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Poking holes in the blood-brain barrier
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Abstract

Bacterial lipopolysaccharide (LPS) is implicated in disrupting the blood-brain barrier (BBB). In
a recent issue of Nature, Wei et al. now show that LPS activates the inflammatory caspases (4,5,
and 11) and gasdermin D (GSDMD) in brain endothelial cells, which triggers their pyroptotic cell
death and disrupts the BBB.

The blood-brain barrier (BBB) is a critical boundary between the circulation and the

central nervous system (CNS) that maintains brain homeostasis, protects the brain from
harmful substances and edema, and limits the influx of inflammatory cells, all the while
facilitating uptake of nutrients and oxygen. It is comprised of brain endothelial cells (BECs),
connected by tight junctions (TJs) and adherent junctions, which limit paracellular transport;
surrounding pericytes that regulate angiogenesis and the BBB; and astrocytic end feet, which
connect the neurovasculature to the brain parenchyma and also regulate the BBB (Figure

1). The BBB restricts uptake of most hydrophilic molecules that do not bind to luminal

BEC receptors, which is an obstacle to developing CNS drugs. The BBB is disrupted during
neuroinflammation, traumatic brain injury, ischemia-reperfusion, and infection. Vascular
leak and BBB disruption are major contributors to cytokine storm and sepsis pathology. In a
recent issue of Nature, Wei et al. showed that BBB disruption by lipopolysaccharide (LPS)
depends on LPS activation of caspase-4, caspase-5, or caspase-11 and pore formation by
caspase-cleaved gasdermin D (GSDMD) in BECs.!

LPS in the outer membrane of Gram-negative bacteria is an important trigger of cytokine
storm and sepsis. LPS binds to cell surface Toll-like receptor 4 (TLR4) to initiate
inflammatory gene transcription and to the cytosolic inflammatory caspase-4 and caspase-5
in humans and caspase-11 in mice.2 In response to LPS, these caspases assemble into

large complexes, called noncanonical inflammasomes, and are activated to cleave GSDMD
and trigger pyroptosis in myeloid sentinel cells and mucosal epithelia throughout the
body.2:3 The N-terminal GSDMD fragment forms large pores in mitochondrial and plasma
membranes that cause highly inflammatory necrotic cell death (pyroptosis) and serve

as conduits to release inflammatory inter-leukin (IL)-1 family cytokines.? Caspase-4 is
constitutively expressed in myeloid, mucosal epithelial, and endothelial cells but is also
induced by TLR4 and other receptors that sense danger and infection, whereas caspase-5
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and caspase-11 are only expressed after cells sense danger.2#4 Human caspase-4 activates the
IL-1 family cytokine pro-1L-18 but does not activate pro-IL-1 B, while mouse caspase-11
does not process either.24:> Plasma membrane damage triggered by LPS also secondarily
activates the NLRP3 inflammasome, which activates caspase-1 (the other inflammatory
caspase in mice and humans) to amplify inflammation.

Caspase-4, caspase-5, or caspase-11 and GSDMD lie at the root of septic shock.?

Mice genetically deficient in caspase-11 or GSDMD are protected against lethal LPS
challenge. CASP4 expression in transgenic mice driven by the human CASP4 promoter
(so its expression resembles human expression) confers LPS hypersensitivity to CaspZ1~/~
mice that mimics the elevated LPS sensitivity of humans relative to mice.6 Caspase-4’s
constitutive expression, increased activity, and ability to activate 1L-18— compared to
caspase-11— may be responsible for the human exquisite vulnerability to sepsis.2*> LPS
has been previously shown to activate caspase-4-and caspase-11-mediated endothelial cell
pyroptosis to disrupt lung vascular integrity and cause fatal vascular leak and acute lung
injury in mice.” Previous papers also hint that BBB disruption following traumatic brain
injury, cerebral infarction, or high glucose-triggered retinal diabetic vasculopathy are caused
by caspase-1-GSDMD-mediated pyroptosis in BECs and pericytes.8-10

To investigate the role of caspase-11 and GSDMD in LPS-induced BBB disruption, Wei

et al.! assessed BBB integrity after administering a lethal dose (~50 mg/kg) of LPS to
wild-type (WT), T/r4=, Casp117'~, or Gsdmad™'~ mice. Intravenously injected Evans blue
dye was extravasated into the brains of WT mice but not any of the genetically deficient
mice, implicating TLR4, caspase-11, and GSDMD in BBB disruption. Similar findings were
observed with varying molecular weight dyes. When the TLR3 agonist poly(l:C) was used
to prime mice before LPS challenge, BBB was also disrupted in 7/r4~/~ mice, suggesting
that TLR4’s only role is to prime gene expression. Using the most sensitive tracer, even a
sublethal amount of LPS (2 mg/kg) disrupted the BBB.

Using the lethal LPS dose, BBB disruption was not detected in capillaries but was detected
in about one-quarter of arterioles and venules throughout the brain. This was surprising,
given the simpler structure of capillaries, unless the difference reflects limited sensitivity
for detecting dye leaking out from vessels with reduced surface area. The authors then used
single-cell RNA sequencing (scRNA-seq) of the mouse motor cortex (comparing brains
exposed or not exposed to LPS) to identify which cells respond to LPS. BECs, microglia,
and astrocytes had the most pronounced change in gene expression, but few pericytes were
captured in the sequencing data, and they were not analyzed. GSDMD was highly expressed
in BECs, whereas CD14 and caspase-11 were only strongly expressed after LPS exposure.
These results suggest that BECs might be the key cells undergoing pyroptosis to disrupt

the BBB (Figure 1). In fact, BECs localized in leaky vessels in LPS-treated WT (but not
Gsdmad™~) mice took up the membrane impermeable dye SYTOX green. Immunoblots of
brain vessels from LPS-exposed mice showed GSDMD cleavage in WT (but not Casp117")
mice. /n vitro LPS transfection into primary mouse BECs or human brain microvascular
endothelial cells caused caspase-11- or caspase-4-dependent GSDMD cleavage, respectively.
Moreover, LPS-transfected BECs released lactate dehyrogenase (LDH), a sign of plasma
membrane rupture, which depends on the integral plasma membrane protein NINJ12—
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although NINJ1 dependence was not examined experimentally. Electron microscopy of
LPS-treated mice revealed GSDMD-dependent detachment of BECs from the vascular
basement membrane, pyroptotic morphology, disrupted BEC TJs, and perivascular edema.
LPS treatment of transgenic mice expressing cytosolic tdTomato selectively in BECs
induced BEC dye uptake that correlated with tdTomato release, suggesting bidirectional
exchange between BECs and the blood. Dye uptake and leakage from BECs was abrogated
in mice conditionally ablated for Gsdmd in BECs and rescued using a BEC-targeted adeno-
associated virus (AAV) by WT, but not inactive mutant, GSDMD. Moreover, BEC-targeted
AAV expressing the pore-forming GSDMD N-terminal fragment disrupted the BBB on its
own. Taken together, these data strongly implicate caspase-11 and GSDMD-dependent BEC
cell death in LPS disruption of the BBB.

To show the importance of this BBB disruption pathway in human infection, the authors
needed to exploit the increased activity of caspase-4 vs. caspase-11. Gram-negative
Kilebsiella pneumoniae infection disrupted the BBB of mice expressing human CASP4 but
not of WT mice or of CASP4-transgenic mice genetically deficient in Gsamd. The Gsamd
dependence of BBB disruption in this model was confirmed by showing that AAV delivery
of a blocking GSDMD nanobody? in BECs maintained the BBB.

This study! makes a compelling case that activation of caspase-4 or caspase-11, GSDMD,
and pyroptosis in BECs play a major role in LPS-mediated BBB disruption. It raises several
intriguing questions. The BBB protects the brain from inflammation more effectively than
the vasculature in other tissues. Vascular leak in the systemic circulation strongly contributes
to morbidity and mortality of severe infection and sepsis. Most experiments in this paper
used a lethal LPS dose that causes vascular leak in major organs, but this paper did not
comment on whether the BBB and BECs were relatively resistant to LPS compared to other
blood vessels and their endothelial cells. Dose response and kinetics experiments in LPS
challenge and infection models comparing the leakiness of the BBB and systemic circulation
would be informative. Investigating the role of caspase-4-or caspase-11-GSDMD pyroptosis
in infection with microorganisms that cause clinical meningitis or encephalitis— including
Gram-positive and Gram-negative bacteria, viruses, fungi, and parasites—would also help
assess its clinical significance. Other microbial lipids (mostly unknown as of now) might
activate the noncanonical inflammasome and disrupt the BBB and cause systemic vascular
leak. Are there differences in activating this pathway in the fetus and neonate, whose

BBB is not mature, or in immunocompromised patients, who are more susceptible to CNS
infection? Could investigating this pathway shed light on the poorly understood mechanisms
responsible for making the BBB so much tighter than the systemic vasculature?

The BBB is a complex structure. It is unclear from this study whether LPS or infection
activate other cells in the neurovascular unit, especially pericytes and astrocytes. If so,

are caspase-4, caspase-11, or GSDMD involved, or are other caspases (such as caspase-1,
caspase-3, and caspase-8) or GSDMs (especially GSDME in astrocytes) involved?

Does activation of caspase-11/GSDMD in BECs or other cells increase the transfer of
molecules and inflammatory blood cells both between cells (paracellularly) or across cells
(intracellularly)? Are TJs disrupted, and if so, what is the mecha-nism? Pyroptosis disrupts
the cytoskeleton, which anchors TJs. Cytoskeletal disruption could dislocate TJs and lead to
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paracellular transport of molecules and cells and edema. What are the roles of NINJ1 and
IL-18, processed and secreted by activated caspase-4 and GSDMD, in BBB disruption and
vascular leak? Pyroptotic cells release the processed inflammatory mediators (IL-1 family
cytokines, active caspases, and GSDMSs) and microvesicles containing these molecules and
LPS as well as a variety of alarmins, including ATP and HMBG1, which could all amplify
CNS inflammation.

Lastly, what are the clinical implications of this study for treating brain inflammation and
infection and development of therapeutic drugs that can cross the BBB? Caspase-4 or
GSDMD inhibitors could block both BBB disruption and vascular leak and could reduce
the severity of sepsis and cytokine storm. There are still no targeted treatments that improve
sepsis outcome, and pharma has basically abandoned trying to develop any. Conversely,
could this pathway be activated in a controlled way to increase BBB permeability for drug
delivery with acceptable toxicity?
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Figure 1. Responseto L PStriggers caspase-4 and/or caspase-11 and GSDM D-dependent
pyroptosisin brain endothelial cellsand BBB disruption

Under homeostatic conditions (left), the BBB is maintained by endothelial cells, TJs and
adherens junctions between them, pericytes, which encircle them, and the surrounding end
feet of astrocytes. During bloodstream infection with Gram-negative bacteria (middle and
right), LPS enters the cytoplasm of endothelial cells, activating caspase-4, caspase-5, and
caspase-11, GSDMD, and pro-1L-18 (caspase-4 only). This leads to GSDMD-mediated
pyroptosis of brain endothelial cells, alterations in TJs, and ultimately, disruption of the
BBB. This disruption allows for the leakage of fluid, dyes, other molecules, and potentially
immune cells into the brain parenchyma. LPS and caspase-4 (or other caspases or GSDMs)
could also have a direct effect on endothelial cell TJs and on pericytes and astrocytes. The
bottom of the figure shows a cross-sectional view of the intact (left) and disrupted (right)

neurovascular unit.
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