to current COVID-19 clinical trials,
the addition of IL-6 did not cause regression of capillary tubes in these experiments [9].
Importantly, this work also identified strong pro-regressive activities derived from
activated macrophages treated with the toll-like receptor agonist lipopolysaccharide
(LPS), a component derived from Gram-negative bacteria. Conditioned medium from
LPS-treated macrophages dramatically induced capillary regression of EC tube
networks, and antibody neutralization experiments demonstrated that the key pro-
regressive factors made by the macrophages were IL-18 and TNFa [9]. Blocking
antibodies to these two factors interfered with the macrophage pro-regressive activity,
while neutralizing antibodies directed to IL-6 or IL-1a had no effect. This finding was
further validated when blocking antibodies directed to both IL-13 and TNFa led to
reduced hyaloid vascular regression (a physiological vascular regression process) in the
neonatal mouse eye [9]. Hyaloid vessel regression relies on local macrophages, which
we found induce IL-1B during the regression process. Overall, this work demonstrated
that capillary regression is potently controlled by macrophage-derived pro-inflammatory
cytokines (i.e. IL-1p and TNFa) and that the pro-regressive activity of these cytokines is
further enhanced by thrombin. Interestingly, there has been a recent call to use anti-
TNF therapy in COVID-19 patients [10] and furthermore, the administration of IL-1
receptor antagonist (IL-1RA) to a pediatric patient with COVID-19 appeared to have a

clinical benefit [11].

Because of the correlation between factors upregulated in severely ill COVID-19
patients and those we identified that cause capillary regression, a central question is
whether the SARS-CoV-2 virus can induce capillary regression in infected tissues such
as the lung and heart, which are essential for systemic oxygenation and tissue health
(Figure 1). The alveolar wall, a major site of infection for SARS-CoV-2 and other upper
respiratory viruses, consists of alveolar epithelial cells, adjacent macrophages, and
capillaries consisting of ECs and associated pericytes. Macrophages are a major source
of inflammatory cytokines, including the ones that we have found to trigger capillary
regression. Interestingly, SARS-coronaviruses and many other highly pathogenic
viruses can activate the NLRP3 inflammasome, which leads to production and release

of IL-1B and IL-18 from various cell types, including macrophages [3, 6]. Therefore,
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direct infection of macrophages with SARS-CoV-2, or interactions between
macrophages and other infected cell types (e.g. in the alveolar wall), might induce
inflammasome activation and local elevation of active IL-1p3 as well as upregulate the
production and release of other key mediators such as TNFa and thrombin that could

drive capillary regression [6, 9].

An autopsy study of COVID-19 patients revealed the presence of viral particles
within ECs, and these patients showed evidence of EC apoptosis and inflammation
associated with degenerating ECs [2, 5]. In addition, microthrombi were observed
within the lumens of many small vessels. Additional autopsy studies also presented
evidence for EC dysfunction as a central pathogenic feature in many tissues, including
the lung, heart, kidney and small intestine [1, 4, 5]. In these tissue sites, microthrombi,
focal necrosis, and hemorrhages were observed. Evidence for ARDS within the lung
tissues of these patients was also noted, including diffuse alveolar damage, hyaline
membranes in alveolar spaces, and thickening of alveolar interstitial spaces. A key
question is whether the capillary disruption and EC death observed in these patients
resulted directly from viral infection of ECs or from inflammatory mediator-induced
capillary collapse and regression. The early autopsy findings are consistent with the
possibility that capillary regression is occurring and that it may be a central pathogenic
feature of this disease process. A capillary regression signaling signature we recently
identified [9] could help with determining if capillary regression is occurring in COVID-19
patients. We speculate that the ultimate severity of the disease might relate to the
extent of capillary loss during the infection coupled to the basal state of pulmonary
capillary density and function that was present in patients prior to viral infection (Figure
1). Such considerations might explain the findings of associated pre-existing conditions
correlating with COVID-19 disease severity, including cardiovascular diseases such as
hypertension or heart failure, diabetes, obesity, age, and smoking status, which can be
associated with reduced functional capillary networks within the pulmonary vasculature

and other tissues [1] (Figure 1).

If capillary regression is indeed a key aspect of COVID-19 pathogenesis, this will

impact therapeutic options for patients. In contrast to the transient issue of capillary
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leakage, which is reversible, physical loss of ECs through regression is a distinct and
more complex therapeutic problem. Thus, an important new therapeutic strategy to
consider for COVID-19 patients is protecting against EC death and capillary regression
(Figure 1). Since the combination of IL-13, TNFa, and thrombin causes capillary tube
network regression by inducing selective EC apoptosis (without loss of pericytes) [9],
combined blockade of these molecules (i.e. through the use of blocking antibodies, IL-
1RA, Factor Xa inhibitors or PAR1 inhibitors) may be necessary to prevent capillary
regression caused by SARS-CoV-2 infection. Since additional inflammatory mediators
such as IFNy, IL-4, and IL-13 can also disrupt capillary networks [9], blockade of these
molecules (i.e. with blocking antibodies) may also be necessary to prevent the capillary
regression process. We hypothesize that in serious acute injury situations (e.g. COVID-
19, ischemia, infarction, burn injury, or sepsis), multiple inflammatory mediators
released in a “cytokine storm” may contribute to capillary regression, and more effective
therapies will require inhibition of these mediators in combination rather than just

individually.

An alternative strategy would be to develop therapeutics to protect capillary tube
networks by antagonizing pro-regression signaling pathways[9] with pharmacologic
agents (Figure 1). This approach is analogous to what has been utilized in therapies
for ARDS or sepsis to reduce capillary permeability. Recently, we identified a
combination of pharmacologic drugs (i.e. abbreviated FISTSB) that interfered with EC
tube regression in response to single or multiple pro-regressive mediators, including IL-
1B, TNFa, and thrombin (also IFNy, IL-4, and IL-13) [9]. Pharmacologic agents such as
these might be particularly effective in alleviating functional or physical capillary loss in
COVID-19 patients when used in combination with neutralizing antibodies or
antagonistic recombinant proteins (e.g. IL-1RA) against pro-regressive inflammatory
mediators (Figure 1). Finally, the development of such therapeutic strategies should be
broadly applicable to other disease states where capillary regression is a major

underlying pathogenic mechanism.
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Figure Legends

Figure 1. Potential role of pro-inflammatory mediator-induced capillary regression in
COVID-19 and other related disease states.
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