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Graphical Abstract 
 
 

 
 
Highlights 
1. Immunohistochemical and fluorescent stains combined with GeoMx® digital spatial 

profiling allowed for deep characterization of immune cells within intact coronary plaques 

and perivascular adipose tissue  

2. Coronary plaques from HIV-positive persons had higher proportion of CD163+ immune 

cells compared to HIV-negative persons 

3. Differential protein expression of immune-rich regions of interest within intact 5µm 

sections of coronary plaques revealed higher levels of stimulator of interferon gamma 

(STING) in HIV-positive persons 
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Abstract 
Background  

Chronic innate and adaptive immune activation may contribute to high prevalence of 

cardiovascular disease in persons living with HIV (PLWH).  

 

Methods 

We assessed coronary plaques from deceased PLWH (n=6) and HIV-negative (n=6) persons 

matched by age and gender. Formalin-fixed, paraffin-embedded 5µm thick sections were 

processed using Movat, hematoxylin and eosin, immunohistochemical and immunofluorescence 

stains. Immune cell populations were measured using surface antibodies, and immune-related 

protein expression from macrophage rich, T-cell rich and perivascular adipose tissue regions 

using GeoMx® digital spatial profiling.  

 

Results 

Coronary plaques from PLWH and HIV-negative persons had similar plaque area and percent 

stenosis. Percent CD163+ cells as measured by immunohistochemical staining was significantly 

higher in PLWH, median 0.29% (IQR 0.11-0.90) vs. 0.01% (IQR 0.0013-0.11) in HIV-negative 

plaque, p = 0.02 (Figure 1A). Other surface markers of innate cells (CD68 +, p=0.18), adaptive 

immune cells (CD3+, p=0.39; CD4+, p=0.09; CD8+, p=0.18) and immune trafficking markers 

(CX3CR1+, p=0.09) within the coronary plaque trended higher in HIV-positive plaques but did 

not reach statistical significance. GeoMx® digital spatial profiling showed higher differential 

protein expression of CD163 (scavenger receptor for hemoglobin-haptoglobin complex), 

stimulator of interferon gamma (STING, a cytosolic DNA sensor), CD25 and granzyme-B in the 

HIV-positive compared to HIV-negative, p<0.05(Figure 1B).  

 

Conclusions 
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Increased inflammation within the coronary plaques of PLWH is characterized by more innate 

and adaptive immune cells. Higher STING expression in PLWH suggests that immune response 

to viral antigens within the plaque might be a driver above other stimulants. STING inhibitors are 

available and could be investigated as a future therapeutic target in PWH if these results are 

replicated with a larger number of plaques. 

 

Key words: Atherosclerosis, cardiovascular disease, HIV, stimulator of interferon gamma, 

CX3CR1, cytomegalovirus, inflammation 
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Introduction 1 

Persons living with human immune deficiency virus (PLWH) have a greater prevalence of 2 

cardiovascular disease (CVD) compared to HIV-negative persons, which is not explained by 3 

differences in traditional risk factors and persists despite suppression of plasma viremia on 4 

antiretroviral therapy (ART).1-5 Chronic inflammation due to HIV-infection and other viral 5 

pathogens such as cytomegalovirus (CMV) and hepatitis C virus, have been linked to 6 

accelerated atherosclerosis6, 7 and may in part explain this increased risk. Aortic and carotid 7 

artery inflammation measured by 18F-fluorodeoxyglucose positron emission tomography (FDG-8 

PET) imaging,14, 15 showed greater tracer uptake in PLWH and was associated with higher 9 

plasma hsCRP, IL-6, CX3CR1+ monocytes, and potentially CX3CR1+ CD4+ T cells. 14 In 10 

general, PLWH on ART have higher levels of inflammation compared to HIV-negative persons.8, 11 

9 Higher levels of circulating interleukin-6 (IL-6), high sensitivity c-reactive protein (hsCRP) and 12 

d-dimer are associated with CVD events in PLWH10-12. Studies in ‘elite controllers’, or PLWH 13 

with low or undetectable plasma viremia in the absence of ART, notably also showed higher 14 

carotid intimal media thickness compared with HIV-negative controls after adjusting for 15 

traditional risk factors, indicating that antiretroviral agents or higher HIV replication per se was 16 

not the driver of vascular disease.13  17 

 18 

Different circulating immune cell subsets have been associated with CVD in the general 19 

population and PLWH, though results have been conflicting. CD27- CD28- CD45RO+ CD4+ T 20 

cells, for example, were associated with increased mortality from coronary heart disease.16 In 21 

contrast, a large analysis combining participants in the Multi-Ethnic Study of Atherosclerosis 22 

(MESA) and the Cardiovascular Health Study (CHS) found that circulating lymphocytes (CD4+, 23 

CD8+, CD19+) and monocytes (CD14+) were not associated with future myocardial infarction in 24 

otherwise healthy adults17. Among PLWH, lower CD4+ T cell counts have been linked with 25 

higher rates of non-AIDS diseases, including CVD.18  CD4+ T cell counts less than 200 26 
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cells/mm3 were also associated with greater arterial stiffness19 and carotid plaque (IMT > 27 

1.5mm).20 In other studies and in contrast, higher absolute CD4+ T cell counts post-ART at the 28 

time of CVD assessment have also been associated with cardiovascular aging in PLWH.21 A 29 

potential explanation of this paradox is the expansion of a subset of cytotoxic CMV-specific 30 

CD4+ T cells in the presence of ART which are highly inflammatory and atherogenic. The 31 

majority of PLWH are co-infected with CMV and have inflated CD4+ and CD8+ T cells dedicated 32 

to controlling CMV replication. 22, 23 A higher percentage of CMV-specific CD8+ T cells in PLWH 33 

is associated with increased carotid intima-media thickness,24 while higher anti-CMV IgG titers 34 

are associated with subclinical carotid artery disease and increased mortality from coronary 35 

heart disease.16, 25 36 

 37 

Although inflammation is thought to play an important role in the development of an atheroma, 38 

and therapeutic targets including antiviral therapies or immune therapies have been proposed, 39 

to our knowledge there has been no research on the immune landscape of arterial plaques in 40 

persons with HIV. A comparison of plaques from PLWH vs. HIV-negative persons may delineate 41 

inflammatory pathways contributing to a higher burden of CVD. We previously described the C-42 

G-C+ CD4+ T cells co-expressing CX3CR1 and CD57 in HIV-positive diabetics, and found that 43 

these cells are predominantly TEMRA cells and overlap with CD28- CD4+ T cells that have been 44 

described in aging individuals26. Further, a recent publication using single cells isolated from 45 

carotid plaque samples of HIV-negative individuals, showed expression of CX3CL1 in nascent 46 

plaque and CX3CR1+ CD57+ CD4+ T cells within the plaque by flow cytometry.27 They did not 47 

include plaque from HIV-positive samples which we address in this study. 48 

 49 

Understanding the role of inflammation in atherosclerosis requires definitive evidence using in-50 

depth analysis of immune cells within plaque tissue28. This has not been done in PLWH and 51 

until now, we were limited in our ability to investigate immune subsets within vulnerable human 52 
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plaque tissue due to high levels of necrosis that affected the integrity of surrounding tissue and 53 

immune cell yield29-33. In this paper, we investigated immune cells within coronary plaque tissue 54 

and surrounding adventitia using GeoMX® digital spatial profiling which allowed us to pick 55 

regions within the plaque and compare surface and intracellular protein expression. Plaques are 56 

heterogenous and understanding the immune drivers of atherogenesis is enhanced by the new 57 

technologies that allow us to select regions within the plaque for detailed analysis. 58 

 59 

As metabolic disease and CVD are co-travelers, we hypothesized that C-G-C CD4+ T cells 60 

which express CX3CR1 could traffic to inflamed endothelium and contribute to CVD progression 61 

in PLWH. C-G-C CD4+ T are cytotoxic and more commonly anti-viral. We obtained coronary 62 

plaques from twelve deceased individuals with (n=6) and without HIV (n=6) of similar age and 63 

sex distribution. The coronary plaques were staged and evaluated for immune cells using 64 

immunohistochemistry staining. We found that plaques from PLWH had higher proportions of 65 

immune cells per area, with significantly more CD163+ cells. Most importantly, using GeoMX® 66 

digital spatial profiling, we found a significantly higher expression of stimulator of interferon 67 

gamma (STING), CD163, and several immune proteins consistent with a cytotoxic response in 68 

the HIV-positive coronary plaque. 69 

 70 

Methods and materials 71 

Human samples 72 

This study used deidentified human coronary plaque samples/ autopsy specimens approved for 73 

exempt review by the institutional review boards of CVPath and Vanderbilt University Medical 74 

Center (IRB# 200148). Slides containing major epicardial coronary arteries sectioned at 3-4mm 75 

intervals from six HIV-positive and six HIV-negative persons who died of sudden cardiac death 76 

were obtained from the CVPath Institute (Gaithersburg, MD) (Supplementary Table 1). CVPath 77 

Institute maintains curated biorepository of coronary artery beds from over 7000 autopsy hearts 78 
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from the Office of the Chief Medical Examiner of the State of Maryland (OCME-MD) collected 79 

between 2005 and 2019, for providing cardiac consultation. Each heart is evaluated by a 80 

cardiac pathologist for staging and the cause of death, if known, is recorded along with de-81 

identified demographic information including age, gender, and race. Each specimen is fixed in 82 

10% formalin and regions of interest are decalcified before processing. The arteries with 83 

coronary plaques are fixed and serial sections embedded in paraffin. Sections are cut at 5-6µm 84 

and mounted on charged slides35.  85 

 86 

Immunohistochemical staining 87 

FFPE sections were stained using Movat pentachrome and hematoxylin and eosin stains 88 

(H&E). We selected immune markers to define innate and adaptive Immune cells present in the 89 

plaques. These were identified by immunohistochemical staining (IHC) with antibodies against T 90 

cells: CD3 (Roche Cat # 790-4341, pre-diluted), CD4 (Roche, Cat# 790-4423, pre-diluted), CD8; 91 

macrophages: CD68 (Roche Cat# 790-2931, pre-diluted), CD163 (Leica Cat# NCL-L-CD163, 92 

antibody 1:50), vascular cell adhesion molecule 1 (VCAM-1) (Abcam ab134047, 1:500, diluted) 93 

and an endothelial homing chemokine receptor, CX3CR1 (Abcam ab8021, 1:1000 dilution), 94 

DISCOVERY OmniMap anti-Ms HRP cat # 760-4310 or anti-Rb HRP cat # 760-4311 and 95 

developed by the NovaRed kit (Vector Laboratories). The images were captured by Axio 96 

Scan.Z1 (Zeiss, Germany) using a 20X objective. IHC staining was quantified in segments with 97 

the most severe stenosis using the area quantification module on the HALO image analysis 98 

platform (Indica Labs, Corrales, NM) as previously published.35, 36  99 

 100 

Digital Spatial profiling of protein expression 101 

Expression of multiple immune-related proteins was measured on 5µm thickness formalin-fixed 102 

paraffin-embedded (FFPE) tissue sections from the coronary plaques of two male HIV-positive 103 
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and HIV-negative with the highest degree of immune cell infiltration. FFPE sections were treated 104 

with citrate buffer (pH6) for antigen retrieval. They were bathed in a multiplexed cocktail of 105 

primary antibodies with photocleavable DNA-indexing oligos (GeoMX® Immune profile core, 106 

Immune Cell typing, Immune Activation Status, IO Drug Target and Pan Tumor modules), 107 

fluorescent anti-CD3 (magenta, Cat.# UM500048 ), anti-CD8 (green, Cat.# 14-0008-82), anti-108 

CD68 (yellow, Cat.# sc-20060) and SYTO 83 nuclear staining (Cat.# S11364). Fluorescence 109 

microscopy on the GeoMX® platform was used to image the slides. Twelve regions of 110 

interest/areas of interest (ROIs/AOIs) from each were processed using the NanoString’s 111 

GeoMX® digital spatial profiling platform (https://www.nanostring.com/scientific-112 

content/technology-overview/digital-spatial-profiling-technology). Images of stained sections 113 

were captured at 20X magnification. ROIs/AOIs for molecular profiling were selected as 114 

geometric shapes in macrophage-abundant, T-cell abundant and adipose tissue sections. Per 115 

protocol, protein staining was repeated twice to verify the results. AOIs were exposed to 116 

ultraviolet light (365nm) to release the indexed oligos/barcodes for collection. Oligos were 117 

captured from the AOI by microcapillaries and dispensed into 96-well plates. Following 118 

collections from all AOIs, the oligos (hybridized to unique four-color, six-spot optical indexing 119 

barcodes) were quantified on the nCounter analysis platform. Data were normalized to area; 120 

signal-to-noise ratios (SNR) were calculated using isotype controls. Proteins with SNR less than 121 

2 were not included in differential expression analysis. Data were visualized by unsupervised 122 

hierarchical clustering. Differential gene expression was analyzed by unpaired t-test with 123 

Benjamini Hochberg (BH) correction. 124 

 125 

Statistical analysis 126 

Differential expression of proteins in coronary plaques and correlation plots of protein 127 

expression were analyzed using t-test on the GeoMx® software platform with Benjamini 128 

Hochberg correction for multiple comparisons, where applicable. Statistical differences in 129 
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immune cells within coronary plaques of HIV-positive and HIV-negative persons were calculated 130 

using GraphPad Prism 8 and R v.3.6.1. 131 

 132 

Results 133 

Demographics of HIV-negative and HIV-positive persons 134 

We obtained coronary plaques from six HIV-positive (median age 50) and six HIV-negative 135 

deceased persons (median age 52) (Supplementary Table 1). Half of each group was female. 136 

There were more Caucasians in the HIV-negative group (5/6) compared to the HIV-positive 137 

group (1/6). The coronary plaque lesions consisted of early and late atheroma (Supplementary 138 

Table 1). The cardiac death categories, as applicable, are also provided for reference in the 139 

table. 140 

 141 

Coronary plaque morphology and immune cell constituents in HIV-positive and HIV-142 

negative persons 143 

We first compared the coronary plaque histology between HIV-positive and HIV-negative 144 

persons. Movat and H&E stains were used to define the coronary plaque constituents; three 145 

representative images are shown (Figure 1A). There was no significant difference in plaque 146 

area (median 4.74E6 µm2 [2.78E6 – 8.00E6] in HIV-negative vs. 7.05 E6 µm2 [5.59E6 – 8.81E6] in 147 

HIV-positive, p=0.31) or percent stenosis (median 66% [54 – 72] in HIV-negative vs. 50% [41 – 148 

62] in HIV-positive, p=0.13) (Figure 1B). Using IHC, we quantified cells of the innate and 149 

adaptive immune system. CD68 is a surface marker expressed on monocytes and 150 

macrophages; CD3/CD4/CD8 are markers expressed on T cells and vascular cell adhesion 151 

molecule 1 (VCAM-1) and CX3CR1) are markers associated with trafficking to inflamed 152 

endothelium (Figure 2A). We found no difference in the percentage of CD68+ cells between 153 

HIV-negative (median 0.38% per µm2 [0.13, 1.11]) and HIV-positive (1.58% [0.28, 2.94]) 154 
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coronary plaques, p=0.18. Similarly, the percentage of T cells was not different between HIV-155 

negative and HIV-positive coronary plaque: CD3 (median 0.07% per µm2 [0.03, 0.23] vs. 0.2% 156 

per µm2 [0.11, 0.34], p=0.39]); CD4 (median 0.001% per µm2 [0.0006, 0.05] vs. 0.1% per µm2 157 

[0.007, 0.26], p=0.09]) or CD8 T cells (median 0.05% per µm2 [0.004, 0.17] vs. 0.17% per µm2 158 

[0.08, 0.28], p=0.18]). Similar trends were seen in the markers associated with trafficking of cells 159 

to inflamed endothelium VCAM-1 (median 0.008% per µm2 [0.002, 0.03] vs. 0.05%per µm2  160 

[0.009, 0.2], p=0.24]) and CX3CR1 (median 0.1% per µm2 [0.08, 0.9] vs. 0.8% per µm2  [0.6, 161 

1.3], p=0.09]). In aggregate, there appeared to be a trend towards more immune cells in 162 

coronary plaques from HIV-positive individuals (Figure 2B). Similarly, we obtained high 163 

magnification images of perivascular adipose tissue adjacent to the coronary plaques that 164 

showed the presence of innate and adaptive immune cells (Supplementary Figure 1) 165 

 166 

Membrane bound CD163 is a scavenger receptor of hemoglobin-haptoglobin complexes that is 167 

expressed exclusively on macrophages37. This receptor in humans can be cleaved by the 168 

inflammation-inducible enzyme TNF-α converting enzyme (TACE) to generate soluble CD163 169 

that has been shown to be higher in the peripheral blood of PLWH.38 Previous studies 170 

comparing sCD163 expression found higher levels in HIV+CMV+ compared to HIV+CMV- 171 

persons42. CD163+ macrophages have been associated with a high level of HIF1a expression 172 

and plaque progression due to increased plaque angiogenesis and plaque vulnerability.  We 173 

found that CD163+ cells were more prevalent in the HIV-positive (median 0.29% per µm2 [0.11, 174 

1.45]) versus HIV-negative (median 0.01%per µm2 [0.001, 0.11]), p = 0.02) (Figure 2). Although 175 

vascular adhesion molecule-1 (VCAM-1+) was higher in HIV-positive (median 0.05% per µm2 176 

[0.009, 0.20]) versus HIV-negative (median 0.008% per µm2 [0.002, 0.03]), p = 0.24), this 177 

difference was not statistically different in this small sample.  Taken together, coronary plaque 178 

samples from HIV-positive and HIV-negative deceased persons had a median plaque area and 179 
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stenosis that was similar. However, there was a trend towards higher percentages of immune 180 

cells in HIV-positive samples, with significantly higher CD163+ cells and a trend towards higher 181 

CX3CR1+ cells. 182 

 183 

Innate and adaptive immune cells did not correlate with plaque stenosis in HIV-positive 184 

samples 185 

Immune cell enrichment in coronary plaques is non-stochastic and is a harbinger of 186 

atherosclerosis progression. Monocytes are recruited early after endothelial injury and are 187 

stimulated to become macrophages in the sub-endothelium.  Using correlation matrices, we 188 

looked to see if there were relationships between plaque area, plaque stenosis and plaque 189 

resident immune subsets. Spearman’s rank correlation analysis agnostic to HIV-status, showed 190 

that CD68+ cells were positively correlated with CD163+ (rho=0.79, p<0.01), CD3+ (rho=0.69, 191 

p<0.05), CD4+ (rho=0.74, p < 0.01), and CX3CR1+ (rho = 0.71, p < 0.05) cells. CD8+ (rho = 192 

0.52, p = 0.09) and VCAM-1+ (rho = 0.42, p = 0.18) were not significant (Figure 3A). We 193 

observed that CX3CR1+ cells were positively correlated with CD163+ (r=0.88, p < 0.001), CD3+ 194 

(r=0.80, p < 0.01), CD4+ (r=0.76, p < 0.01), CD8+ (r= 0.80, p < 0.01), and VCAM-1 (r=0.67, p < 195 

0.05) (Figure 3A). When we stratified samples by HIV-status, percent stenosis was positively 196 

correlated with CD163+, CD3+, CD4+, and CD8+ cells in HIV-negative (Figure 3B,D). On the 197 

contrary, percent stenosis was not correlated with all immune subsets in HIV-positive individuals 198 

(Figure 3C,D).  199 

 200 

Coronary plaque heterogeneity in HIV-positive and HIV-negative persons 201 

Coronary plaque FFPE sections from two individuals (one HIV-positive and one HIV-negative) 202 

were selected and matched on age, morphology, sex and percent of immune cells as seen by 203 

IHC (CD68+ cells, 2.7% HIV-positive and 2.3% in HIV-negative; CX3CR1+, 1.4% HIV-positive 204 

and 2.0% in HIV-negative). CD163 and VCAM-1 positivity was higher in the HIV-positive 205 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 29, 2020. ; https://doi.org/10.1101/2020.07.28.221325doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.28.221325
http://creativecommons.org/licenses/by-nc-nd/4.0/


samples (IHC stains) compared to the HIV-negative samples (Supplementary Table 2). 206 

Representative sections from each of these individuals were stained with fluorescently tagged 207 

antibodies (CD3, CD8, CD68 and DAPI) and sequential areas of interest (AOI) from each 208 

individual was selected (Figure 4A). Twelve regions were selected per sample representing 209 

regions within the plaque, adventitia, and perivascular adipose tissue (Figure 4B). There was 210 

significant heterogeneity in areas within the plaque as some regions had predominantly 211 

macrophages and others had predominantly CD3+/CD8+ cells (Figure 4C). Images with single 212 

fluorescent antibodies were included to show the macrophage and T cells within each AOI 213 

(Supplementary Figure 2). In general, there was similar degree of heterogeneity in the HIV-214 

positive and HIV-negative plaques. 215 

Using an optical barcode microscope, we obtained digital spatial protein expression data from 216 

the coronary plaques of an HIV-positive and HIV-negative person. Molecular profiling using a 217 

heatmap showed that adipose tissue AOIs had similar protein expression profiles independent 218 

of HIV-status (Figure 5A). Differential protein expression of all AOIs by HIV-status showed 219 

higher Stimulator of interferon genes (STING), CD163, V-domain immunoglobulin suppressor of 220 

T cell activation (VISTA), Bcl-2, Ki-67 and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) 221 

(p < 0.05) in the HIV-positive coronary plaque (Figure 5B-C).  222 

  223 

STING is highly expressed in macrophage-rich HIV-positive AOIs  224 

We excluded the adipose tissue and adventitia (external AOIs) and analyzed the differential 225 

protein expression of AOIs within the coronary plaque by HIV-status. These included 6 AOIs 226 

from the HIV-positive plaque and 7 AOIs from the HIV-negative. Differential protein expression 227 

by t-test showed significantly higher expression of STING, CD163, VISTA, GZMB, Ki-67, Bcl-2, 228 

CD25, Tim-3, CD127 and CTLA4 in the HIV-positive coronary plaque AOIs (Figure 6A), while 229 

HLA-DR, CD14 was higher in the HIV-negative coronary plaque. The distribution of the different 230 

AOIs contributing to these main genes are shown by boxplot (Figure 6B). Due to the 231 
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heterogeneity within the coronary plaques, we used the trend line to show variations in counts 232 

by section in both the HIV-positive and negative. CD163 was highly expressed in all AOIs 233 

(Figure 6C). However, the segments that had the highest proportion of macrophages in the 234 

HIV-positive sample (AOI 9 and 10) had the highest expression of STING. Notably although 235 

lower expression of STING was present in the HIV-negative plaque, the regions with the highest 236 

expression were also those with more macrophages (AOI 1,2 and 6). STING correlated with 237 

activation (CD25, R2 = 0.77; Tim-3, R2 = 0.83), naïve and memory T cells (CD127, R2 = 0.68), 238 

macrophages (CD163, R2 = 0.62). VISTA protein, which is associated with myeloid activation 239 

and is a checkpoint inhibitor, expression was correlated with CD163 R2 = 0.82 and GZMB R2 = 240 

0.71 (Figure 6C). 241 

 242 

Analysis of segments external to the plaque (adipose and adventitia) showed higher levels of 243 

B7-H3, fibronectin and CD34 expression in HIV-negative AOIs. Heatmap of external segments 244 

alone showed similarity in protein levels that clustered based on adipose tissue versus 245 

adventitia (Figure 7A). Differential protein levels by t-test showed higher B7-H3, CD34 and 246 

fibronectin in HIV-negative samples (Figure 7B). These proteins were highly prevalent in the 247 

adipose tissue segments (AOI 3,7,10 and 12) and not the immune T cell rich segment in the 248 

adventitia (AOI 5). CTLA4, STING and VISTA were found in high levels in immune cell rich AOIs 249 

in the adventitia (AOI 5 and 11) while CD163 was higher in an adipose AOI (4) and adventitia 250 

AOI with macrophages and T cells (6) (Figure 7C). 251 

 252 

CMV seroprevalence is significantly higher in PWH compared to HIV-negative individuals.50 It 253 

has been proposed that PWH have a higher level of viral replication within tissue compartments 254 

even in the absence of active viremia. Although DNA viruses are the main stimulators of STING 255 

via cGAS, RNA viruses such as HIV may also stimulate STING via the retinoic acid-inducible 256 

gene I (RIG-I) pathways.51 RIG-I is a cytosolic pattern recognition receptor that recognizes 257 
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double stranded viral RNA. Our proposed hypothesis is that viral DNA and RNA in PLWH, 258 

possibly in combination with modified oxidized peptides are transiently activating STING-related 259 

pathways within coronary plaques of PLWH, leading to higher levels of inflammation and 260 

increased plaque instability (Figure 8).    261 

 262 

DISCUSSION 263 

In this study, we hypothesized that coronary plaques from persons with HIV would have a 264 

higher proportion of immune cells compared to HIV-negative. Furthermore, they would have an 265 

immune profile that is consistent with stimulation by virus compared to coronary plaques from 266 

HIV-negative individuals. Newer single-cell analysis has facilitated the investigation of the 267 

heterogenous populations of cells present in atherosclerotic plaques.30 Understanding the 268 

immune components is fundamental if we expect to develop immunotherapies that significantly 269 

reduce atherosclerosis progression and CV events. Using GeoMX® digital profiling, we were 270 

able to select regions that were enriched with macrophages, T cells, a combination 271 

(macrophages and T cells) or perivascular adipose tissue. In general, the coronary plaque AOIs 272 

from the representative HIV-positive plaque had higher expression of STING compared to the 273 

HIV-negative plaque AOIs. This was even more pronounced in the AOIs that were macrophage 274 

rich. 275 

 276 

Using coronary samples from HIV-positive and HIV-negative individuals, we quantified the 277 

innate and adaptive immune cells within the coronary plaques and perivascular fat. We found a 278 

higher frequency of total immune cells within coronary plaques of HIV-positive persons. CD163+ 279 

cells were significantly higher by IHC and protein expression using GeoMX® digital profiling. 280 

Notably, CD163 expression on monocytes and macrophages has been shown to confer 281 

susceptibility of infection with both DNA39 and RNA40 viruses. There are no studies to date that 282 

have looked at whether CD163+ macrophages are more permissive to CMV infection. HIV 283 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 29, 2020. ; https://doi.org/10.1101/2020.07.28.221325doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.28.221325
http://creativecommons.org/licenses/by-nc-nd/4.0/


infected CD163+ CD68+ macrophages have been reported in gut biopsies from untreated PLWH 284 

while CMV was primarily detected in epithelial cells41. Ongoing studies using RNAscope will 285 

define the viral burden - HIV and CMV - within plaque tissue and in perivascular adipose tissue 286 

of PLWH to better understand the tissue pathology of these viruses in this context. 287 

 288 

STING is an endoplasmic reticulum adaptor protein that can bind DNA viruses and intermediate 289 

DNA transcripts of RNA viruses initiating an innate immune inflammatory cascade leading to 290 

activate of type I interferons.52, 53 The DNA viruses include CMV, Epstein Barr virus (EBV) and 291 

herpes simplex virus (HSV). STING is a critical signaling molecule that is involved in tissue 292 

inflammation and has been shown to trigger metabolic stress-induced endothelial inflammation 293 

in a mouse model. STING agonists have been shown to activate cells that were latently infected 294 

with simian immunodeficiency virus (SIV) and enhanced SIV-specific responses in vivo54. It is 295 

possible that a similar effect would be seen with HIV. Thus, in individuals co-infected with HIV 296 

and CMV, re-reactivation of CMV might create a setting where HIV infection is enhanced with 297 

apoptosis of those CD4+ T cells. Notably, CMV-specific CD4+ T cells express CX3CR1, and a 298 

subset of these CMV-specific cells are protected from HIV-infection55. As a result, the CMV-299 

specific cells are likely to accumulate with time in the setting of low levels of CMV replication in 300 

tissues. We have previously shown that CMV-specific CD4+ T cells were largely T effector 301 

memory cells RA+ revertant (TEMRA) and T effector memory cells (TEM); cytotoxic with notable 302 

expression of GZMB and perforin at baseline.22 To our knowledge, the role of STING in 303 

atherosclerosis has not been reported by other groups. Our next steps are to perform a similar 304 

analysis on a larger number of  samples and define the pathogen burden (both viral and 305 

bacterial) within coronary plaques of PLWH and HIV-negative. This will involve in situ staining 306 

as well as droplet digital PCR to quantify DNA extracted from these samples. Identification of 307 

replicating virus in the plaque can provide evidence for the need of CMV-specific antivirals in 308 

this patient population or targeted inhibitors of the STING pathway. 309 
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 310 

This study has several limitations. The deceased persons were confirmed HIV-positive and HIV-311 

negative. However, we do not have information on their ART regimens or viral load at the time 312 

of death. Therefore, if we find virus in their coronary plaques, we will not be able to relate the 313 

viral burden to their ART compliance. Furthermore, the samples are processed after 314 

examination by the medical examiner, therefore there could be a slight delay from when the 315 

patient died. Future studies using samples from living donors that are processed within 30 316 

minutes to 1 hour of obtaining the sample are underway. Finally, for the digital spatial profiling, 317 

we chose the individuals with the highest proportion of cells so that they would be comparable. 318 

Some sections of the HIV-negative blood vessel had the appearance of a total chronic 319 

occlusion. Based on our pathology analysis, we opted to match them based on the abundance 320 

of immune cells. Future studies will include a larger number of participants and different stages 321 

of atherosclerosis.  322 
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