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Abstract

Objective—The calcium composition of atherosclerotic plaque is thought to be associated with 

increased risk for cardiovascular events, but whether plaque calcium itself is predictive of 

worsening clinical outcomes remains highly controversial. Inflammation is likely a key mediator 

of vascular calcification, but immune signaling mechanisms that promote this process are 

minimally understood.

Approach and Results—Here we identify Rac2 as a major inflammatory regulator of signaling 

that directs plaque osteogenesis. In experimental atherogenesis, Rac2 prevented progressive 

calcification through its suppression of Rac1-dependent macrophage IL-1β expression, which in 

turn is a key driver of vascular smooth muscle cell calcium deposition by its ability to promote 

osteogenic transcriptional programs. Calcified coronary arteries from patients revealed decreased 

Rac2 expression but increased IL-1β expression, and high coronary calcium burden in patients 

with coronary artery disease was associated with significantly increased serum IL-1β levels. 

Moreover, we found that elevated IL-1β was an independent predictor of cardiovascular death in 

those subjects with high coronary calcium burden.
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Conclusions—Overall, these studies identify a novel Rac2-mediated regulation of macrophage 

IL-1β expression, which has the potential to serve as a powerful biomarker as well as therapeutic 

target for atherosclerosis.

Introduction

Ischemic heart disease caused by atherosclerosis remains the single leading cause of 

morbidity and mortality in the world1. Traditional risk factor assessment, using gender, age, 

race, lipid profile, blood pressure, smoking, and diabetes is commonly used to risk stratify 

individuals with unestablished disease2. When applied to a diverse patient population, 

however, current risk assessment calculators can often overestimate risk in both men and 

women, resulting in substantial implications for the healthcare of individuals as well as to 

the cost of the healthcare system in general3.

Coupling traditional risk assessment to a patient vulnerability bio-profile, using specific 

biomarkers, and structural information about plaque composition may enhance our ability to 

achieve improved risk stratification, moving cardiology toward an era of precision 

medicine4–6. One such example of plaque assessment is calcification, a widely studied 

pathologic finding that is thought to provide predictive values in terms of total 

atherosclerotic burden and risk of cardiovascular mortality and of all-cause mortality7, 8. 

Somewhat paradoxically, there has been a growing body of literature demonstrating that 

certain types of densely calcified plaques are associated with more stable disease8–13. In 

sum, these clinical studies highlight the potential value in defining mechanistic determinants 

of plaque calcium composition to better assess risk, but whether therapeutic modulation of 

the biologic processes that regulate plaque calcification might modify cardiovascular event 

risk will need to be determined.

Systemic inflammation as measured by high sensitivity C-reactive protein (hs-CRP), is an 

example of a well-established patient vulnerability factor that has predictive value in terms 

of cardiovascular events14. Although inflammation, in general, can be associated with 

formation of vascular calcification15–19, the inflammatory mechanisms that can increase 

both atherosclerotic calcification and event risk are minimally understood. Moreover, there 

is significant controversy over whether inflammation and calcification work independently 

to promote increased event risk in patients or whether they are capable of working 

synergistically to promote increased risk20–22.

Rac1 and Rac2 are key signal transducers in inflammatory cells, and Rac-based signaling 

influences the expression of a number of growth factors and cytokines23–27. Recently, we 

determined that Rac2 deletion in macrophages led to reduced VEGF-A expression and 

consequent defects in inflammatory arteriogenesis in response to ischemia26. During our 

investigation, we identified that Rac2 deletion also led to basal elevations in activated (GTP-

bound) Rac1. Activated Rac1 can promote NF-κB signaling as well as reactive oxygen 

species production via NADPH oxidase; both known activators of the NLRP3 

inflammasome protein complex that promotes IL-1β maturation24, 28, 29. We hypothesized 

that though the angiogenic macrophage responses were negatively affected by the Rac2 
deletion certain inflammatory macrophage responses may in fact be upregulated. Here, we 
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identify Rac2 as a critical determinant of the extent of macrophage Rac1-dependent IL-1β 
expression and consequent IL-1β-mediated atherosclerotic calcification. We demonstrate the 

robust efficacy of IL-1β inhibition in ameliorating experimental atherosclerosis. Most 

importantly, we identify a key correlation between elevated IL-1β serum levels and 

cardiovascular deaths in subjects with high vascular calcium burden. Overall, our findings 

highlight the importance of Rac2 mediated IL-1β suppression in regulation of vascular 

calcification and identify mechanistic basis for therapeutically targeting IL-1β in clinical 

atherosclerosis.

Materials and Methods

Materials and methods are available in the online-only Data Supplement.

Results

Calcified plaque is associated with increased IL-1β and decreased Rac2 expression

ApoE−/− mice were fed a high fat diet (HFD) to determine the relationship between Rac1 

and Rac2 expression and plaque calcification. Near-infrared conjugated bisphosphonate 

compounds can bind to hydroxyapatite deposited by osteoblast-like cells during the 

mineralization of calcium, allowing for ex vivo molecular imaging and quantification of the 

calcification process30, 31. We found a modest increase in aortic calcification up to 14 weeks 

after start of HFD, but between 14 and 21 weeks there was a dramatic increase (Fig. 1 A , 

B). To begin investigating the role of Rac proteins in this context, Rac1 and Rac2 expression 

was assessed using RNA from the aortic arch. Initially, the hematopoietic-specific Rac2 

expression rose in a manner corresponding to the influx of macrophages (as determined by 

F4/80), but at 21 weeks, Rac2 expression decreased despite sustained F4/80 expression (Fig 

1C). These changes in the expression were limited to Rac2, as Rac1 expression was 

minimally altered over time. IL-1β expression trended toward a modest increase until 14 

weeks, and between 14 and 21 weeks there was a significant increase that mirrored the rise 

in calcification.

To validate these findings in human atherosclerosis, we analyzed Rac expression using 

coronary samples from explanted human hearts of patients undergoing orthotopic heart 

transplant for ischemic cardiomyopathy. Left anterior descending coronary artery segments 

(1 cm) from the recently explanted human hearts were divided into two groups (calcified vs. 

noncalcified) based on the presence of calcium identified by noncontrast CT imaging using 

the Agatston method32; attenuation coefficient of >130 Hounsfield Units with an area of 3 or 

more pixels (Fig 1D). Neointimal plaque lesion area and calcification were confirmed by 

Elastic Van Gieson (EVG) staining of histological sections from the plaque (Fig 1E). We 

found comparable degrees of neointimal plaque burden in the two groups as assessed by 

measurement of the intima-to-media (I:M) thickness ratio (Fig. 1E,F), but the groups 

differed in terms of the presence or absence of plaque calcification. Interestingly, consistent 

with the calcified atherosclerosis of the mouse model, the relative Rac2 mRNA expression 

was significantly reduced in the human coronary segments containing calcified plaque 

whereas Rac1 expression and macrophage marker, CSF1R (CD115), expression remained 

constant (Fig. 1G–I). Of note, IL-1β expression was found to be significantly increased in 
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the coronary artery segments containing calcified plaque in a manner consistent with the 

animal model (Fig. 1J).

Rac2 deletion does not affect serum cholesterol or plaque lipid composition

To determine whether decreased Rac2 expression can promote vascular calcification, we 

evaluated the vascular phenotype of Rac2 gene deletion on the ApoE−/− background. 

Rac2+/+ApoE+/+, Rac2−/−ApoE+/+, Rac2+/+ApoE−/−, and Rac2−/−ApoE−/− mice developed 

normally, were of similar baseline weights, and had comparable weight increases on HFD 

(Supplemental Table I). Rac2+/+ApoE−/− and Rac2−/−ApoE−/− mice had comparable 

increases in total cholesterol and LDL in response to HFD (Supplemental Table II). Serum 

triglycerides were modestly elevated in the Rac2−/−ApoE−/− mice. On the HFD, 

Rac2+/+ApoE−/− and Rac2−/−ApoE−/− mice demonstrated a similar peripheral blood 

monocytosis (Fig. IA). Gross atherosclerotic lipid burden of the aortas mirrored serum 

cholesterol levels with similar increases in Oil Red O positive areas in Rac2+/+ApoE−/− and 

Rac2−/−ApoE−/− mice relative to Rac2+/+ApoE+/+ and Rac2−/−ApoE+/+ mice (Fig. IB,C).

Hematoxylin and eosin staining of aortic sinus plaque and quantification of plaque area 

revealed similar plaque burden in Rac2+/+ApoE−/− and Rac2−/−ApoE−/− mice (Fig. ID,E). 

Quantification of the macrophage marker, F4/80, using RNA from the aortic arch, revealed 

no significant differences in expression in the Rac2−/−ApoE−/− aortas relative to the 

Rac2+/+ApoE−/− aortas (Fig. IF).

Rac2 deletion leads to increased plaque calcification

To define the role of Rac2 in vascular calcification, we analyzed plaque calcification by a 

combination of imaging and histology. Micro computed tomography (microCT) imaging 

demonstrated hypoattenuated lesions in the aortic sinuses and the lesser curvature of the 

aortic arches from Rac2+/+ApoE−/− and Rac2−/−ApoE−/− mice, corresponding to the 

established lipid plaque deposition (Fig. 2A, upper panels, black arrows). Rac2−/−ApoE−/− 

aortas contained additional areas of hyperattenuation indicative of macrocalcification along 

the lesser curvature of the aortic arch (Fig. 2A, upper panels, yellow arrows), which was 

further confirmed by quantification of Alizarin Red staining (Fig. 2A, lower panels, and 2B). 

The global aortic calcification process was quantified using the targeted, near-infrared 

imaging probe (Fig. 2C,D). Rac2−/−ApoE−/− aortas from mice on HFD for 14 weeks 

revealed significant increases in relative calcification over mice fed normal chow or control 

mice on a HFD. We further investigated the mechanistic basis of increased aortic 

calcification of the Rac2−/−ApoE−/− mice. We found a significant enhancement of the 

osteogenic gene program in the atherosclerotic plaques of Rac2−/−ApoE−/− mice relative to 

Rac2+/+ApoE−/− mice, as demonstrated by significantly increased expression of the 

transcription factors, RUNX2, SOX9, OSX, and MSX2 (Fig. 2E). In addition, we found 

elevated expression (both RNA and protein) of the osteoblast maker alkaline phosphatase 

(ALP) in the Rac2−/−ApoE−/− mice with a diffuse expression pattern as determined by 

immunofluorescent staining of the plaques (Fig 2E–G).
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Increased vascular calcification of Rac2−/− mice is dependent on the hematopoietic 
compartment

To determine the cellular subpopulation involved in the increased calcification in 

Rac2−/−ApoE−/− mice, we performed reciprocal bone marrow transplantation (Fig. 3A,B, II). 

Overall, aortic calcification burden was reduced in the autologous transplanted mice, 

consistent with prior reports that have demonstrated reduced thoracic aortic lesion area after 

irradiation and bone marrow transplant33. However, irradiated Rac2−/−ApoE−/− mice 

subjected to autologous Rac2−/−ApoE−/− transplantation maintained a significantly higher 

vascular calcification compared to Rac2+/+ApoE−/− subjected to autologous Rac2+/+ApoE−/− 

transplantation (Fig. 3A,B). Remarkably, transplantation of Rac2−/−ApoE−/− bone marrow 

cells into Rac2+/+ApoE−/− recipient mice led to significant increase in vascular calcification, 

whereas transplantation of Rac2+/+ApoE−/− bone marrow cells into Rac2−/−ApoE−/− 

recipient mice led to significantly decreased vascular calcification. Of note, IL-1β serum 

levels were significantly elevated in mice receiving the Rac2−/−ApoE−/− bone marrow cells 

(Fig. 3C). In sum, both the increased calcification phenotype and protection from the 

phenotype were attributable to Rac2 function in the hematopoietic compartment, and 

calcification remained associated with elevated serum IL-1β.

Rac2 deletion leads to increased macrophage IL-1β expression

To identify specific signals regulated by Rac proteins that are critical to promoting the 

progressive calcification, cytokine mRNA profiling was performed on aortic arch tissues. 

Among multiple cytokines tested, IL-1β was the only factor that was significantly increased 

in the Rac2−/−ApoE−/− aortas relative to the Rac2+/+ApoE−/− aortas (Fig 3D). To assess 

whether the increase in IL-1β mRNA expression in calcified plaque reflected elevations in 

mature secreted IL-1β protein, we measured IL-1β protein from the serum. Systemic IL-1β 
concentrations were significantly higher in the Rac2−/−ApoE−/− mice on HFD, whereas 

IL-1α and TNF-α concentrations did not differ significantly (Fig. 3E).

To further delineate the source of increased IL-1β, we conducted immunostaining of the 

atherosclerotic aortic plaques. IL-1β protein expression was elevated in the Rac2−/−ApoE−/− 

aortic plaques and was predominantly restricted to macrophages as denoted by CD68 

colocalization (Fig. 3F,G). To validate the role of Rac2 in negative regulation of macrophage 

IL-1β expression, we performed inflammasome stimulation of bone marrow derived 

macrophages (BMDMs) from Rac+/+ApoE−/− and Rac2−/−ApoE−/− mice using LPS priming 

and cholesterol crystal exposure. IL-1β production was significantly higher in 

Rac2−/−ApoE−/− BMDM at each dose of cholesterol crystal tested (Fig. 4A). Moreover, 

IL-1β production was reduced toward baseline in Rac2−/−ApoE−/− BMDMs reconstituted 

with either wild-type Rac2 or a constitutively active mutant of Rac2, Q61L (Fig. 4B,C), 

confirming Rac2 as a key determinant of macrophage IL-1β expression. In large part, Rac2 

regulates IL-1β at the level of IL-1β mRNA expression (Fig. 4D).

There are several signaling pathways (e.g. NF-κB, NADPH-induced ROS) that may be 

upstream of inflammasome activation and IL-1β mRNA expression34. Rac2−/−ApoE−/− 

BMDMs, transfected with an NF-κB responsive luciferase construct, demonstrated 

increased of NF-κB activation in response to LPS-primed cholesterol crystal exposure (Fig. 
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4E). In addition, Rac2−/−ApoE−/− BMDMs revealed higher ROS production (Fig. 4F). To 

define the role of NF-κB and ROS production in the expression of IL-1β, BMDMs were 

stimulated to produce IL-1β in the presence or absence of an NF-κB inhibitor (celestrol), 

and an inhibitor of ROS production (diphenyleneiodium (DPI)). Both inhibitors decreased 

IL-1β protein secretion through reduced mRNA expression (Fig. 4G,H), while a p38-MAPK 

inhibitor, SB203580, had no effect on IL-1β expression (Fig. 4G,H, III). In sum, Rac2 

deletion resulted in increased NF-κB activation and increased production of ROS, and 

macrophage IL-1β expression was dependent on these two signaling effectors.

Rac2 suppresses IL-1β expression via inhibition of Rac1 activity

Rac1 can promote activation of NF-κB as well as production of ROS via NADPH oxidase, 

both leading to inflammasome activation and IL-1β production24, 28, 29. To determine the 

influence of Rac2 deletion on Rac1, we first explored the expression patterns of Rac1 and 

Rac2 in atherosclerotic plaque. Rac2 expression in atherosclerotic plaques from 

Rac2+/+ApoE−/− mice was primarily limited to CD68+ cells relative to SMA+ cells (Fig. 

5A,B). By contrast, Rac1 expression was comparable in CD68+ and SMA+ cells and 

remained constant in both the Rac2+/+ApoE−/− and Rac2−/−ApoE−/− plaques (Fig. 5C,D). 

We then explored the expression patterns of Rac1 and Rac2 in primary macrophages and 

primary mouse aortic smooth muscle cells (MASCMs) both at baseline and in response to 

inflammatory stimuli. Briefly, BMDMs and MASMCs from Rac2+/+ApoE−/− and 
Rac2−/−ApoE−/− mice underwent LPS-coupled cholesterol crystal exposure, and RNA was 

harvested to quantify relative Rac1 and Rac2 expression (Fig. IV). Rac2 expression could 

not be detected in Rac2−/−ApoE−/− cells (negative control) or in any of the Rac2+/+ApoE−/− 

MASMC conditions. In BMDMs, both Rac1 and Rac2 expression were upregulated as a 

consequence of LPS exposure, but Rac2 expression increased out of proportion to Rac1, 

supporting our in vivo findings in the aortic arch tissue that early inflammation influences 

the expression of Rac2. MASMCs revealed no change in Rac1 expression under any of the 

conditions consistent with their lack of IL-1β expression in plaque and overall lack of 

response to the LPS-coupled cholesterol exposure as a stimulus. There was no effect of Rac2 
deletion on Rac1 expression under any of the conditions in either the BMDMs or MASMCs. 

Despite relatively constant Rac1 expression, Rac2−/−ApoE−/− BMDM lysates demonstrated 

significantly increased levels of GTP-Rac1 both at baseline and in a GTPγS dose-dependent 

manner (Fig. 5E,F). Taken in sum, Rac2 expression appeared limited to macrophages 

whereas Rac1 was expressed in both macrophages and smooth muscle cells, and Rac2 
deletion led to increased Rac1 activity despite having no effect on Rac1 expression.

To determine whether Rac1 activity was important in the elevated IL-1β expression 

associated with calcification in our model, we treated Rac2−/−ApoE−/− BMDMs with an 

established Rac1 inhibitor (EHT 1864)35, which led to a dose dependent decrease of IL-1β 
production (Fig. 5G). To exclude the possibility of destabilized cytoskeletal mobility by 

EHT 186435, we assessed whether this reduction in IL-1β production was due to reduced 

phagocytosis of cholesterol crystals. We found no significant difference in the phagocytosis 

of cholesterol crystals in Rac2+/+ApoE−/− BMDMs and Rac2−/−ApoE−/− BMDMs, with or 

without EHT 1864 treatment (Fig. V). To further validate our findings using a genetic 

model, we developed a myeloid genetic deletion of Rac1 (CSF1RmcmRac1fl/fl). BMDMs 
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from Rac2−/−ApoE−/−:CSF1RmcmRac1fl/fl mice demonstrated complete loss of Rac1 

expression in the setting of 4-hydroxytamoxifen (4-OHT) (Fig. 5F). Moreover, BMDMs 

from Rac2−/−ApoE−/−:CSF1RmcmRac1fl/fl mice demonstrated normalization of IL-1β 
protein expression, supporting the Rac1 dependence of increased IL-1β with Rac2 deletion. 

In sum, both Rac1 inhibition and Rac1 deletion led to a loss in the enhanced IL-1β 
production conferred by the Rac2 deletion.

Macrophage IL-1β targets vascular smooth muscle cells to promote vascular calcification

Inflammatory stimuli like LPS, TNF-α, or ROS can stimulate mesenchymal cells to 

mineralize calcium, but whether IL-1β plays a role in this process is somewhat 

controversial15, 36, 37. To assess whether Rac2 gene deletion affects smooth muscle cell 

expression of IL-1β, we cultured primary mouse aortic smooth muscle cells (MASMCs) and 

performed inflammasome stimulation with LPS (10 ng/ml) followed by cholesterol crystal 

exposure (1000 µg/ml). BMDMs were used as a positive control for the expression of IL-1β. 

Using BMDMs as a control for the assay, MASMCs did not express detectable levels of 

IL-1β in response to LPS-coupled cholesterol crystal exposure nor were there any increases 

in IL-1β expression attributable to Rac2 gene deletion (Fig. VI). To determine whether 

MASMCs might play a more responsive role to IL-1β, MASMCs from ApoE−/− mice were 

incubated with increasing concentrations of IL-1β and exhibited a dose-dependent response 

in terms of calcification (Fig. 6A,B). Moreover, consistent with our findings in the aortic 

plaques, MASMCs incubated in the presence or absence of IL-1β revealed increased 

expression of the osteogenic transcription factors, RUNX2, SOX9, OSX, and MSX2, as well 

as the osteoblast marker, ALP (Fig. 6C).

Calcification is dependent on IL-1β signaling

To determine whether the increased calcification found in Rac2−/−ApoE−/− mice was, in fact, 

dependent on the increased expression of IL-1β, we inhibited IL-1 signaling using treatment 

with the IL-1 receptor antagonist (IL-1ra, anakinra) (Fig. VII). Treatment with IL-1ra 

prevented progression of calcification and revealed a modest trend toward calcific regression 

during the treatment period (Fig. 6D,E). Consistent with prior studies38, treatment with 

IL-1ra reduced systemic IL-1β protein levels as measured by ELISA on serum samples (Fig. 

6F). IL-1ra also prevented expansion of sinus plaque area (Fig. 6G,H). These findings 

confirm a cause-effect relationship between the increased IL-1β expression and the 

progressive atherosclerotic calcification.

Increased serum IL-1β level is a key predictor of cardiovascular endpoints in human 
coronary artery disease

To define the relationship between IL-1β protein levels and degree of atherosclerotic 

calcification, we identified a patient population with chronic stable coronary heart disease 

who underwent baseline blood draw for serum sample analysis and non-ECG-gated, non-

contrast chest CT to allow for coronary artery calcium scoring (CACS). Serum IL-1β protein 

concentrations positively correlated with CACS (Fig. 7A). Patients were divided into two 

groups (low and high calcium burden) based on the CACS from the chest CT (Fig. 7B, Table 

I for patient demographics). There were no significant differences between the groups in 

terms of cardiac risk factors, including age, hypertension, hyperlipidemia, diabetes, 
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smoking, family history, and prior myocardial infarctions. There was a trend toward 

increased prior revascularization history in the high calcium burden group that did not meet 

statistical significance. Interestingly, we found a significantly higher median concentration 

of IL-1β in the high calcium burden group, supporting a strong clinical association between 

IL-1β levels and calcium burden (Table I and Fig. 7C).

To further elucidate the relevance of IL-1β levels and calcification regarding clinical 

outcomes, we assessed the frequency of cardiovascular events (sudden cardiac death, 

myocardial infarction, and acute coronary syndrome) between the two groups (Fig. 7D). 

There was a significantly increased hazard ratio in the high calcium burden group (4.88 

(95% CI 1.03–22.98), P = 0.045). There was a total of 10 events; 6 sudden cardiac deaths, 1 

ST segment elevation myocardial infarction (STEMI), 2 non-ST segment elevation 

myocardial infarctions (NSTEMIs), and 1 acute coronary syndrome (ACS). The differences 

between the two groups were primarily driven by sudden cardiac death. Next, we determined 

whether serum IL-1β level can serve as a further prognostic factor in these subjects. Both the 

low and high calcium burden groups were further subdivided into IL-1β ≤1.8 pg/ml and 

IL-1β >1.8 pg/ml groups based on the median IL-1β concentration in the low calcium 

burden group (Fig. 7E). We found that all of the cardiovascular events in both the low (n=2) 

and high (n=8) CACS groups occurred in subjects with elevated IL-1β levels, further 

implicating a key role for elevated IL-1β level as a prognostic indicator for worsening 

cardiovascular outcomes in individuals with established CAD.

Discussion

Calcification of atherosclerotic plaque is common in human disease, has been identified as a 

marker of disease burden, and is associated with risk of cardiovascular events7, 8. Recent 

data have demonstrated that the composition of calcium within individual plaques may 

predict vulnerability in some situations whereas stability in others, indicating there are likely 

additional factors that couple with calcification to alleviate or worsen risk8–11, 39. 

Inflammation is associated with calcification in animal models of disease, but there is 

ongoing debate as to whether inflammation can couple with calcification (i.e. “inflammatory 

calcification”) to promote increased cardiovascular event risk in patients15–22. We have 

identified a novel, inflammatory signaling axis that relies on Rac2 to modulate the level of 

Rac1-dependent macrophage IL-1β expression, which consequently determines extent of 

atherosclerotic calcification (See Fig. 8 Schematic).

The expression of Rac2 in macrophages was dynamic, rising with acute inflammation to 

dampen the immune response, as in the early atherogensis in the ApoE−/− model or in the 

early macrophage responses to LPS, but over time Rac2 expression returns toward a 

baseline, allowing for enhanced IL-1β expression in the setting of chronic inflammation. 

This enhanced IL-1β expression was modeled quite well by the Rac2 deletion animals. The 

role of Rac2 deletion in inflammatory, progressive atherosclerotic calcification was 

independent of lipid burden, as the atherosclerotic plaque lipid and the total serum 

cholesterol and LDL levels were unaffected. Comparable macrophage recruitment to 

atherosclerotic plaque indicated that Rac2 is essentially dispensable for macrophage 

migration and localization to plaque in vivo. However, Rac2 deficiency did change the 
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calcium composition of the plaque, and moreover, Rac2 was found to be a major 

determinant for the degree of macrophage IL-1β expression. The differences in macrophage 

IL-1β expression conferred by Rac2 gene deletion were directly dependent on Rac1, as 

demonstrated by studies using both pharmacologic or genetic abrogation of Rac1 signaling. 

The elevation of Rac1 activity in the setting of Rac2 gene deletion is consistent with prior 

reports describing a compensatory relationship between Racs that results from 

complementary (albeit with some distinctions) roles in migration and activation of NADPH 

oxidase complex in myeloid cells23, 40–42. However, here we are able to define a novel, 

antagonistic relationship between Rac2 and Rac1 with regard to the signaling that regulates 

the expression of IL-1β. Further elucidation of the mechanisms behind this antagonistic 

relationship (i.e. competition for a common guanine nucleotide exchange factor) will be an 

important future direction of this work.

Both the bone marrow transplant data and the data confirming that CD68+ cell populations 

express IL-1β in the plaques demonstrated a major role for the hematopoietic compartment, 

and more specifically macrophages, in our vascular calcification phenotype. In our study, 

MASMCs appeared to play an important responsive role to the IL-1β expressed by 

macrophages through the increased expression of osteogenic markers and enhanced calcium 

deposition. There is precedent for this responsiveness of vascular mesenchymal cells in a 

number of important early studies that have demonstrated in vitro calcifying vascular cells 

can express osteoblast-like markers such as alkaline phosphatase (ALP) in response to 

inflammatory stimuli, including lipopolysaccharide (LPS), tumor necrosis factor-α (TNF-

α), or reactive oxygen species (ROS)15, 36. Moreover, there have been a number of 

outstanding studies of the vascular mesenchymal cell inflammatory response, which involves 

formation of matrix vesicles, plasma membrane-derived extra-cellular bodies and known to 

exhibit the proteins, matrix metalloproteinases, and phospholipids necessary for calcium 

mineralization, at the nidus of calcification1615. Recently, the protein, sortilin, has been 

shown to facilitate loading of the calcium mineralizing enzyme, alkaline phosphatase, into 

such extracellular vesicles to promote mesenchymal-driven calcification43. A close 

association between inflammatory macrophages and calcifying vascular cells appears 

required and in some studies involves either macrophage-secreted factors like TNF-α, or 

cell-cell contact through as yet unclear mechanisms to promote vascular 

calcification15, 18, 19. Previous studies have largely attributed activation of osteogenic gene 

programing largely to TNF-α, making the critical role of IL-1β in our model novel19, 36, 44. 

IL-1β has been established as important to early atherogenesis as an intermediary between 

lipid metabolism and activation of the immune system, but its role in calcific progression 

had remained somewhat controversial and unclear37, 45. Recently, a study of IL-1ra gene 

deletion demonstrated consequent increased aortic valve thickness that was associated with 

elevated TNF-α expression and that was abrogated by concomitant TNF-α gene deletion, 

supporting overlapping influence or possible interdependence of the two cytokines46. Yet in 

our study, TNF-α expression was not significantly altered as a result of the Rac2 gene 

deletion. Given our finding of increased osteogenic transcription factor expression, including 

RUNX2, SOX9, OSX, and MSX2, from plaque tissue, our study raises the question of 

possible directs mechanism of IL-1 receptor signaling in the promotion of an osteogenic 

program in mesenchymal cells, and this will be an important future area of study.

Ceneri et al. Page 9

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Our in vivo studies using IL-1ra further demonstrate the causative role of IL-1β as a major 

determinant for the degree of plaque calcification. The retrospective analysis of our patient 

population with stable coronary disease reinforces the role of increased IL-1β in human 

vascular calcification. Most importantly, we provide pivotal clinical evidence that the 

combination of elevated IL-1β and high calcium burden was associated with worsened 

cardiovascular outcomes, indicating that elevated IL-1β levels in the setting of increased 

vascular calcification can serve as a critical determinant of plaque stability. Few clinical 

studies have measured IL-1β levels and successfully demonstrated a direct association with 

atherosclerotic burden much less atherosclerotic calcification or outcomes47–49. Though we 

acknowledge further study is required because our sample size is small and our study 

analysis is retrospective, no previous studies to date have demonstrated such a promising 

prognostic relevance for increased IL-1β levels with worsening outcomes in coronary artery 

disease47, 49–51. IL-1β inhibitory antibody (canakinumab) therapy is under evaluation for the 

reduction of secondary events in patients with ongoing inflammation after myocardial 

infarction52. Our mechanistic study outlines a critical signaling mechanism that provides 

fundamental understanding of the rationale for targeting this pathway as we attempt to bring 

treatment of cardiovascular patients into the era of precision medicine.

In summary, our findings demonstrate that the Rac2 expression is a key regulator of 

macrophage IL-1β expression and the consequent progressive calcification of atherosclerotic 

lesions. We anticipate this line of study will lead to development of novel, Rac-targeted 

therapeutic strategies that modulate plaque calcium composition to improve outcomes in 

individuals with coronary artery disease.
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Nonstandard Abbreviations and Acronyms

IL-1β Interleukin-1 beta

LPS Lipopolysaccharide
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TNF-α Tumor necrosis factor alpha

ROS Reactive oxygen species

RUNX2 Runt-related transcription factor 2

MSX2 Msh homeobox 2

OSX Osterix

SOX9 Sry-related HMG box 9

MAPK Mitogen-activated protein kinase

NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells

RhoGDI Rho GDP-dissociation inhibitor

NADPH Nicotinamide adenine dinucleotide phosphate

NLRP3 NACHT, LRR and PYD domains-containing protein 3

HFD High fat diet (20%) supplemented by 1.25%, cholesterol

ELISA Enzyme-linked immunosorbent assay

IL-1ra Interleukin-1 receptor antagonist

MASMC Mouse aorta smooth muscle cell

SMC Smooth muscle cell

BMDM Bone marrow derived macrophage
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Highlights

• Rac2 is a major negative regulator of atherosclerotic plaque IL-1β expression 

through inhibition of macrophage Rac1-dependent IL-1β production.

• Atherosclerotic calcification is dependent on IL-1β and inhibition of IL-1β 
signaling effectively ameliorates experimental atherosclerosis.

• Elevated serum IL-1β is associated with cardiovascular death in patients with 

high coronary calcium burden.
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Figure 1. Calcified plaque is associated with increased IL-1β and decreased Rac2 expression
(A) Ex vivo near-infrared calcium imaging from ApoE−/− mice fed a HFD over 21 weeks 

along with quantification (B) of relative calcification signal (**, P<0.05; n=5 animals per 

time point). (C) Quantification (relative to time 0) of mRNA expression for Rac1, Rac2, 

F4/80, and IL-1β in aortic arches from ApoE−/− mice fed a HFD over 21 weeks (**, P<0.05, 

n=5 animals per time point). (D) CT micrographs of 1 cm human proximal LAD segments 

in longitudinal axis illustrating calcified plaque as identified by the Agatston method. White 

bar, 0.5 cm. White small arrows, microcentrifuge tube wall. Yellow arrow, atherosclerotic 
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wall segment without calcification. Red arrow, atherosclerotic wall segment with 

calcification. (E) Elastic Van Gieson staining of human left coronary artery sections 

(proximal to segments in D) from explanted hearts along with morphometric analysis (F), 

quantifying intima:media (I:M) thickness ratio (n=5 individual subjects). Black bar, 500 µm. 

Black arrow, calcification. Real-time PCR quantification of Rac1 (G), Rac2 (H), CSF1R (I) 

and IL-1β (J) mRNA expression from noncalcified vs. calcified human LAD coronary 

segments from D (***, P<0.001; **, P<0.05; n=5 individual subjects). All data are 

representative of at least 3 independent experiments. Quantitative data are displayed as mean 

± SEM.
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Figure 2. Rac2 deletion results in increased plaque calcification
(A) Ex vivo MicroCT images (Upper Panels; Bar, 1000 µm) of aortic arches from mice fed 

HFD for 14 weeks along with micrographs (Lower Panels; Bar, 250 µm) of lesser arch tissue 

sections stained for Alizarin red. Black arrows indicate the dark luminal irregularities of 

lipid accumulation. Yellow arrows denote white areas of calcification. (B) Quantification of 

percent wall area positive for Alizarin Red Staining from aortic arches in A (**, P<0.05; n=8 

animals). (C) Ex vivo near-infrared calcium imaging from mice on normal chow or HFD for 

14 weeks along with quantification (D) of relative calcification signal (**, P<0.05; n=8 
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animals). (E) Real-time PCR quantification of mRNA isolated from aortic arch tissue after 

mice were fed a HFD for 14 weeks for the transcription factors, RUNX2, SOX9, OSX, and 

MSX2, as well as ALP (**, P<0.05; n=8 animals). (F) Immunofluorescence micrographs of 

aortic plaques from Rac2+/+ApoE−/− and Rac2−/−ApoE−/− mice demonstrating expression of 

ALP (green), CD68 (red), and SMA (magenta). Nuclei counterstained with DAPI (blue). 

Bar, 50 µm. Lumen, L. Intimal lesion, I. Media, M. (G) Quantification of relative ALP 

expression in aortic plaques from F (**, P<0.05; n=8 animals). All data are representative of 

at least 3 independent experiments. Quantitative data are displayed as mean ± SEM.
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Figure 3. Vascular calcification in Rac2−/− mice depends on the hematopoietic compartment and 
is associated with increased macrophage IL-1β expression
(A) Ex vivo near-infrared calcium imaging of aortas along quantification of relative 

calcification (B) signal and serum IL-1β levels (C) from reciprocal bone marrow transplants, 

using Rac2+/+ApoE−/− and Rac2−/−ApoE−/− mice (**, P<0.05 n=6 animals). (D) Real-time 

PCR quantification of mRNA isolated from aortic arch plaque tissue after mice were fed a 

HFD for 14 weeks for the following cytokines: IL-1β, TNF-α, INFγ, IL-18, and IL-6 (**, 

P<0.05; n=8 animals). (E) Serum IL-1β, IL-1α, and TNF-α protein concentrations by 

ELISA from Rac2+/+ApoE−/− and Rac2−/−ApoE−/− and mice after HFD for 14 weeks (**, 
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P<0.05; n=8 animals with each data point being an average of two technical replicates). (F) 

Immunofluorescence micrographs of aortic plaques from Rac2+/+ApoE−/− and 

Rac2−/−ApoE−/− mice demonstrating expression of IL-1β (green), CD68 (red), and SMA 

(magenta). Nuclei counterstained with DAPI (blue). Bar, 170 µm. Lumen, L. Intimal lesion, 

I. Media, M. (G) Quantification of percent cells positive for IL-1β in aortic plaques from F 

(**, P<0.05; n=8 animals). All data are representative of at least 3 independent experiments. 

Quantitative data are displayed as mean ± SEM.
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Figure 4. Rac2−/− deletion is associated with increased NF-κB- and ROS-dependent IL-1β 
expression
(A) Resting or LPS-primed BMDMs from Rac2+/+ApoE−/− and Rac2−/−ApoE−/− mice were 

treated with cholesterol crystals at indicated concentrations for 24 hours, and ELISA for 

IL-1β was performed on culture supernatants (**, P<0.05; n=3 animals with each animal 

data point being an average of 3 technical repeats). (B) Representative Rac2, actin, and Rac1 

immunoblots of BMDM lysates from Rac2−/−ApoE−/− mice after BMDMS were transfected 

with GFP alone (control) or GFP with wild-type Rac2 (Rac2) or with constitutively active 

Rac2 (Q61L). (C) BMDMs, transfected as in (B), were primed with LPS and treated with 
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1000 µg/mL cholesterol crystals for 24 hours, and ELISA for IL-1β was performed on 

culture supernatants (**, P<0.05; n=3 animals with each animal data point being an average 

of 3 technical repeats). (D) Real-time PCR quantification of IL-1β mRNA isolated from 

resting or LPS-primed BMDMs that were treated with 1000 µg/mL cholesterol crystals for 

24 hours (**, P<0.05; n=3 animals with each animal data point being an average of 3 

technical repeats). (E) Relative luciferase activity in Rac2+/+ApoE−/− and Rac2−/−ApoE−/− 

BMDMs transfected with a NF-κB responsive luciferase construct and then stimulated by 

LPS-primed cholesterol crystal exposure (**, P<0.05; 3 animals with each animal data point 

being an average of 3 technical repeats). (F) Relative luminescence as a measure of ROS 

production in Rac2+/+ApoE−/− and Rac2−/−ApoE−/− BMDMs stimulated by LPS-primed 

cholesterol crystal exposure (**, P<0.05; n=3 animals with each animal data point being an 

average of 3 technical repeats). (G) Rac2+/+ApoE−/− and Rac2−/−ApoE−/− BMDMs were 

pretreated with DMSO (vehicle control), SB203580 (MAPK inhibitor, 10 µM), celastrol 

(NF-κB inhibitor, 5 µM) or Diphenyleneiodonium (DPI; reactive oxygen species inhibitor, 

10 µM) and then LPS-primed and treated with cholesterol crystals for 3 hours, and ELISA 

for IL-1β was performed on culture supernatants (** P<0.05; n=6 mice per group). (H) 

Real-time PCR quantification of mRNA isolated from BMDMs in G for IL-1β (**, P<0.05 

Rac2−/−ApoE−/− relative to Rac2+/+ApoE−/−; n=6 mice per group). All data are 

representative of at least 3 independent experiments. Quantitative data are displayed as mean 

± SEM.
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Figure 5. Macrophage Rac2 regulates Rac1-dependent IL-1β expression
(A) Immunofluorescence micrographs of aortic plaques from Rac2+/+ApoE−/− and 

Rac2−/−ApoE−/− mice demonstrating expression of Rac2 (green), CD68 (red), and SMA 

(magenta). Nuclei counterstained with DAPI (blue). Bar, 50 µm. Lumen, L. Intimal lesion, I. 

Media, M. (B) Quantification of percent cells positive for Rac2 in aortic plaques from A 

(***, P<0.001; n=8 animals). (C) Immunofluorescence micrographs of aortic plaques from 

Rac2+/+ApoE−/− and Rac2−/−ApoE−/− mice demonstrating expression of Rac1 (green), 

CD68 (red), and SMA (magenta). Nuclei counterstained with DAPI (blue). Bar, 50 µm. 
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Lumen, L. Intimal lesion, I. Media, M. (D) Quantification of percent cells positive for Rac1 

in aortic plaques from C (n=8 animals). (E) Rac1 immunoblot of BMDM lysates from 

Rac2+/+ApoE−/− and Rac2−/−ApoE−/− mice loaded with increasing GTPγS concentrations 

for 5 minutes at 37°C, after which GTP-Rac1 was affinity precipitated by PBD pulldown 

along with quantification of GTP-bound Rac1 (F) (**, P<0.05; n=3 animals with each 

animal data point being an average of 3 technical repeats). (G) LPS-primed BMDMs from 

Rac2+/+ApoE−/− and Rac2−/−ApoE−/− mice were treated with 1000 µg/ml cholesterol 

crystals in the absence or presence of Rac1 inhibitor, EHT 1864, at indicated concentrations 

(**, P<0.05; n=3 animals with each animal data point being an average of 3 technical 

repeats). (H) LPS-primed BMDMs from ApoE−/−CSF1RmcmRac1fl/fl and Rac2−/− 

ApoE−/−CSF1RmcmRac1fl/fl mice pre-treated with or without 4-hydroxytamoxifen (4-OHT) 

were exposed to 1000 µg/mL cholesterol crystals for 24 hours, and ELISA for IL-1β was 

performed on culture supernatants (**, P<0.05; n=3 animals with each animal data point 

being an average of 3 technical repeats). Lower panel, Rac1 and actin immunoblots of 

BMDM lysates. All data are representative of at least 3 independent experiments. 

Quantitative data are displayed as mean ± SEM.
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Figure 6. IL-1β stimulates vascular smooth muscle cells calcification and atherosclerotic 
calcification is dependent on IL-1β signaling
(A) Photomicrographs along with quantification (B) of Alizarin red staining for mineralized 

calcium from cultured primary mouse aortic smooth muscle cells (ApoE−/−) that were 

treated with increasing concentrations of IL-1β for 21 days (**, P<0.05; n=6 animals with 

each animal data point being an average of 3 technical repeats). Scale bar 1000 µm. (C) 

Real-time PCR quantification of RUNX2, SOX9, OSX, MSX2, and ALP in mRNA samples 

isolated from primary mouse aortic smooth muscle cells (ApoE−/−) that were treated with 0 

or 100 pg/mL of recombinant IL-1β for 21 days (**, P<0.05; n=6 animals with each animal 
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data point being an average of 3 technical repeats). (D) Near-infrared calcium imaging along 

with quantification (E) of calcification signal in ex vivo aortas from Rac2−/−ApoE−/− mice 

after HFD for 9 weeks to establish baseline and then after an additional 5 weeks of HFD 

coupled to treatment with vehicle control or IL-1ra (**, P<0.05 n=8 animals). (F) Serum 

IL-1β protein concentrations by ELISA (**, P<0.05; n=8 animals). (G) Hematoxylin and 

eosin staining of adjacent aortic sinus sections at the level of the aortic valve after HFD for 9 

weeks to establish baseline and then after an additional 5 weeks of HFD coupled to 

treatment with vehicle control or IL-1ra. Bar, 200 µm. (H) Quantification of average aortic 

plaque area (**, P<0.05; n=9 aortic valve sinuses from 3 animals). All data are 

representative of at least 3 independent experiments. Quantitative data are displayed as mean 

± SEM.
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Figure 7. Increased serum IL-1β level is associated with higher coronary calcium burden and is 
predictive of cardiovascular outcomes in patients
(A) The Pearson correlation between IL-1β protein concentrations and CACS (***, 

P=0.001; n=79). (B) Noncontrast CT scan images illustrating the LAD territory calcification 

in coronary disease patients who were divided by CACS into low and high calcium burden 

groups. Bar, 3 cm. (C) Serum IL-1β protein concentrations for each patient (gray dots) along 

with median and interquartile ranges within each level of calcium burden (***, P=0.0040; 

n=39–40). (D) Kaplan-Meier event curve for hard cardiac events of sudden cardiac death, 

myocardial infarction, and acute coronary syndrome in patients divided by calcium burden 
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(**, P=0.0259, n=39–40, long-rank test). (E) Kaplan-Meier event curve for hard cardiac 

events of sudden cardiac death, myocardial infarction, and acute coronary syndrome in 

patients divided by both calcium burden and serum IL-1β concentration (**, P=0.0119, 

n=10–28, long-rank test).
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Figure 8. Summary Schematic
Pattern recognition receptor signaling (i.e. Toll-like receptor signaling) coupled to 

cholesterol crystal induced lysosomal destabilization by phagocytic cells like macrophages 

promotes Rac-modulated expression of IL-1β. Rac2 is a major determinant of the degree of 

macrophage IL-1β expression by regulating Rac1 activity upstream of NF-κB, and ROS. 

Macrophage Rac2 and Rac1 exist in a state of balance with Rac2 serving as a brake that 

tempers Rac1-dependent IL-1β expression. When the Rac2 brake is released, as in the 

chronic inflammation associated with atherosclerosis or as modeled in the Rac2−/−ApoE−/− 

Ceneri et al. Page 30

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mouse, IL-1β expression is enhanced, resulting in the upregulation of mesenchymal cell 

osteogenic transcription factors and the consequent mineralization of calcium.
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TABLE I

Baseline Demographics and Clinical Characteristics by Calcium Burden

Low
(n=40)

High
(n=39)

P Value

Age, years, mean ±
SEM

64.3 ± 1.3 68.1 ± 1.5 0.062

Male, n (%) 38 (95.0) 38 (97.4) 1.00

DM, n (%) 12 (30.0) 18 (46.2) 0.14

Hypertension, n (%) 39 (97.5) 37 (94.9) 0.62

Hyperlipidemia, n
(%)

40 (100) 39 (100) NA

Family History of
Early CAD, n (%)

9 (23.1) 7 (17.9) 0.57

Smoking History, n
(%)

29 (74.4) 29 (74.4) 1.00

MI, n (%) 19 (47.5) 18 (46.2) 0.90

Prior
Revascularization
(PCI or CABG), n
(%)

29 (72.5) 35 (89.7) 0.051

Time from baseline
serum to CT,
months, median
(IQR)

9 (4, 26) 16 (5, 26) 0.56

CACS, median
(IQR)

758.3 (421.6, 1043.7) 2650.4 (2228.4, 4134.7) <0.0001****

IL-1β, pg/mL,
median (IQR)

1.81 (1.17, 2.58) 3.06 (1.79, 3.64) 0.0040***
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