Restoring Neutrophil-Supported Vascular Regeneration After Thermal Injury During Hypercholesterolemic Metainflammation
Specific Aims| Vascular regeneration is essential to restore tissue perfusion and support recovery after thermal injury. Following acute vascular loss, endothelial sprouting, vessel reconnection, remodeling, and stabilization rebuild a functional vascular network REF. Neutrophils can support this process through inflammatory resolution and the release of growth factors and extracellular-matrix-remodeling mediators REF. Specialized proangiogenic neutrophil subsets promote endothelial migration and revascularization through VEGF- and MMP-dependent mechanisms REF. Because these functions must be coordinated in time and space, neutrophil dysregulation can impair vascular regeneration.	Comment by Sofia Ludovina Novais De Oliveira: J Leukoc Biol  2017 Sep;102(3):741-751.
 doi: 10.1189/jlb.1MA0117-018R. Epub 2017 Jun 5.
Vascular sprouts induce local attraction of proangiogenic neutrophils
Impaired vascular regeneration contributes to delayed wound healing, persistent tissue ischemia, and poor recovery after thermal injury. These deficits may be exacerbated by hypercholesterolemia and fatty liver disease, which are associated with endothelial dysfunction, reduced angiogenic capacity, and chronic metabolic inflammation, or metainflammation REF. In this setting, neutrophils develop, circulate, and respond to injury within an environment already shaped by excess lipids, inflammatory mediators, and metabolic dysfunction REF. Yet most studies of neutrophil-supported vascular regeneration mechanisms have been conducted in metabolically healthy animals. This proposal therefore asks: How does hypercholesterolemia-associated metainflammation alter neutrophil-endothelial interactions and vascular regeneration after acute vascular injury?
Our laboratory developed a juvenile zebrafish model of diet-induced hypercholesterolemia and fatty liver disease that enables longitudinal visualization of neutrophils and blood vessels within an intact, metabolically altered host REF. We showed that metainflammation produces an exaggerated and poorly resolving neutrophil response after injury, with increased infiltration, ROS production, and NETosis and reduced apoptosis and reverse migration REF. Metformin and pentoxifylline partially corrected these defects when administered before injury, demonstrating pharmacologic modifiability REF. Preliminary single-cell RNA sequencing identified an angiogenesis-associated neutrophil state enriched in healthy animals and markedly reduced during diet-induced disease. Intravital imaging further revealed altered injury-site neutrophil behavioral landscapes and impaired tissue regeneration. Importantly, dorsal thermal injury caused localized loss of the established vascular network, providing a platform to quantify vascular regrowth and recovery. We hypothesize that hypercholesterolemic metainflammation impairs vascular regeneration after thermal injury by shifting neutrophils away from repair-supportive behavioral and molecular states, and that post-injury treatment can restore a coordinated regenerative response.

Specific Aim 1: Define how hypercholesterolemic metainflammation alters neutrophil behavior during vascular regeneration after thermal injury. Using longitudinal intravital imaging and computational behavioral analysis, I will determine how metainflammation alters neutrophil recruitment, persistence, resolution, and interactions with injured and regenerating vessels. Vascular regeneration will be quantified by vessel regrowth, branching, reconnection, remodeling, and network recovery. Time-resolved imaging will identify neutrophil–endothelial interaction signatures associated with successful or impaired regeneration and guide targeted analysis of angiogenesis- and vascular-remodeling-associated neutrophil programs.

Specific Aim 2: Determine whether neutrophil behavioral rescue predicts restoration of vascular regeneration during metainflammation. I will test whether compounds that shift neutrophils in the hypercholesterolemia-associated metainflammation model toward the repair-associated behavioral landscape identified in Aim 1 predict later vascular recovery. Lead compounds will then be evaluated for their ability to restore angiogenesis-associated neutrophil programs and vascular regeneration.

Background and Significance| A burn wound is not a static injury. Tissue surrounding the initial area of coagulation can remain viable but poorly perfused within the zone of stasis, where progressive endothelial injury, vascular occlusion, edema, thrombosis, and inflammation can convert salvageable tissue into necrosis. In a porcine burn model, endothelial cell death and blood-vessel occlusion were detected within 30 minutes and progressed into deeper tissue over the following hours. Thus, microvascular failure is not simply a consequence of burn damage. It is an active determinant of wound expansion and recovery. Preserving or rebuilding the vascular network is required to restore oxygen delivery, limit secondary ischemic injury, and support tissue regeneration. The American Burn Association registry captured 32,540 patients treated at participating burn centers in 2023, underscoring the continued clinical burden of injuries in which vascular loss and failed perfusion contribute to morbidity REF.
The capacity to regenerate this vascular network is strongly influenced by the condition of the host before injury. Approximately 86 million U.S. adults have total cholesterol levels of at least 200 mg/dL, while an estimated 1.3 billion people worldwide were living with metabolic dysfunction-associated steatotic liver disease in 2023 REF. These conditions do more than increase long-term cardiovascular risk. Hypercholesterolemia and modified LDL impair endothelial proliferation, nitric oxide signaling, growth-factor responsiveness, and angiogenesis REF.  In hypercholesterolemic mice, these changes are accompanied by reduced wound angiogenesis and delayed closure REF. Therefore, simply increasing angiogenic growth factors may not restore vascular repair when endothelial cells are already conditioned by a lipid-rich and inflammatory environment.
Hypercholesterolemia and fatty liver disease also alter the immune cells that participate in vascular repair. Neutrophils are produced and circulate in the presence of excess lipids, inflammatory mediators, oxidative stress, and altered metabolic signals before a second injury occurs. This is important in burns because neutrophils can contribute to both sides of vascular outcome. During the early inflammatory response, excessive neutrophil adhesion, ROS production, protease release, and NET formation can injure endothelial cells, promote microvascular thrombosis, obstruct dermal vessels, and extend ischemia within the zone of stasis. Hypercholesterolemia can further prolong these effects by increasing NET formation and impairing NET clearance, thereby delaying resolution of inflammation REF.
Neutrophils are not, however, uniformly detrimental to vascular recovery. Functionally specialized neutrophils can release VEGF, cathelicidin, osteopontin, and matrix-remodeling enzymes such as MMP-9 and MMP-14 REF. These mediators promote endothelial migration, remodel extracellular matrix, increase access to matrix-bound growth factors, and support the ingrowth and integration of new vessels REF. The critical biological question is therefore not whether neutrophils are present, but whether they make the appropriate transition from an early antimicrobial and inflammatory response to a spatially and temporally restricted repair-supportive state. Failure of this transition could leave the wound with both persistent vascular injury and insufficient support for regeneration.
This distinction is difficult to resolve with conventional approaches. Cell counts measure recruitment but do not reveal whether neutrophils arrest along damaged vessels, interact with endothelial sprouts, remain trapped within poorly perfused tissue, or depart as inflammation resolves. Similarly, broad neutrophil depletion removes both harmful and potentially reparative functions and cannot determine which behaviors or molecular states are associated with successful vascular recovery. Most studies defining proangiogenic neutrophils have also used metabolically healthy animals, although lipid exposure and chronic inflammation may change the state from which neutrophils respond. The field therefore lacks a dynamic understanding of how pre-existing metainflammation alters neutrophil–endothelial interactions during the transition from vascular injury to regeneration.
The proposed studies address this gap by shifting the focus from endothelial stimulation or neutrophil suppression alone to the coordination between the two cell types within a metabolically altered host. Defining which neutrophil behaviors and molecular programs accompany successful versus impaired vascular regeneration will reveal how hypercholesterolemic metainflammation changes the repair process and identify points at which an established dysfunctional response can still be redirected (SA1). The emphasis on treatment after injury (SA2) is particularly important because patients present after vascular damage and inflammation have already begun. This work may therefore provide a foundation for therapies that restore vascular recovery without eliminating the protective functions of neutrophils, with relevance to burns and other traumatic or ischemic injuries occurring in patients with cardiometabolic disease.

Preliminary studies|	Comment by Sofia Ludovina Novais De Oliveira: Comments for figures:

Figure 1. Diet-induced hypercholesterolemia produces a strong cardiometabolic phenotype and impairs regeneration.
Include one panels demonstrating the model, preferably increased ApoB-containing lipoprotein burden and vascular lipid accumulation figure 1 A Combine these with the tail-fin thermal-injury regeneration phenotype and quantification (current figure 2). Keep the published panels small because they support model validity, while the regeneration result is more directly relevant to this proposal.
Figure 2. Dorsal thermal injury produces a defined vascular lesion.
Include uninjured and immediately post-burn Tg(fli1a:GFP) images showing localized loss of the dorsal vascular network. Add a later regenerative time point and quantification of vascular loss or recovery if available. This is the key feasibility figure showing that the burn model can be used to study vascular regeneration longitudinally.
Figure 3. Hypercholesterolemic metainflammation alters neutrophil molecular and behavioral states.
Panel A: scRNA-seq UMAP and reduction of angiogenesis-associated cluster 8.
Panel B: selected angiogenesis/vascular-remodeling genes.
Panel C: behavioral UMAP and cluster proportions.
Panel D: one compact ND/HCD trajectory comparison.

Please keep the figures horizontal and captions short so all three can fit in approximately half to three-quarters of a page. The priority order, if space becomes very tight, is: vascular injury figure, cluster 8 figure, and then the under review/ published metabolic-model panels (we can always cite my J Hepatology!!)
Hypercholesterolemic metainflammation alters neutrophil responses and impairs regeneration. Our juvenile zebrafish model of diet-induced hypercholesterolemia and fatty liver disease reproduces increased ApoB-containing lipoprotein burden, hepatic steatosis, vascular lipid accumulation, and systemic inflammation REF. We previously showed that HCD alters neutrophil behavior at baseline and after injury, producing increased recruitment and tissue retention, elevated ROS and NETosis, and impaired resolution associated with reduced apoptosis and reverse migration REF. Metformin and pentoxifylline partially corrected these defects when administered before injury, demonstrating that the response is pharmacologically modifiable. In complementary transection and thermal-injury models, HCD-fed animals also showed delayed and abnormal tissue regrowth. Following tail-fin thermal injury, HCD animals developed a greater frequency of incomplete or disorganized regeneration at 21 days post-injury (Fig. 1A). These findings establish that metainflammation alters both the inflammatory response and regenerative outcome.
Dorsal thermal injury creates a defined vascular lesion. In Tg(fli1a:GFP) juveniles, dorsal thermal injury caused localized disruption and loss of the established vascular network, while surrounding vessels remained visible as an internal reference (Fig. 1B). This spatially defined lesion can be followed longitudinally to quantify vessel regrowth, reconnection, remodeling, and network recovery.
Hypercholesterolemia reduces an angiogenesis-associated neutrophil state and alters injury-site behavior. Single-cell RNA sequencing of FACS-isolated neutrophils from normal-diet and HCD-fed Tg(mpx:GFP);Tg(lyzC:TagBFP) animals revealed broad remodeling of the neutrophil landscape. Cluster 8 was enriched for angiogenesis- and vascular-remodeling-associated genes, including mmp14a/b, mmp2, cxcl12a/b, ccn1, ccn2b, and apln, but was markedly reduced following HCD feeding (Fig. 2). Independent time-lapse imaging and computational tracking also showed different injury-site behavioral landscapes in normal-diet and HCD animals REF. Although these datasets do not directly assign a transcriptional state to a behavioral cluster, together they show that metainflammation changes both the molecular states available before injury and the behaviors neutrophils adopt after injury.

Overall, our published and preliminary data establish that: (1) the model reproduces hypercholesterolemia, fatty liver disease, and systemic inflammation; (2) metainflammation produces a persistent but pharmacologically modifiable neutrophil response; (3) regenerative recovery is impaired; (4) thermal injury creates a defined vascular lesion; and (5) an angiogenesis-associated neutrophil state is reduced under HCD conditions. The proposed studies will now connect these observations by determining how neutrophil molecular and behavioral states relate to vascular regeneration and whether they can be redirected after injury.
[bookmark: _qg1lfsnsoz79]Approach|
Juvenile zebrafish will be fed a normal diet or high-cholesterol diet for eight days before a localized dorsal thermal injury. Longitudinal imaging will define how hypercholesterolemic metainflammation alters neutrophil behavior and vascular regeneration. Imaging-defined phases will then guide molecular analysis and post-injury pharmacologic intervention.
Specific Aim 1: Define how hypercholesterolemic metainflammation alters neutrophil behavior during vascular regeneration after thermal injury. Rationale and hypothesis. Our preliminary data show that hypercholesterolemic metainflammation impairs regeneration, alters neutrophil behavior, and reduces an angiogenesis-associated neutrophil state. We hypothesize that these changes disrupt neutrophil–endothelial interactions required for effective vascular regeneration.
Aim 1.1: Determine how metainflammation alters neutrophil dynamics and vascular regeneration. Using complementary transgenic reporters labeling endothelial cells, neutrophils, and red blood cells, I will perform longitudinal imaging in normal-diet and HCD-fed fish from the early inflammatory response through vascular regeneration. Vascular outcomes will include lesion size, vessel regrowth into the injured region, vascular area and density, branching, reconnection, and network recovery. Restoration of blood flow will be assessed using red-blood-cell movement where technically feasible.
Neutrophil recruitment, accumulation, persistence, and departure will be quantified relative to injured and regenerating vessels. Computational tracking will measure velocity, displacement, directionality, arrest, dwell time, and the frequency and duration of neutrophil–endothelial interactions. ROS production, NETosis, TNFα reporter activity, and apoptosis will be evaluated in complementary cohorts at defined inflammatory and regenerative phases. These analyses will identify behavioral signatures associated with successful or impaired vascular regeneration and determine when neutrophil–endothelial interactions are most prominent.
Aim 1.2: Define the molecular programs associated with altered neutrophil behavior. Imaging results from Aim 1.1 will identify the most informative time points for molecular analysis. Neutrophils will be isolated from normal-diet and HCD-fed animals at baseline and at selected post-injury phases. Analyses will determine whether metainflammation changes the abundance or molecular features of the angiogenesis-associated neutrophil state identified in our preliminary data. Single-cell transcriptomic analysis will focus on pathways involved in extracellular-matrix remodeling, chemotaxis, inflammatory resolution, and endothelial support. Priority genes will include mmp14a/b, mmp2, cxcl12a/b, ccn1, ccn2b, and apln. Key findings will be validated using targeted gene or protein measurements. Molecular changes will be related to vascular outcomes and behavioral signatures, without assuming that a transcriptional cluster directly corresponds to a specific behavioral cluster.

Specific Aim 2: Determine whether neutrophil behavioral rescue predicts restoration of vascular regeneration during metainflammation.
Rationale and hypothesis. Aim 1 will define neutrophil behavioral signatures associated with successful regeneration and determine how they are altered by metainflammation. We hypothesize that compounds that shift HCD neutrophils toward the healthy repair-associated landscape will be more likely to restore vascular regeneration.
Aim 2.1: Test whether early behavioral rescue predicts vascular regeneration. After the initial neutrophil response is established, HCD-fed animals will be treated with a focused compound panel targeting neutrophil activation, migration, persistence, and resolution. The repair-associated signature will first be defined in a normal-diet discovery cohort and confirmed in an independent validation cohort. Treatment groups will then be mapped onto this validated landscape and ranked by early rescue of the behavioral features that best distinguish successful from impaired regeneration. Vascular recovery will subsequently be quantified in the same animals, testing whether early restoration of neutrophil behavior predicts vessel regrowth, reconnection, network recovery, and blood flow.
Aim 2.2: Determine whether lead compounds restore neutrophil programs and vascular regeneration. Compounds producing the strongest behavioral rescue will be evaluated using the molecular readouts established in Aim 1. Behavioral and molecular changes will be compared with vascular outcomes to determine whether treatment restores a coordinated regenerative response. Compounds that improve vascular regeneration without restoring the neutrophil signature may act directly on endothelial cells or through other cell populations.

Expected outcomes and alternative interpretations| These studies are expected to define neutrophil behavioral and molecular signatures associated with successful versus impaired vascular regeneration and determine whether early behavioral rescue predicts later vascular recovery. Because thermal injury size may vary, vascular outcomes will be normalized to the initial lesion and analyzed longitudinally within each animal. If the composite behavioral signature does not validate, individual features that reproducibly correlate with vascular recovery will be used instead.
[image: ]If cell numbers limit single-cell profiling, imaging will identify the most informative time point for transcriptomic analysis, with targeted gene and protein measurements at additional phases. If dorsal thermal injury does not provide a sufficiently reproducible vascular-regeneration window, the signature will be tested in the complementary Tg(kdrl:DenNTR)cq10 cerebrovascular endothelial-ablation model REF. If the focused compound panel does not restore regeneration, additional candidates will be selected from pathways identified in Aim 1.  
[image: A collage of images of a variety of graphs

Description automatically generated with medium confidence]
Rigor and analysis| Fish will be randomized, and image analyses will be performed blinded to condition. The fish will serve as the biological replicate. Longitudinal outcomes will be analyzed using mixed-effects models, with correction for multiple comparisons where appropriate.


[image: ]
References:Figure X: Hypercholesterolemic metainflammation alters neutrophil behavioral states at sites of injury. Representative neutrophil trajectories from normal-diet and HCD-fed animals illustrate differences in injury-site movement. Unsupervised analysis of cell-tracking features identified five behavioral clusters. Visualization by diet and cluster membership showed different behavioral landscapes under normal-diet and HCD conditions, with HCD neutrophils enriched in specific behavioral states. These data establish the feasibility of defining metainflammation-associated neutrophil signatures but do not yet determine which states support or impair vascular regeneration.
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