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Abstract 35 

Chronic systemic inflammation contributes to a substantially elevated risk of myocardial 36 

infarction in people living with HIV (PLWH) . Endothelial cell dysfunction disrupts vascular 37 

homeostasis regulation, increasing the risk of vasoconstriction, inflammation, and thrombosis 38 

that contribute to cardiovascular disease. Our objective was to study the effects of plasma from 39 

PLWH on endothelial cell (EC) function, with the hypothesis that cytokines and chemokines are 40 

major drivers of EC activation. We first broadly phenotyped chemokine and cytokine receptor 41 

expression on arterial ECs, capillary ECs, venous ECs, and vascular smooth muscle cells (VSMCs) 42 

in adipose tissue in the subcutaneous adipose tissue of 59 PLWH using single cell transcriptomic 43 

analysis. We used CellChat to predict cell-cell interactions between ECs and other cells in the 44 

adipose tissue and Spearman correlation to measure the association between ECs and plasma 45 

cytokines. Finally, we cultured human arterial ECs (HAECs) in plasma-conditioned media from 46 

PLWH and performed bulk sequencing to study the direct effects ex-vivo. We observed that 47 

arterial and capillary ECs expressed higher interferon and tumor necrosis factor (TNF) receptors.  48 

Venous ECs had more interleukin (IL)-1R1 and ACKR1 receptors, and VSMCs had high significant 49 

IL-6R expression. CellChat predicted ligand-receptor interactions between adipose tissue 50 

immune cells as senders and capillary ECs as recipients in TNF-TNFRSF1A/B interactions. 51 

Chemokines expressed largely by capillary ECs were predicted to bind ACKR1 receptors on 52 

venous ECs. Beyond the adipose tissue, the proportion of venous ECs and VSMCs were 53 

positively plasma IL-6. In ex-vivo experiments, HAECs cultured with plasma-conditioned media 54 

from PLWH expressed transcripts that enriched for the TNF-α and reactive oxidative 55 

phosphorylation pathways. In conclusion, ECs demonstrate heterogeneity in cytokine and 56 

chemokine receptor expression. Further research is needed to fully elucidate the role of 57 

cytokines and chemokines in EC dysfunction and to develop effective therapeutic strategies. 58 

 59 
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Introduction 61 

The vascular endothelium is highly pleotropic and can change phenotype from an anti-62 

inflammatory, antithrombotic, and pro-vasodilatory state to one that favors inflammation, 63 

thrombosis, and vasoconstriction (Bloom, Islam, Lesniewski, & Donato, 2023). This switch in 64 

phenotype of endothelial cells (ECS) precedes the development of atherosclerotic 65 

cardiovascular disease (CVD) and is often referred to as endothelial dysfunction (Bonetti, 66 

Lerman, & Lerman, 2003; Davignon & Ganz, 2004). Persons living with HIV (PLWH) have ~ 1.5 to 67 

2-fold the risk of developing CVD than the general population, which persists despite 68 

suppression of plasma viremia on antiretroviral therapy (ART) (Freiberg et al., 2013; Shah et al., 69 

2018), but the exact mechanisms that underlie this enhanced risk remain poorly characterized. 70 

We hypothesized that circulating factors in plasma of PLWH with virologic suppression, directly 71 

act on ECs and contribute to endothelial dysfunction. Here, we studied different types of ECs 72 

present in the subcutaneous adipose tissue from PLWH with and without metabolic disease and 73 

used in vitro endothelial cell cultures to measure transcriptional changes due to the direct 74 

effects of plasma from PLWH. 75 

 76 

Methods 77 

Human participants 78 

PLWH were recruited from Vanderbilt University Medical Center (VUMC). The HIV, Adipose 79 

Tissue Immunology and Metabolism Cohort included participants on ART without detectable 80 

virus (add limit of detection of the assay) for at least 12 months and no secondary source of 81 

inflammation such as other active infections or rheumatologic conditions (ClinicalTrials.gov 82 

record NCT04451980)(Bailin et al., 2023; Wanjalla et al., 2023; Wanjalla et al., 2021). The study 83 

enrolled PLWH with a broad range of cardiometabolic health by design, with approximately one 84 

third without diabetes (hemoglobin A1c (HbA1c) levels < 5.7% and a fasting blood glucose (FBG) 85 

< 100 mg/dL), one third with prediabetes (HbA1c 5.7% to 6.4% and/or an FBG 100 mg/dl to 125 86 

mg/dl), and one third with diabetes (HbA1c > 6.5%, FBG > 126 mg/dl, or on diabetes 87 

medications). The study was approved by the VUMC Institutional Review Board and participants 88 

provided written consent. Research procedures adhered to the standards set by the U.S. 89 

Department of Health and Human Services.  90 

 91 

Subcutaneous adipose tissue processing  92 

Subcutaneous adipose tissue biopsies were performed to obtain whole tissue, including intact 93 

ECs, near the umbilicus using a liposuction catheter designed for extracting viable adipocytes 94 
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and stromal vascular fraction (SVF), as previously published (Bailin et al., 2023). After cleansing 95 

and filtering, the adipose tissue was processed using mechanical and enzymatic disruption 96 

(collagenase D), and the SVF was cryopreserved in liquid nitrogen (Bailin et al., 2023).  97 

 98 

Single cell transcriptomics analysis 99 

Four samples were pooled together for a single reaction (with a unique hashtag antibody) and 100 

loaded onto a  Chromium Single Cell 5’ assay (10x Genomics), sequenced on the NovaSeq 6000 101 

S2 platform (Illumina), and aligned to the human genome (hg38) using STAR v2.7.2a. Cellranger 102 

count v6.0.0 was used to call cells, Souporcell was used to genetically demultiplex the samples, 103 

and ambient RNA contamination was removed using SoupX with default parameters (Heaton et 104 

al., 2020). The R Statistical Programming package Seurat V4 was used for downstream 105 

processing including cell quality filtering, count normalization, and dimension reduction 106 

techniques as previously described (Hao et al., 2023; Stuart et al., 2019). We previously 107 

generated a user-friendly website to facilitate the interaction with the scRNA sequencing from 108 

the HATIM cohort available at (http://vimrg.app.vumc.org/). 109 

 110 

To identify cell-type specific gene markers (ECs, vascular smooth muscle cells and immune cells), 111 

we used the FindAllMarkers function implemented in Seurat for differential gene expression 112 

using Wilcoxon rank sums and included genes that were expressed in 10% or more of cells and 113 

had a log2 fold change 0.25 or greater. We used clusterProfiler to perform gene set enrichment 114 

analysis utilizing both Gene Ontology (GO) biological processes and the Kyoto Encyclopedia of 115 

Genes and Genomes (KEGG), to identify enriched pathways in the different endothelial and 116 

vascular smooth muscle cell populations (Wu et al., 2021). To assess compositional differences 117 

by diabetes status, we used a moderated ANOVA test on logit transformed cell proportions as 118 

implemented in propeller (Phipson et al., 2022). To assess the relationship of cell proportion 119 

with morphometric and laboratory measurements, we used a partial Spearman’s adjusted for 120 

age, sex, body mass index (BMI) and diabetes status (except for lipid and glucose measures). 121 

Individuals with less than 20 vascular cells were excluded from this analysis due to low 122 

reproducibility. DecoupleR was used for pathway and transcription factor activity inference 123 

(Badia-I-Mompel et al., 2022). For single cell metabolic pathway enrichment, we used Single Cell 124 

Pathway Analysis (SCPA) comparing the cell type of interest with all other cell types (Bibby et al., 125 

2022).  126 

We used the CellChat for intercellular ligand-receptor analysis including ECs, vascular smooth 127 

muscle cells, and immune cells to identify ligand and ligand receptor pairs that might mediate 128 
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endothelial inflammation in PLWH. We followed the CellChat tutorial except that population size 129 

was set to ‘TRUE’ (Jin et al., 2021). 130 

 131 

Primary human aorta endothelial cell culture 132 

Primary human aorta ECs (HAEC) were purchased from Lonza at an early passage (passages <4, 133 

#CC-2535) and cultured in Vascular Cell Basal Medium (ATCC # PCS-100-030™) supplemented 134 

with the endothelial growth media supplements (EGMTM-2 # CC-4176). The HAECs were tested 135 

for mycoplasma prior to expansion and cryopreservation. 15-20% fetal bovine serum was used 136 

to maintain the cell cultures.  137 

 138 

Endothelial cell cultures with plasma 139 

HAEC cells were plated on collagen coated Flexcell plates that permit uniaxial stretch (Flexcell 140 

#UF-4001C, Figure S1). The cells were grown to 90% confluency. Once confluent, the media was 141 

aspirated, and the cells were coated with 150ul of plasma for 1hr in the incubator (37oC, 5% 142 

CO2). Then 2 ml of media was added to each well and the cells (media control and patient 143 

plasma) and the plates were exposed to mechanical cyclic stretching to simulate normal blood 144 

pressure (5% stretch) and high blood pressure (10%). The cells were cultured in triplicates per 145 

condition, for 48hrs before cell harvesting. We aspirated the supernatants and used a cell 146 

scraper to collect the ECs that were lysed in RLT buffer or suspended in RNAprotect. One well 147 

per sample was resuspended in RIPA buffer for protein expression analysis.  148 

 149 

RNA extraction 150 

HAEC cells from the stretch experiments were harvested by cell scraping and resuspended in 151 

RLT buffer (Qiagen) supplemented with β-Mercaptoethanol. RNA and DNA isolation was 152 

performed using the Qiagen All prep kit (Qiagen #80204) following the manufacturers protocol, 153 

including the DNase treatment step. In an alternative approach, HAEC cultures were stored in 154 

RNAprotect (Qiagen #76526). The cells were retrieved by centrifugation at 2,000 rotations per 155 

minute (rpm) for 5 minutes at 4oC. RNA was isolated using the Autogen XTRACT 156 

16+ instrument cartridge Code 610, with the XTRACT Total RNA Cultured Cells Kit (XK610-72). 157 

Dnase treatment was included. RNA was eluted in RNAse free water. 158 

 159 

Bulk sequencing   160 
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For the HAEC endothelial stretch, RNA extracted from the cells and underwent a quality 161 

assessment using the Agilent Bioanalyzer and the quantities measured using an RNA Qubit 162 

assay. We then produced double-stranded cDNA, which underwent SPIA amplification with the 163 

Ovation® RNA Seq System V2 kit (Tecan; P/N 7102-A01). We fragment cDNA using he Covaris 164 

LE220, and then constructed the library using NEBNext® Ultra™ II for DNA kit (NEB; P/N E7645L). 165 

We used the Agilent Bioanalyzer to assess the quality of the library and a qPCR approach with 166 

the KAPA Library Quantification Kit (Roche; P/N: KK4873) on the QuantStudio 12K device to 167 

quantify the library. We pooled the prepared libraries in equal ratios, cluster generation was 168 

performed on the NovaSeq 6000 System as per standard protocols. The NovaSeq 6000 platform 169 

executed 150 bp paired-end sequencing, aiming for 50M reads for each sample. The raw 170 

sequence outputs (FASTQ files) underwent a quality check, to evaluate read quality. The RTA 171 

and NCS (1.8.0; Illumina) managed base calling, while MultiQC (v1.7; Illumina) handled the 172 

overall data quality evaluation. 173 

 174 

For the HAEC ECs incubated with plasma, without endothelial stretch, quality control 175 

assessment was performed as above.  Library preparation was slightly different and performed 176 

using the NEBNext® rRNA Depletion kit and protocol (NEB; P/N: E7850X) per manufacturer 177 

recommendations. After ribosomal depletion, the RNA samples underwent mRNA enrichment 178 

using oligo(dT) beads, followed by fragmentation using divalent cations under elevated 179 

temperature.  First-strand cDNA synthesis was performed using random hexamer primers, while 180 

second-strand cDNA synthesis was carried out using DNA Polymerase I and RNase H. End repair, 181 

A-tailing, and adapter ligation was performed to generate the final cDNA library. The rest of the 182 

steps were like those above. 183 

 184 

Statistical Analysis 185 

We used Wilcoxon Rank Sums test adjusted for multiple comparisons using the Benjamini-186 

Hochberg (BH) procedure to calculate differences in subcutaneous adipose tissue endothelial 187 

cell populations (also including vascular smooth muscle cells) by their glycemic status. The 188 

relationship between endothelial cell proportions with plasma cytokines and clinical 189 

demographics was performed using partial Spearman’s correlation adjusted for confounding 190 

variables. 191 

 192 

Bulk RNA-seq were processed using the following procedure. Reads were trimmed to remove 193 

adapter sequences using Cutadapt v4.5) (Martin, 2011) and aligned to the Gencode 194 

GRCh38.p13 genome using STAR (v2.7.11a)(Dobin et al., 2013). Gencode v38 gene annotations 195 
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were provided to STAR to improve the accuracy of mapping. Quality control on both raw reads 196 

and adaptor-trimmed reads was performed using FastQC (v0.11.9) 197 

(www.bioinformatics.babraham.ac.uk/projects/fastqc). FeatureCounts (v2.0.2)(Liao, Smyth, & 198 

Shi, 2014) was used to count the number of mapped reads to each gene. Heatmap3 (Zhao, Guo, 199 

Sheng, & Shyr, 2014) was used for cluster analysis and visualization. Significantly differential 200 

expressed genes with absolute fold change >= 2 and FDR adjusted p value <= 0.05 were 201 

detected by DESeq2 (v1.30.1) (Love, Huber, & Anders, 2014). Genome Ontology and KEGG 202 

pathway over-representation analysis was performed on differentially expressed genes using 203 

the WebGestaltR package (v0.4.6) (J. Wang, Vasaikar, Shi, Greer, & Zhang, 2017). Gene set 204 

enrichment analysis was performed using GSEA package (v4.3.2)(Subramanian et al., 2005) on 205 

database (v2022.1.Hs). 206 

  207 
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Results 208 

We have previously published an adipose tissue atlas with the 59 PLWH included in this study 209 

(Bailin et al., 2023). There were 20 individuals without diabetes, median age 46yrs [40-52], with 210 

prediabetes 42yrs [38,54] and with diabetes 55yrs [48,62] p=0.05. There was no difference in 211 

sex and there was similar exposure to thymidine analog exposure by metabolic status (p=0.45). 212 

Only 12% of PLWH with diabetes were on metformin, and there was a similar distribution of 213 

integrase inhibitor regimen in all three groups (p=0.80) (Bailin et al., 2023). In this study, We first 214 

phenotyped chemokine and cytokine receptor expression on arterial ECs, capillary ECs, venous 215 

ECs, and vascular smooth muscle cells (VSMCs) in adipose tissue in the subcutaneous adipose 216 

tissue of 59 PLWH using single cell transcriptomic analysis. We then used CellChat to predict 217 

cell-cell interactions between ECs and other cells in the adipose tissue and Spearman 218 

correlation to measure the association between ECs and plasma cytokines. Finally, we cultured 219 

human arterial ECs (HAECs) in plasma-conditioned media from PLWH and performed bulk 220 

sequencing to study the direct effects ex-vivo.  221 

 222 

Endothelial cell heterogeneity in cytokine receptor expression 223 

We classified endothelial cell (EC) subsets and closely approximated pericytes and VSMCs in the 224 

SAT of 59 PLWH as shown (Figure 1A). The main clusters included arterial ECs, venous ECs, 225 

capillary ECs, pericytes, cycling vascular cells and VSMCs. Capillary ECs were the most abundant 226 

within adipose tissue, followed by venous ECs, pericytes and arterial ECs (Figure 1B). These 227 

were not statistically different in abundance by diabetes status (Table S1). Several cytokine-228 

receptor transcripts were highly expressed in ECs compared to other non-immune and immune 229 

cells in the SVF, including intlerukin-3RA (IL3RA), IL-1 binding receptor 1 (IL1R1), IFNGR1, IFNAR1 230 

and IFNAR2 (Figure 1C, Table S2). A similar analysis of all cytokine receptors limited to vascular 231 

cells (ECs, pericytes, and VSMCs) showed significant expression of IFNGR1 on arterial and 232 

capillary ECs compared to other vascular cells (Figure 1D, Table S3). Within SAT,  IL1R1 was 233 

highly expressed on venous ECs, and IL-6R was highest in VSMC2 (Figure 1D, Table S3). IL3RA 234 

expression was highest in ECs compared to all other cells in the adipose tissue. The normalized 235 

and scaled expression of the IL3RA and IL1R1 transcripts further support expression of these 236 

receptors by ECs (Figure 1E). This heterogenous expression highlights the importance of 237 

understanding cytokine receptor expression, and therefore potential responsiveness, at the 238 

single cell level within the same tissue to better understand how different cell types may 239 

contribute to pathology. 240 

 241 
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Several chemokines (CXCL2, CXCL12, CCL14, CCL22, CCL8, CCL21 and CCL19) and chemokine 242 

receptors (ACKR1, CCRL2, CCR10) were highly expressed on vascular cells compared to other 243 

cells present in the SVF (Figure 1F, Table S4). Notably, we also observed differences in 244 

chemokine and chemokine receptor expression in the EC subsets (Figure 1G-H). Arterial ECs had 245 

significant expression of CXCL2 and CXCL12 compared to other ECs. Both chemokines belong to 246 

the CXC chemokine family and have been associated with atherosclerosis (Yan, Thakur, van der 247 

Vorst, Weber, & Döring, 2021). CXCL2 is a chemokine that is more involved in acute 248 

inflammation and recruitment of monocytes (Song et al., 2023) and arterial EC-derived CXCL12 249 

has been shown to promote atherosclerosis (Döring et al., 2019). Venous ECs, on the other 250 

hand, expressed CCL14 and CCL23 that both bind CCR1 which is involved in the recruitment of 251 

inflammatory cells to different tissues (Dyer et al., 2019). On the other hand, VSMC2 had 252 

significant expression of CCL19 and CCL21 transcripts that are both ligands for CCR7 (highly 253 

expressed on B cells, T cells and NK cells).  254 

 255 

For chemokine receptor expression, ACKR1 was highly expressed on venous ECs and CCRL2 on 256 

capillary ECs (Table S5). ACKR1 acts as a scavenger that can bind and internalize several different 257 

cytokines in a manner that may regulate inflammation (Bonecchi & Graham, 2016). The 258 

differential expression of cytokine, chemokine receptors and chemokines on ECs from SAT 259 

supports the idea that plasma cytokines and chemokines may act directly on ECs and contribute 260 

to endothelial dysfunction. None of the cytokines or cytokine receptors differed by diabetes 261 

status (Table S6). 262 

 263 

Endothelial cells in SAT express both TNFRSF1A and TNFRSF1B 264 

TNF-α is an important cytokine that has been implicated in vascular dysfunction (Zhang et al., 265 

2009) We found several TNF receptors expressed on adipose tissue immune and non-immune 266 

cells in the SVF. TNFRSF1A was highly expressed on VSMCs, and stromal cells compared to all 267 

other cells in the SVF (Figure 2A, Table S7). ECs had significant expression of several TNF 268 

receptors including TNFRSF4, TNFRSF10D and CD40 when compared to other cells in the SVF. 269 

Among the vascular cells, there was significant expression of TNFRSF4 and TNFRSF1B on 270 

capillary ECs, and TNFRSF1A on VSMC2 and pericytes (Figure 2B, Table S8). UMAP shows 271 

expression of TNFRSF1A and TNFRSF1B on ECs, pericytes, VSMC1 and VSMC2 (Figure 2C).  272 

 273 

Inflammatory cytokines including TNF-α activate ECs leading to increased expression of cell 274 

adhesion molecules (Mackay, Loetscher, Stueber, Gehr, & Lesslauer, 1993). Cell adhesion 275 
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molecules expressed on ECs are important for recruitment of leukocytes to facilitate 276 

transendothelial migration. There were apparent differences in the expression of adhesion 277 

molecules on the different ECs, VSMCs and pericytes (Figure 2D). We assessed cell adhesion 278 

molecules upregulated with endothelial activation in atherosclerosis (Galkina & Ley, 2007). 279 

When compared to all other cells present in SVF, we observed significant expression of 280 

intercellular cell adhesion molecule 1 (ICAM1), PECAM1, CDH5, ICAM2, SELE and SELP on ECs 281 

(Table S9). Among ECs, most of the adhesion molecules were expressed on venous ECs including 282 

ICAM1, VCAM1, SELE and SELP (Figure 2E-F, Table S10). We detected higher expression of 283 

VCAM1 on capillary ECs from diabetic compared to non-diabetic PLWH (Table S6). Other 284 

adhesion molecules did not differ by diabetes status. 285 

 286 

We used CellChat to infer relationships between T cells, monocytes, and endothelial cell 287 

populations. Capillary ECs dominate the signaling networks as portrayed by the edge width in 288 

the Circos plots (Figure 2G). Specific analysis of the TNF signaling pathway network 289 

demonstrates that in this instance, MAIT cells were the dominant sender. The relative 290 

contribution of the TNF-TNFRSF1B pair is higher than the TNF-TNFRSF1A pair (Figure 2H). 291 

Arterial, capillary, and venous ECs are inferred receivers without any mediators. MAIT cells were 292 

depicted as the most important influencers in this network (Figure 2I). Of the different 293 

receptors, EC subsets appear to express TNFRSF1A and some TNFRSF1B (Figure 2J). Another 294 

predicted ligand/receptor interaction was CCL5 on MAIT cells and ACKR1 on venous ECs. Human 295 

MAIT cells can target HIV infected cells, and CCL5 is one of the main cytokines that they express 296 

upon stimulation (Figure 2J) (Phetsouphanh et al., 2021). 297 

 298 

Venous ECs are the major targets for chemokine signals 299 

We also used CellChat to infer cell-cell communication between ECs and 300 

macrophages/fibroblasts and dendritic cells in the SVF. Most interactions were between 301 

capillary ECs and other cells (both immune and non-immune cells). The significant 302 

cytokine/chemokine signaling pathway networks included the CXCL, CCL and TNF signaling 303 

pathway networks. We observed that there was a high probability for the CXCL2 ligand and 304 

ACKR1 receptor interaction pair, which contributed the most to the CXCL signaling pathway, 305 

followed by the CXCL12-CXCR4 ligand-receptor pair (Figure 3A). The largest CXCL signaling was 306 

inferred to derive from the senders: capillary ECs, intermediate macrophages, and perivascular 307 

macrophages (Figure 3B). Other endothelial subsets also express CXCL chemokines though are 308 

deemed of lower importance based on the heatmap including arterial ECs. Venous ECs were the 309 

most important receiver, which is likely driven by the expression of the scavenger receptor 310 
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ACKR1 on venous ECs. In the CellChat analysis, some cells were identified as mediators of the 311 

signaling of CXCL chemokines between the sender cells and venous ECs. These mediators 312 

included conventional dendritic cells (cDC1, cDC2B), PCOLCE+ fibroblast cells and venous ECs 313 

(autocrine). Mediators are described as cells that are likely to express proteins that can regulate 314 

the interaction between the sender and receiver. Of note, the determination of mediators and 315 

influencers is mathematical, calculated using flow betweenness to define mediators and 316 

information centrality to define influencers (Jin et al., 2021). 317 

 318 

CCL signaling between endothelial cell subsets and macrophages/fibroblasts and dendritic cells 319 

in the subcutaneous adipose tissue is also depicted (Figure 3C). There was a high probability for 320 

CCL14 ligand and ACKR1 receptor pair interactions, with the CCL2-ACKR1 pair contributing the 321 

most to the CCL pathway. The capillary and venous ECs were inferred to be the dominant 322 

senders of the CCL signal in this pathway, which signaled to venous ECs, and mediated by 323 

intermediate macrophages, monocyte-derived macrophages and in an autocrine manner by 324 

venous ECs (Figure 3D). Among the non-immune cells, pericytes and VSMCs may influence the 325 

CCL signaling pathway network, but did not turn up as mediators, despite demonstrating 326 

significant expression of CCL2. 327 

 328 

The TNF signaling pathway network is also depicted, with TNF ligand – TNFRSF1A as the 329 

dominant ligand – receptor pair (Figure 3E). Of the cell types included, perivascular 330 

macrophages (PVMs) and cDC2B were the main senders and mediator of the TNF signaling 331 

pathway network, and capillary ECs were the main recipients. Venous ECs are also depicted as 332 

recipients (Figure 3F). TNF signaling has been shown to be important in cardiovascular disease, 333 

with direct and indirect effects on vascular function as reviewed (Zhang et al., 2009). PVMs are 334 

an important subset of macrophages that are in close proximity with ECs and can dampen or 335 

accentuate inflammatory immune responses in health and disease (Lapenna, De Palma, & 336 

Lewis, 2018). We used CellChat to look at the communication between PVM and all cells 337 

present in the SVF (Figure 3G). The most likely ligand-receptor communication interactions 338 

predicted were CXCL and CCL signaling pathways to venous ECs, with ACKR1 as the receptor. The 339 

communication probability of the TNF pathway was also with arterial, capillary, and venous ECs 340 

using both TNFRSF1A and TNFRSF1B (Figure 3G). Taken together with the assumption that 341 

CellChat identified interactions that might be meaningful, most of the interactions point to the 342 

venous ECs as major recipients within SAT. Figure 3H summarizes the main receptors and 343 

ligands that were predicted. ACKR1 and TNFR1 were the most predicted as contributing to the 344 

interactions. None of the chemokines or chemokine receptors differed by diabetes status (Table 345 

S6). 346 
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 347 

Venous ECs are correlated with triglycerides, visceral fat volume and circulating IL-6  348 

CellChat analysis of the SVF suggested that cytokines and chemokines within the SAT may act 349 

directly on ECs. We next explored the relationship between circulating cytokines measured in 350 

plasma (Table S11) and the proportion of ECs over total cells in the SVF. Arterial ECs (ρ=0.52 351 

[0.18,0.75], p=0.004) had a positive association with fasting blood glucose levels. Venous ECs 352 

(ρ=0.41 [0.02,0.69], p=0.04) on the other hand were associated with triglycerides (Figure 4A). 353 

Capillary ECs were associated positively with liver mean density (ρ= 0.32 [0.40, 0.55], p=0.02) 354 

(Figure 4B). We also analyzed the relationships between the proportion of EC subsets and 355 

plasma cytokines adjusted for age, sex, BMI, and diabetes status. Venous ECs (ρ= 0.41 [0.14, 356 

0.62], p=0.003) and VSMC1 (ρ= 0.30 [0.02, 0.53], p=0.04) and VSMC2 (ρ= 0.41 [0.09 0.65], 357 

p=0.01) were positively associated with plasma IL-6. Capillary ECs on the other hand were 358 

negatively associated with IL-6 (ρ= -0.36 [-0.59, -0.08], p=0.01). Finally, we observed a positive 359 

association between VSMC1 and IL-17A (ρ= 0.77 [0.31, 0.93], p=0.004) after adjusting for sex 360 

and BMI (only 19 observations) (Figure 4C). There was no significant relationship between the 361 

proportion of arterial ECs in the SVF and other plasma cytokines that were included in this 362 

analysis. In summary, our data suggests that within the subcutaneous adipose tissue, capillary 363 

ECs are correlated with less inflammatory cytokines while venous ECs are correlated with more 364 

inflammatory cytokines and morphometric measures. 365 

To understand how biological functions differ between vascular cell subsets, we compared their 366 

transcriptional profiles. Several pathways came up as significant including the TNF-α signaling 367 

and the JAK-STAT pathways (Figure 4D, Table S12). Heatmap shows transcription factor activity 368 

was similar between arterial, venous, and capillary ECs (Figure 4E, Table S13). Notably, 369 

transcripts enriched in arterial, venous, and capillary ECs were overrepresented in the interferon 370 

response pathways (CIITA, IRF1, and IRF2) and TNF-α pathway (NR4A2 and IRF1). Genes that 371 

encode MHC class II and antigen presentation molecules are also expressed on ECs (Figure S1A-372 

C). Functional analysis by GSEA suggests that arterial ECs are enriched for genes involved in 373 

endothelial development, antigen presentation and migration and venous ECs are enriched for 374 

genes in oxidative phosphorylation and cell adhesion (Figure S2A-B). Intercellular 375 

communication analysis supports the idea that arterial, capillary, and venous ECs can present 376 

antigen to monocyte-derived macrophages, lipid associated macrophages, and perivascular 377 

macrophages in both non-diabetic and diabetic PLWH (Figure 4F). In diabetic PLWH, arterial, 378 

capillary, and venous ECs can also signal to CD4 T cell subsets (Figure 4G). A comparison of 379 

metabolic pathways also showed differences between ECs (Figure S2C, Table S14). There are 380 

notable differences in the metabolic pathways that are overrepresented with fatty acid 381 

metabolism and triglyceride metabolism in arterial ECs and heme metabolism in venous ECs.  382 
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 383 

Plasma from PLWH stimulates ECs with upregulation of genes that enrich for the oxidative 384 

phosphorylation and TNF-α pathways 385 

To understand the direct effects of circulating factors on endothelial function, we cultured 386 

HAECs with or without plasma from PLWH with and without diabetes. We simulated 387 

normotensive stretch (Figure 5A), and after 24hrs-48hrs, the HAECs were lysed for RNA 388 

extraction and bulk sequencing. HAECs cultured with plasma had a fibrin like coating that 389 

developed within hours of culture. PCA plot showed co-clustering of HAECs cultured in media 390 

without versus those cultured in media with plasma from PLWH (Figure 5B). Differential gene 391 

expressions of ECs cultured with and without plasma are shown (Figure 5C-D, Table S15). We 392 

were not powered to see differential genes by diabetes status. Some of the genes that were 393 

higher in ECs cultured with plasma included FAS which is a TNF receptor and is important for 394 

antigen driven programmed cell death (Figure 5E). Notably, we compared FAS protein 395 

expression that we had captured (using CITE seq antibodies) in adipose tissue ECs from non-396 

diabetic and pre-diabetic/diabetic PLWH, which also showed higher expression of FAS with 397 

diabetes (Figure 5F).  Using the Hallmark pathway analysis, HAECs expressed more genes that 398 

suggested activation of several pathways including MTORC1 signaling, apoptosis, oxidative 399 

phosphorylation, and TNF-α signaling via  NFκB (Figure 5G). 400 

 401 

In a separate experiment, HAEC cells were cultured in non-stretch 6-well plates with plasma 402 

from PLWH with and without diabetes, as well as plasma from HIV-negative individuals with 403 

diabetes. There were differentially expressed genes (log fold change >2 and FDR < 0.05) 404 

between HAECs that had been incubated with plasma from PLWH with and without diabetes 405 

and from participants with diabetes with and without HIV (Figure 5H, Table S16). We observed 406 

an enriched expression of genes involved in oxidative phosphorylation, mTORC1 signaling, 407 

reactive oxygen species pathway and fatty acid metabolism in PLWH with diabetes compared to 408 

without diabetes (Figure 5I, Table S17). Cells that were incubated with plasma from participants 409 

with diabetes showed higher expression of genes in the interferon-γ response, IL-6, JAK/STAT3, 410 

complement and TNF-α pathway via NFκB in the HIV-negative relative to the PLWH (Figure 5J). 411 

This is interesting because the unfolded protein response, which was upregulated in the HIV 412 

endothelial cells, can be induced by HIV Tat protein (Fan & He, 2016). 413 

 414 

Discussion 415 

In this study, we showed that interferon and tumor necrosis factor receptors were higher on 416 

arterial and capillary ECs.  (IL)-1R1 and ACKR1 receptors were higher on venous ECs, and IL-6R 417 
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on VSMCs. CellChat predicted TNF-TNFRSF1A/B interactions between immune cells as senders 418 

and capillary ECs as recipients. There were also predicted CXC and CCL ligands expression by 419 

capillary ECs predicted to bind ACKR1 receptors on venous ECs. The proportion of venous ECs 420 

and VSMCs were positively circulating IL-6. All ECs showed significant expression of genes that 421 

allow for MHC class II presentation of antigens to other cells. In ex-vivo experiments, HAECs 422 

cultured with plasma-conditioned media from PLWH were stimulated and transcriptionally 423 

enriched for the TNF-α and reactive oxidative phosphorylation pathways.  424 

 425 

Adipose tissue arterial, capillary, and venous ECs in PLWH are a complex group of cells with 426 

heterogenous signaling abilities. In this study, arterial and capillary ECs were similar in their 427 

expression of IFN and TNF-α related receptors. Venous ECs on the other hand, expressed IL-1R1 428 

and IL-6R. These differences in cytokine receptors might explain differences in their response to 429 

systemic inflammatory stimuli. IL-1 cytokine has several direct and indirect effects on ECs 430 

including the regulation of vascular permeability (Fahey & Doyle, 2019) and IL-6 is a 431 

proinflammatory cytokine that is associated with endothelial dysfunction and cardiovascular 432 

disease (Wassmann et al., 2004). 433 

 434 

 435 

In this study, adipose tissue venous ECs and VSMCs were positively associated with plasma IL-6 436 

while capillary ECs were negatively associated with plasma IL-6. IL-6 on ECs has long been 437 

shown to be important for the recruitment of immune cells, due to other effects on ECs 438 

including increased expression of adhesion molecules (Romano et al., 1997). Our data support 439 

the idea that adipose tissue arterial, capillary, and venous ECs are all capable of upregulating 440 

MHC Class II genes, and therefore of antigen presentation (Pober, Merola, Liu, & Manes, 2017). 441 

Furthermore, the expression of TNF receptors like TNFRSF4 (also known as OX40) on ECs that 442 

can bind to OX40 ligand on T cells, which drives proliferation of T cells (L. Liu et al., 2022) is 443 

notable. This is important in the context of PLWH because activated ECs expressing high levels 444 

of ICAM-1 and VCAM-1 are poised to engage CD4+ T cells and enhance HIV infection (Card, 445 

Abrenica, McKinnon, Ball, & Su, 2022). 446 

 447 

ACKR1 is a chemokine receptor that is highly expressed on venous ECs, red blood cells, Purkinje 448 

neurons but not on leukocytes (Bachelerie et al., 2014). Unlike other chemokine receptors, 449 

ACKR1 lacks the ability to signal downstream and may largely function as a scavenger receptor 450 

that can bind more than 20 different chemokines. ACKR1 is highly expressed on venous ECs, and 451 

in this study, was predicted to interact with several chemokines (CXCL2, CCL14 and CCL2). In 452 

inflammatory responses, ACKR1 binding to inflammatory chemokines such as CXCL2 and CCL14, 453 

may allow for the chemokines to be internalized in ECs and increase the recruitment of 454 

leukocytes past inflamed endothelium (Cambier, Gouwy, & Proost, 2023). CXCL12 was predicted 455 

to bind CXCR4 in adipose tissue, which could be homeostatic or proinflammatory. CXCL12 has 456 

been shown to act synergistically with CXCL8 to enhance migration of different subsets of cells 457 

(Cambier et al., 2023) which may include CXCR4+ CD4+ T cell subsets that can be infected by HIV. 458 

 459 
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PLWH on ART have chronic systemic inflammation that remains elevated compared to people 460 

without HIV (Arildsen, Sørensen, Ingerslev, Østergaard, & Laursen, 2013; Hove-Skovsgaard et al., 461 

2017; Marincowitz et al., 2019; Mosepele et al., 2018; Subramanya et al., 2019). Beyond 462 

replicating virus, HIV proteins such as Tat (Cota-Gomez et al., 2002; K. Liu et al., 2005), Nef (T. 463 

Wang et al., 2014) and Gp120 (Anand, Rachel, & Parthasarathy, 2018; Kanmogne et al., 2007; 464 

Price, Ercal, Nakaoke, & Banks, 2005) may have direct effects on immune cells leading to 465 

inflammation. The ex-vivo analysis of arterial ECs with plasma from non-diabetic, pre-diabetic 466 

and diabetic PLWH highlights the role of the TNF-α pathway in the activation of ECs. A direct 467 

comparison of the effects of plasma from PLWH on HAECs compared to media control suggests 468 

upregulation of several pathways including MTORC1 signaling and the TNF-α pathway. 469 

 470 

In summary, we show that adipose tissue ECs, pericytes and VSMCs are heterogeneous 471 

phenotypically and functionally different as demonstrated by cytokine and chemokine 472 

receptors. Most of the cell-cell communication is predicted to be among the most abundant of 473 

these ECs in adipose (capillary and venous), that is via chemokines and the TNF pathway. 474 

Antigen presentation potential by ECs is also notable. The strength of this analysis is the cohort 475 

of 59 PLWH with adipose tissue samples, allowing us to phenotype different tissue ECs from the 476 

same study. However, it is limited by the cross-sectional nature of the study and lack of people 477 

without HIV and with and without metabolic disease. Despite the limitations, our study 478 

highlights differences in chemokine and cytokine receptors on endothelial cells, that directly 479 

react to changes in plasma biomarkers, may have a direct effect on the functional profile of the 480 

cells. Future research should aim to explore how these receptor variations on endothelial cells 481 

influence their response to specific plasma biomarkers, potentially impacting cell function and 482 

contributing to disease progression. 483 
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Figures and Legends 492 
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Figure 1. Venous, arterial, and capillary ECs have differences in cytokines receptor expression. 494 

Uniform approximation and projection (UMAP) show cell types present in adipose tissue (left) 495 

and highlighting vascular cells (A). Stacked bar plot shows each subset as a proportion of total 496 

number of vascular cells, split by metabolic status (B). Bubble plot shows cytokine receptor 497 

genes that are significantly higher in each of the cell clusters, the size of the bubble plot and 498 

color represents the average fold log2 change (see Table S2 for statistics) (color) (C). Bubble plot 499 

of select normalized and scaled cytokine receptor gene expression (y-axis) by cell type (x-axis) 500 

plotted with hierarchical clustering (D). Scaled and normalized gene expression for receptor 501 

cytokines IL3RA, and IL1R1 plotted on the UMAP for all subcutaneous adipose tissue cells (top) 502 

and (E). Violin plots with major cell type (x-axis) and normalized and scaled gene expression of 503 

IL3RA and IL1R1 (y-axis) (bottom) (E). The bubble plot shows differences in the expression of 504 

chemokines and chemokine receptors, with color and circle size depicting log2Fold change in all 505 

cells (F) and in vascular cells (G). ACKR1, CCR10, CCRL2, CCL14 and CXCL12 scaled and 506 

normalized expression plotted onto the UMAP (top) and violin plot by vascular cell type 507 

(bottom) (H). 508 

See Tables S2-S5 509 

 510 
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Figure 2. MAIT cells within SAT are predicted to be the main contributors of TNF-α that can 512 

bind TNF receptors TNFRSFR1A and TNFRSFR1B on ECs. Bubble plot for major cell types in the 513 

SVF shows differences in the expression of TNF receptors, with color and circle size depicting 514 

log2Fold change (A). Bubble plots for vascular cell populations with scaled and normalized gene 515 

expression (color) and percentage of cells expressing the gene (size). The columns and rows 516 

were plotted with hierarchical clustering for receptors and cell clusters (B). Uniform manifold 517 

approximation and projection (UMAP) with superimposed normalized and scaled expression of 518 

TNFRSFR1A and TNFRSFR1B (C). Bubble plots with expression of adhesion molecules on vascular 519 

cells with scaled and normalized gene expression (color) and percentage of cells expressing the 520 

gene (size) (D). Cell adhesion markers significantly higher in arterial, capillary, and venous ECs 521 

are depicted, with color showing fold change (E). UMAP of arterial, capillary, and venous 522 

endothelial cells with superimposed normalized and scaled gene expression of select 523 

intercellular adhesion molecules (F). Circos plot depicts communicating pairs where the line 524 

edge width represents the prevalence of each ligand-receptor interaction between endothelial 525 

cell subsets and T cells/monocytes (G). The bar plot shows the predicted ligand-receptor pairs 526 

and the relative contribution to the TNF signaling pathway network and circos plot shows 527 

interactions specific for the TNF signaling pathway network (H). The heatmap shows senders, 528 

recipients, influencers, and mediators of the TNF signaling pathway with levels of relative 529 

importance for each cell population based on the computed four network centrality measures 530 

(I). The bubble plot shows the significant ligand-receptor pairs, red dots have the highest 531 

communication probability and blue has minimum communication probability. Statistical 532 

analysis in J, one-sided permutation test. 533 

See Tables S6-S9 534 

 535 

 536 
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Figure 3. Cell-cell signaling predicted for CXCL, CCL and TNF pathways. The bar plot shows the 538 

predicted ligand-receptor pairs and the relative contribution to the CXCL signaling pathway 539 

network and the Circos plot depicts communicating pairs where the line edge width represents 540 

the prevalence of each ligand-receptor interaction (A). Heatmap shows senders, recipient, 541 

influencers, and mediators of the CXCL signaling pathway with levels of relative importance for 542 

each cell population based on the computed four network centrality measures (B). The bar plot 543 

shows the predicted ligand-receptor pairs and the relative contribution to the CCL signaling 544 

pathway network and the Circos plot depicts communicating pairs where the line edge width 545 

represents the prevalence of each ligand-receptor interaction (C). The heatmap shows senders, 546 

recipient, influencers, and mediators of the CCL signaling pathway with levels of relative 547 

importance for each cell population based on the computed four network centrality measures 548 

(D). The bar plot shows the predicted ligand-receptor pairs and the relative contribution to the 549 

TNF signaling pathway network and the Circos plot depicts communicating pairs where the line 550 

edge width represents the prevalence of each ligand-receptor interaction (E). The heatmap 551 

shows senders, recipients, influencers, and mediators of the TNF signaling pathway with levels 552 

of relative importance for each cell population based on the computed four network centrality 553 

measures (F). Bubble plot with ligand-receptor pairs of CXCL, CCL and TNF pathways (y-axis) 554 

between PVM and other cells (x-axis). The color represents the communication probability, and 555 

the size represents the p-value (G). Summary figure showing the main receptor-ligand 556 

interactions predicted for venous ECs (H). 557 
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Figure 4. Adipose tissue capillary and venous ECs show distinct correlations with 559 

morphometric measures and plasma cytokines. Bubble plots depict the correlations between 560 

the proportion of endothelial cell subsets with laboratory measures. The size of the bubble 561 

represents the p-value, and the color is the rho for circulating glucose and lipid laboratory 562 

values (A), morphometric measures (B) and plasma cytokines (C). Statistical analysis performed 563 

using partial Spearman correlation adjusted for age, sex, BMI, and diabetes status. IL-17A 564 

analysis were adjusted for only sex and BMI due to small sample size (n=19). Heatmap shows 565 

differences in enriched pathway activity (D) and transcription factor expression of adipose tissue 566 

ECs, VSMC and pericytes (E). Heatmaps show senders (y-axis), and recipients (x-axis) of the 567 

MHCII signaling pathway with levels of relative importance for each cell population based on 568 

the computed four network centrality measures stratified by diabetes status among PLWH (F-G).  569 

See Tables S12-S13 570 
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Figure 5. Plasma from PLWH activates HAECs to express genes that enrich several pathways 573 

including TNF-α signaling via NFKβ. Model figure showing Flexcell stretch set up with flexible 574 

plates connected to pump that allows for 5% stretch in a uni-axial plane (A). PCA plot depicting 575 

bulk RNAseq of HAECs cultured with media or plasma under normotensive or hypertensive 576 

stretch (B). Heatmap shows differential gene expression of HAECs under stretch conditions, in 577 

media only and in media supplemented with plasma (C). Volcano plots show DGE between 578 

control and plasma (left) and non-diabetic and diabetic (right) under normotensive stretch 579 

conditions (D). Box plots show the top 5 genes that differ between plasma and media samples 580 

under normotensive stretch conditions (E). UMAPs show expression of FAS protein on adipose 581 

tissue cells from non-diabetic and pre-diabetic/diabetic using the CD95 CITE-seq antibody (F). 582 

Dot plot shows the pathways in blue that are underrepresented in plasma/ normotensive 583 

stretch HAECs and those in red which are activated (G). Volcano plot shows the DGE of 584 

transcripts from HAECs cultured with media supplemented with plasma from PLWH with 585 

diabetes and HIV-negative with diabetes (left) and PLWH with and without diabetes (right) (H). 586 

Dot plot shows pathways overrepresented in HAECs in media supplemented with supernatants 587 

from PLWH with diabetes (red) compared to non-diabetic PLWH (I). Similar dot plot to compare 588 

gene transcripts between PLWH and HIV-negative with diabetes (J). 589 

See Tables S15-17  590 
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