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Inflammation is critical to atherogenesis. Psoriasis is a chronic inflammatory skin disease that accelerates atherosclerosis
in humans and provides a compelling model to understand potential pathways linking these diseases. A murine model
capturing the vascular and metabolic diseases in psoriasis would accelerate our understanding and provide a platform to
test emerging therapies. We aimed to characterize a new murine model of skin inflammation (Rac1V12) from a
cardiovascular standpoint to identify novel atherosclerotic signaling pathways modulated in chronic skin inflammation. The
RacV12 psoriasis mouse resembled the human disease state, including presence of systemic inflammation, dyslipidemia,
and cardiometabolic dysfunction. Psoriasis macrophages had a proatherosclerotic phenotype with increased lipid uptake
and foam cell formation, and also showed a 6-fold increase in cholesterol crystal formation. We generated a triple-genetic
K14-RacV12–/+/Srb1–/–/ApoER61H/H mouse and confirmed psoriasis accelerates atherogenesis (~7-fold increase).
Finally, we noted a 60% reduction in superoxide dismutase 2 (SOD2) expression in human psoriasis macrophages. When
SOD2 activity was restored in macrophages, their proatherogenic phenotype reversed. We demonstrate that the K14-
RacV12 murine model captures the cardiometabolic dysfunction and accelerates vascular disease observed in chronic
inflammation and that skin inflammation induces a proatherosclerotic macrophage phenotype with impaired SOD2
function, which associated with accelerated atherogenesis.
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Introduction
Psoriasis is a chronic inflammatory skin disorder affecting 2%–4% of  the population (1) and is associated 
with an increased risk of  atherosclerotic cardiovascular events in humans (2), suggesting shared mecha-
nisms between psoriasis and the presence of  cardiovascular disease (CVD). However, mechanistic data 
linking these 2 disease states are lacking. Given the association with early cardiovascular events, psoriasis 
provides a reliable model to understand the implications of  chronic inflammation on metabolic and CVD 
(3). Furthermore, utilization of  a murine model that recapitulates the human cardiometabolic dysfunction 
would advance mechanistic understanding but is currently lacking.

Several psoriasis mouse models have been described in the past that have provided critical advance-
ments in our understanding of  the cardiovascular effects of  chronic systemic low-grade inflammation 
(4–6). The KC-Tie2 mouse has provided important information on how inflammation in the skin can drive 

Inflammation is critical to atherogenesis. Psoriasis is a chronic inflammatory skin disease that 
accelerates atherosclerosis in humans and provides a compelling model to understand potential 
pathways linking these diseases. A murine model capturing the vascular and metabolic diseases in 
psoriasis would accelerate our understanding and provide a platform to test emerging therapies. We 
aimed to characterize a new murine model of skin inflammation (Rac1V12) from a cardiovascular 
standpoint to identify novel atherosclerotic signaling pathways modulated in chronic skin 
inflammation. The RacV12 psoriasis mouse resembled the human disease state, including presence 
of systemic inflammation, dyslipidemia, and cardiometabolic dysfunction. Psoriasis macrophages 
had a proatherosclerotic phenotype with increased lipid uptake and foam cell formation, and 
also showed a 6-fold increase in cholesterol crystal formation. We generated a triple-genetic 
K14-RacV12–/+/Srb1–/–/ApoER61H/H mouse and confirmed psoriasis accelerates atherogenesis (~7-
fold increase). Finally, we noted a 60% reduction in superoxide dismutase 2 (SOD2) expression 
in human psoriasis macrophages. When SOD2 activity was restored in macrophages, their 
proatherogenic phenotype reversed. We demonstrate that the K14-RacV12 murine model captures 
the cardiometabolic dysfunction and accelerates vascular disease observed in chronic inflammation 
and that skin inflammation induces a proatherosclerotic macrophage phenotype with impaired 
SOD2 function, which associated with accelerated atherogenesis.
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inflammation in the vasculature (7) and increase thrombosis (8). Recently, Winge et al. (9) developed a 
potentially novel psoriasis mouse model, overexpressing a constitutively active mutant (Rac1G12V) of  the 
GTPase Ras-related C3 botulinum toxin substrate 1 (Rac1), in keratinocytes specifically (K14-Rac1V12), 
resulting in a comparable pathophysiology between human and murine psoriasis spontaneously manifest-
ing as early as 7 days after birth. This model recapitulated chronic skin inflammation, systemic expression 
of  inflammatory markers, and a psoriasis-associated comorbidity: arthritis.

Macrophages are one of  the cellular hallmarks of  atherogenesis, and atherosclerosis mouse models 
have provided important signaling pathways and therapeutic targets (10, 11). Psoriasis patients have dense 
macrophages in psoriatic skin plaques (12) and experience CVD earlier than nonpsoriasis counterparts 
(2, 13). Prior studies involving primary or immortalized macrophages treated with cytokines or psoriasis 
patient serum demonstrate how a proinflammatory milieu augments macrophage atherogenic functions, 
but how this occurs is poorly understood (14, 15).

A role for manganese in psoriasis has been suggested in 1922 (16) and may be in part mediated by 
superoxide dismutase 2 (SOD2), a manganese-dependent enzyme. SOD2 is essential for detoxifying cells 
from reactive oxygen species (ROS) and has been linked to psoriasis (17) and CVD (18), but it has not been 
characterized in psoriatic macrophages.

Given the recent demonstration of  the K14-Rac1V12–/+ psoriasis mouse model recapitulating the psoriasis 
phenotype (9), including cutaneous monocyte infiltration, our goals of  this study were to: i) characterize the 
model for cardiometabolic disease and signs of  atherosclerosis; ii) characterize mouse K14-Rac1V12–/+–derived 
macrophages in comparison with human peripheral blood mononuclear cell–derived (PBMC- derived) mac-
rophages from psoriasis patients and to characterize SOD2 in macrophages; and iii) cross the K14-Rac1V12–/+ 
mouse with the atherosclerosis prone Srb1–/–/ApoER61H/H mouse model to understand if  psoriasis-associated 
systemic inflammation accelerates atherosclerosis development compared with mice lacking the keratinocyte 
Rac1V12 mutation. Our results provide strong evidence that the K14-Rac1V12–/+ mouse resembles human 
psoriatic cardiometabolic disease and that the presence of  chronic, low-grade inflammation modulates key 
enzymes in macrophages that contribute to accelerated cholesterol crystal (CC) formation.

Results
Skin and immune cell characterization show presence of  skin-induced systemic inflammation in K14-Rac1V12–/+ mice. As 
an initial characterization, we sought to confirm that the K14-Rac1V12–/+ mouse model of  psoriasis (9) devel-
oped psoriasis-like skin lesions and skin-specific expression of K14-Rac1V12–/+ (Supplemental Figure 1, A and 
B; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.97179DS1). 
Severity of  the psoriasis-like skin lesions was graded through a systematic assessment of  skin inflammation 
(Figure 1A and Supplemental Table 1) to provide correlative data on skin severity and systemic disease.

Levels of  circulating immune cells in littermate control (LMC) mice compared with psoriasis mice 
were examined using flow cytometry (Figure 1B). Circulating B and T cell populations were decreased 
in K14-Rac1V12–/+ mice compared with LMC mice (B cells LMC: 13.8% vs. K14-Rac1V12–/+: 4.8% of  live 
cells; T cells LMC: 11.9% vs. K14-Rac1V12–/+: 6.5% of  live cells), while neutrophils were increased (LMC: 
3.6% vs. K14-Rac1V12–/+: 13.1%). Characterization of  the CD11b+/CD11c– monocyte population revealed 
that both monocyte subsets, Ly6Chi (classical) and Ly6Clo (nonclassical), were decreased in K14-Rac1V12–/+ 
mice (3- and 2-fold decrease, respectively).

Following circulating immune cell characterization, we then measured plasma levels of  proinflamma-
tory cytokines that are highly associated to both psoriasis and atherosclerosis (Figure 1C). When compared 
with LMC, plasma of  adolescent (up to 10 weeks of  age) as well as adult (over 12 weeks of  age) K14-
Rac1V12–/+ mice displayed significantly increased levels of  IL17 (adolescent: LMC: 6.7 pg/ml vs. K14-
Rac1V12–/+: 9.6 pg/ml; adult: LMC: 5.6 pg/ml vs. K14-Rac1V12–/+: 8.5 pg/ml), and TNFα (adolescent: 
LMC: 9.8 pg/ml vs. K14-Rac1V12–/+: 20.6 pg/ml, adult: LMC: 7.7 pg/ml vs. K14-Rac1V12–/+: 23.7 pg/ml). 
Interestingly, IL6, CXCL1, and IL1β levels were higher in K14-Rac1V12–/+ mice; however, their levels only 
reached statistical significance at adulthood. Furthermore, we analyzed aortic lymph nodes, spleen, and 
BM in terms of  their immune cell composition to further substantiate the presence of  systemic inflamma-
tion in K14-Rac1V12–/+ mice (Supplemental Figure 1, C–F).

Lastly, transmission electron microscopy (TEM) analysis of  mouse aortas revealed the presence of  
several cell pockets in the subendothelial space that were not present in the aortas of  LMC mice (Figure 
1D). We delved further into this finding by characterizing the cell populations within the aorta using 
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flow cytometry. We did not detect changes in the amount of  CD45+ cells within the aortas (Figure 1E). 
We observed an increase in neutrophils by 3.5-fold, resident DCs by 2.5-fold and macrophages by 1.6-
fold. On the contrary, a significant decrease was observed in conventional DCs by 1.4-fold (P < 0.01). 
Interestingly, on performing regression analyses, we found that the aortic macrophage content directly 
correlated with psoriasis severity in K14-Rac1V12–/+ mice (Tables 1 and 2). Due to the observed increased 
frequency of  myeloid cells within the vessel wall, we analyzed the levels of  2 chemoattractants known 
to be involved in atherogenesis (19) — monocyte chemoattractant protein 1 (MCP-1) and RANTES 
— and found MCP-1 was significantly upregulated in K14-Rac1V12–/+ mice (LMC, 32.9 pg/ml, vs. K14-
Rac1V12–/+, 68.1 pg/ml), while RANTES was not different (Figure 1F).

Psoriasis-induced shift in lipid profile and dysfunctional HDL. We characterized the lipid profile and HDL 
function, and we performed metabolic phenotyping. We first used the plasma of  fasted mice for fast liquid 
protein chromatography (FPLC) analysis to determine the overall lipid profile. We found decreased HDL 
levels and slightly increased VLDL levels (Supplemental Figure 2A). However, LDL levels were signifi-
cantly decreased in psoriatic mice. Analysis of  the plasma lipid showed a decrease in total cholesterol, 
cholesterol esters, and phospholipids (Supplemental Figure 2B). We also measured serum cholesterol efflux 
capacity, which is the ability of  HDL to accept lipids for reverse cholesterol transport; this has been shown 
to be impaired in psoriasis patients (20) and accelerate atherosclerosis in humans (21). We found HDL 
efflux to be significantly decreased by 20% in the K14-Rac1V12–/+ mice (Supplemental Figure 2C).

Metabolic characterization of the K14-Rac1V12–/+ mice compared with their LMC showed a 30% reduced 
weight with comparable feeding rates, indicating an increased food intake per mouse weight. This suggests 
heightened metabolic activity of these mice, but it was not statistically significant (Supplemental Figure 2, D–F).

Proatherosclerotic cross-talk between psoriatic macrophages and lipids. We isolated BM-derived macrophages 
(BMDM) from LMC and K14-Rac1V12–/+ mice to determine if  skin-induced inflammation can alter mac-
rophage function. As an initial step, we performed Western blot analysis on BMDMs to prove that the 
expression of  keratinocyte-specific Rac1V12, and its Myc-tag, were not cross contaminating during breed-
ing, clearly showing that K14-Rac1V12 is exclusively expressed in the epidermis of  K14-Rac1V12 mice only 
(Supplemental Figure 1B). No differences in overall Rac1 nor Myc (endogenous and tag) expression could 
be found comparing LMC and K14-Rac1V12–/+ BMDM, demonstrating that observed effects are due to 
keratinocyte-specific overexpression of  constitutively active Rac1V12 only (Figure 2A).

Differentiation of  mouse BM cells to BMDMs (Figure 2B), as well as human PBMC to human mono-
cyte-derived macrophages (HMDMs) (Supplemental Figure 4A), revealed significantly increased precur-
sor-to-macrophage differentiation in both K14-Rac1V12–/+ BMDMs and psoriatic HMDMs, most likely 
due to differences in adhesion, differentiation, and proliferation. Multivariable regression analysis demon-
strated that BMDM differentiation rate is directly correlated with determined psoriasis severity in K14-
Rac1V12–/+ mice (Table 2). Moreover, quantitative PCR (qPCR) of  BMDMs and HMDMs for genes known 
to be expressed in polarized, inflamed, and classical macrophages revealed alteration of  genes involved in 
inflammatory and atherosclerotic processes. However, classic genes used in the past to classify M1 mac-
rophages (e.g., TNFα, IL1β) were not altered in K14-Rac1V12–/+ BMDMs but showed alteration in human 
psoriatic macrophages (Figure 2C and Supplemental Figure 4B). Phenotypically, scanning electron micros-
copy analysis revealed that nonpsoriatic human and mouse macrophages displayed an elongated pheno-
type, whereas psoriatic human and mouse macrophages were round and flat (Figure 2, D and E, and Sup-
plemental Figure 4C), indicative of  inflammatory macrophages (22). Immunofluorescence staining showed 
increased expression of  CD68 in psoriatic macrophages, while CD206 expression was decreased for both 
human and mouse macrophages (Figure 2F and Supplemental Figure 4D).

We assessed modified LDL uptake by macrophages (Figure 2, G and H). BMDMs derived from K14-
Rac1V12–/+ mice demonstrated increased uptake of acetylated LDL (AcLDL), as well as oxidized LDL 
(OxLDL), at 2 and 4 hours of incubation compared with LMC BMDMs. We confirmed these results through 
flow cytometry analyzing the median fluorescence intensities (MFI) of BMDMs (Supplemental Figure 3A); 
similar results were observed for HMDMs (Supplemental Figure 4, E and F). Accordingly, qPCR analysis of  
BMDMs and HMDMs showed significantly increased mRNA levels of LDL and modified LDL receptors like 
CD36 (1.9-fold and 4-fold, respectively) and LDLR (Figure 2I and Supplemental Figure 4I). Furthermore, we 
observed a 1.6-fold increase in macrophage foam cell formation (Figure 2J) at baseline without the addition of  
external lipids, which was consistent even after the additional treatment of AcLDL and OxLDL, confirmed by 
flow cytometry (Supplemental Figure 3B) and positively correlated with severity (Table 2). Again, these results 
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were corroborated in HMDMs (Supplemental Figure 4G). Filipin staining as an indicator for free cholesterol 
content was determined and showed a significant increase at baseline, while addition of AcLDL resulted in 
decreased Filipin staining in K14-Rac1V12–/+ BMDMs compared with LMC BMDMs (Supplemental Figure 
3C). Additionally, we found that macrophage-cholesterol efflux was similar between LMC and psoriatic mouse 
BMDMs (Supplemental Figure 3D). HMDMs from psoriasis patients, on the other hand, had impaired macro-
phage-cholesterol efflux compared with healthy volunteer HMDMs (Supplemental Figure 4H). Using qPCR, 
we analyzed psoriasis-induced alterations in genes associated with lipid metabolism (ACAT/SOAT, NCEH) and 
efflux transporters (ABCA1, ABCG1) (Supplemental Figure 3E and Supplemental 4I). A 50% downregulation 
of the ABCG1 gene was found only in HMDMs and a significant increase of ACAT/SOAT was found in both 
macrophage types, while NCEH was regulated in opposite ways between human and mouse psoriatic macro-
phages. Subsequently, we performed mouse and human macrophages apoptosis/necrosis experiments (Supple-
mental Figure 3F and Supplemental Figure 4J). Early apoptotic events were significantly increased in both K14-
Rac1V12–/+ mouse BMDMs and human psoriasis HMDMs when compared with LMCs and healthy volunteers, 
respectively, not involving activation of NLRP1 or NLRP3 inflammasome (Supplemental Figure 3G).

Figure 1. Overexpression of constitutive active Rac1 V12 in keratinocytes induces psoriasis accompanied by systemic chronic inflammation. (A) Severity 
of psoriasis phenotype based on visible symptoms was determined on a 0–5 scale. Severity levels of 2 and 3 accounted for the majority of all animals (n = 
117). (B) Blood cell composition differences were determined by flow cytometry. Decreased levels of B cells, T cells, classical (Ly6Chi), and nonclassical (Ly6Clo) 
monocytes were observed, while the neutrophil population increased (n = 8/9). (C) Chronic inflammation was detected by measuring plasma cytokine levels in 
adolescent (younger than 10 weeks) and adult (older than 12 weeks) K14-Rac1V12–/+ mice and their LMC. Increased levels of all proinflammatory cytokines were 
detected (n > 5). (D) Transmission electron microscopy of mouse aortas showed infiltration of myeloid cells into the subendothelial space (n = 3/3) and the 
tunica media, which was confirmed by flow cytometry (E) of Liberase-digested aortas (n = 10/13). Neutrophils, resident (res) DCs and especially macrophages 
are showing the most significant changes. (F) Plasma from adult LMC and K14-Rac1V12–/+ mice were used to determine MCP-1 and RANTES chemokine levels 
(n = 27/38). (Data are expressed as mean ± SEM, n = LMC/K14-Rac1V12–/+; Mann-Whitney test P < 0.05) (LMC, littermate control; EC, endothelial cell; E, elastin 
layer; C, collagen; SMC, smooth muscle cell; L/M/MØ, lymphoid or myeloid cell; MØ, macrophages; conv, conventional; res, resident; myl, myeloid; Monos, 
monocytes; M0, macrophages; MCP-1 (CCL2), monocyte chemoattractant protein 1. Scale bar: 5µm. *P < 0.05, **P < 0.0005.
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CCs were seen in macrophage foam cells using polarized light microscopy (Figure 2, K and L). We 
observed a formation of  CCs within psoriatic mouse BMDMs and HMDMs that was accelerated with 
the addition of  lipids. Nonpsoriatic macrophages displayed minor to no presence of  CC formation, 
even upon lipid introduction.

Psoriasis accelerates atherosclerosis development. K14-Rac1V12–/+ mice were successfully crossed with Srb1–

/–/ApoeR61H/H mice to create an atherosclerosis-prone psoriatic mouse (Supplemental Figure 5A). These 
mice displayed mild-to-moderate psoriasis phenotypes, with increasing severity when being fed a high fat 
diet (HFD) (Figure 3A), a significantly lower body weight (Supplemental Figure 5B), and an increased 
spleen/body weight ratio (Supplemental Figure 5C) after being on a HFD for 2 weeks. Furthermore, 2 
weeks of  HFD resulted in increased presence of  neutrophils in peripheral blood in Srb1–/–/ApoeR61H/H/
K14-Rac1V12–/+ mice (1.5% vs. 3.3% of  alive cells, LMC vs. K14-Rac1V12–/+ , respectively, P < 0.05, data 
not shown). Lipid analysis revealed no differences in total triglycerides, total free cholesterol and esterified 
cholesterol (Table 3). Additionally, after a HFD, the triple genetic mice displayed an increased presence of  
CD45+ cells and T cells in aortic lymph nodes; assessment of  the spleen revealed a decreased presence of  
monocytes, while macrophages were increased (Supplemental Figure 5, D and E).

En face analysis of whole mouse aortas revealed an increase in atherosclerotic plaque formation in Srb1–/–/
ApoeR61H/H/K14-Rac1V12–/+ mice as compared with their age- and sex-matched LMC (6.8% vs. 1.8% plaque 
area of whole aorta, respectively) (Figure 3B). This increase in atherosclerotic plaque formation was confirmed 
by Oil Red O staining in aortic root sections (Figure 3C, 0.04 mm2 Srb1–/–/ApoeR61H/H/LMC vs. 0.11 mm2 
Srb1–/–/ApoeR61H/H/K14-Rac1V12–/+). Furthermore, severity of atherosclerotic lesion formation correlated with 
severity of the psoriasis phenotype. Atherosclerotic plaque of Srb1–/–/ApoeR61H/H/K14-Rac1V12–/+ were charac-
terized to be macrophage rich with no signs of calcification (Figure 3, D and E). No differences in macrophage 
or smooth muscle cell content were observed. However, an increased presence of CCs and necrotic core area 
was seen in Srb1–/–/ApoeR61H/H/K14-Rac1V12–/+ mice, even after normalization to overall atherosclerotic lesion 
size (Figure 3, D and E). Staining of collagen using Sirius Red displayed no significant differences in overall col-
lagen content (bright field red) or in the thickness of collagen fibers (Sirius Red staining in polarized light: green/
yellow indicates thin fibers, orange/red indicates thick collagen fibers) (Figure 3F).

SOD2 is a regulator of  psoriasis-induced proatherosclerotic macrophage dysfunction. As SOD2 is essential for 
macrophage function and counteracting oxidative stress (23), we speculated that SOD2 function might be 
impaired in psoriatic macrophages, resulting in enhanced presence of  mitochondrial ROS. Mitochondrial 
ROS were significantly increased by 2-fold in human PBMCs and increased by 1.8-fold in psoriatic mouse BM 
cells, the precursors to our derived macrophages, suggesting a possible modulation of  SOD2 in macrophage 
function and development (Figure 4A and Supplemental Figure 6A). qPCR analysis of  human and mouse 
macrophages (Figure 4B and Supplemental Figure 6B) for mitochondria-related genes revealed SOD2 to be 
commonly downregulated in both species of  psoriatic macrophages. The additional downregulation of  Sirt3 
(Sirtuin 3) in K14-Rac1V12–/+ BMDM, which is a regulator of  SOD2 activity (24), provided further evidence 
for psoriasis-induced alteration in macrophage SOD2 expression and activation. Flow cytometry–based anal-
ysis of  mitochondrial ROS in differentiated macrophages revealed increased presence of  mitochondrial ROS 

Table 1. Description of study groups for different mouse models

Parameter K14-Rac1V12–/+ (n = 21) LMC (n = 18) P value
Age (weeks) 14.86 ± 2.22 14.78 ± 2.39 0.46
Sex, males 8 (38%) 7 (39%) 0.74
Psoriasis severity score 3 (2–4) - -
Body weight (g) 20.58 ± 4.29 26.49 ± 5.16 <0.001
Spleen weight (g) 0.19 ± 0.09 0.09 ± 0.01 <0.001
Spleen weight:body weight 9.17 ± 4.19 3.28 ± 0.54 <0.001
Macrophages content in aorta 51.92 ± 17.86 25.66 ± 6.02 <0.001
Neutrophil content in aorta 3.84 ± 2.80 1.72 ± 1.82 0.03
BM-to-BMDM differentiation rate 176.47 ± 52.83 104.56 ± 32.19 <0.001
All values are expressed as mean ± SD for continuous variables and n (%) for categorical variables. One-tailed t test for 
continuous variables, Pearson’s χ2 test for categorical variables. P < 0.05 deemed significant as indicated in bold.
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in psoriatic macrophages (Figure 4C and Supplemental Figure 6D). Since SOD2 is a manganese-dependent 
superoxide dismutase, we sought to differentiate precursor cells in the presence of  manganese, which resulted 
in decreased macrophage numbers after the differentiation process in psoriatic human and mouse macro-
phages (Figure 4D and Supplemental Figure 6C). Manganese-differentiated psoriatic mouse macrophages 
displayed alterations in their genetic profile compared with those without the addition of  manganese, espe-
cially in lipid uptake and efflux-regulating genes (Figure 4E). To determine actual SOD2 activity instead of  
mitochondrial ROS, a SOD2 activity indicator, we performed a SOD2 activity assay in BMDM (Figure 4F). 
In this assay, SOD2 activity is measured as inhibition rate, which directly correlates with SOD2 activity. We 
found: i) decreased SOD2 activity in K14-Rac1V12–/+ BMDMs compared with LMC; ii) that differentiation 
of  macrophages with manganese did not significantly affect SOD2 activity; and iii) that the addition of  MnT-
BAP, a SOD2 mimetic, rescued K14-Rac1V12–/+ BMDM SOD2 activity deficiency in manganese-differenti-
ated macrophages, suggesting that activation of  residual SOD2 is not sufficient to restore psoriasis-altered 
SOD2 deficiency. To further confirm that alteration of  SOD2 activity impacts mitochondrial ROS presence, 
microscopy (Figure 4G) and flow cytometry (Figure 4H) were used. In both assays, either differentiation of  
K14-Rac1V12–/+ BMDMs in the presence of  manganese or the addition of  MnTBAP were sufficient to sub-
stantially decrease the psoriasis-induced increase in mitochondrial ROS to LMC levels.

Table 2. Multivariable regressions

Psoriasis score and body weight in K14-Rac1V12–/+

Model K14-Rac1V12–/+ (n = 21)
Unadjusted –0.48 (0.03)
Adjusted for age –0.49 (0.02)
Adjusted for age and sex –0.63 (0.047)
Psoriasis score and spleen weight in K14-Rac1V12–/+

Model K14-Rac1V12–/+ (n = 21)
Unadjusted 0.75 (<0.001)
Adjusted for age 0.75 (<0.001)
Adjusted for age and sex 0.73 (<0.001)
Psoriasis score and spleen weight:body weight in K14-Rac1V12–/+

Model K14-Rac1V12–/+ (n = 16)
Unadjusted 0.90 (<0.001)
Adjusted for age 0.87 (<0.001)
Adjusted for age and sex 0.76 (<0.001)
Psoriasis score and aortic macrophages in K14-Rac1V12–/+

Model K14-Rac1V12–/+ (n = 13)
Unadjusted 0.86 (<0.001)
Adjusted for age 0.91 (0.001)
Adjusted for age and sex 0.72 (0.011)
Psoriasis score and K14-Rac1V12–/+ BMDM differentiation rate
Model K14-Rac1V12–/+ (n = 21)
Unadjusted 0.68 (0.001)
Adjusted for age 0.67 (0.001)
Adjusted for age and sex 0.64 (0.003)
Psoriasis score and K14-Rac1V12–/+ BMDM foam cell formation after AcLDL 
treatment
Model K14-Rac1V12–/+ (n = 21)
Unadjusted 0.68 (0.001)
Adjusted for age 0.66 (0.001)
Adjusted for age and sex 0.62 (0.003)
Psoriasis score and K14-Rac1V12–/+BMDM mitochondrial ROS
Model K14-Rac1V12–/+ (n = 8)
Unadjusted 0.70 (0.055)
Adjusted for age 0.70 (0.20)
Adjusted for age and sex 0.71 (0.23)
Data represented as standardized β coefficient, P < 0.05.
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Figure 2. Psoriatic mouse macrophages display proatherosclerotic characteristics. (A) BMDM were analyzed for the presence of Rac1 and the attached 
Myc tag. No differences in expression of Rac1 or Myc were detected. (B) Equal amounts of BM cells were plated for differentiation. Cell count after 
differentiation was determined. Resulting cell counts are increased in psoriatic mice, possibly due to differences in adhesion and proliferation. (C) 
Gene expression of macrophage polarization was determined using qPCR and is altered in psoriatic BMDMs as compared with LMC BMDMs. (D and E) 
Scanning electron microscopy analysis of BMDM phenotype with subsequent quantification of cells presenting a round phenotype (n = 6, each with 5 
fields imaged and quantified). (F) Phenotypically, BMDMs were characterized using scanning electron microscopy and immunofluorescence analysis 
for CD206 (red) and CD68 (green) (nuclei: DAPI, blue) (representative images of n = 3). (G and H) Modified lipoprotein uptake by BMDM was determined 
after treatment with 20 μg/ml DiI-labeled AcLDL or OxLDL for 2h and 4h of incubation. Five images per condition were taken at equal exposure and 
MFI of 100 individual cells per image analyzed using ImageJ. (I) Differences in modified LDL receptors between LMC and K14-Rac1V12–/+ BMDM were 
detected using qPCR. (J) Macrophage foam cell formation upon 24h 50μg/ml AcLDL or OxLDL treatment was detected after subsequent Bodipy493/503 
labeling (green, nuclei: DAPI, blue) and ImageJ analysis as described in E and F. (K and L) Presence of cholesterol crystals was visualized using polar-
ized light microscopy of mouse (K) and human (L) macrophages, displaying increased cholesterol crystal presence under baseline and lipid treated 
conditions (50 μg/ml) (BMDM n = 6/6, HMDM n = 5/10). (Data are expressed as mean ± SEM; 2-way ANOVA with Bonferroni correction [H and J] with P 
< 0.007; duplicates for H and J; Mann-Whitney test [B, C, E, and I] with P < 0.05; n ≥ 6/6, *P < 0.05, **P < 0.005, ***P < 0.0005 indicates significance 
to LMC control; ^P < 0.05, ^^P < 0.005, ^^^P < 0.0005 indicates significance between indicated groups; scale bars: 50 µm [F and G],100 µm [J]) (LMC, 
littermate control; AcLDL, acetylated low-density lipoprotein; OxLDL, oxidized LDL)
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To determine the role of  SOD2 in psoriasis-induced proatherosclerotic macrophages, macrophage 
function experiments were performed in manganese-differentiated BMDMs and HMDMs with and with-
out the addition of  MnTBAP. Psoriasis-induced early apoptotic events were significantly reduced to LMC 
event levels in manganese-differentiated K14-Rac1V12–/+ BMDMs (Figure 5A). Moreover, modified lipid 
uptake and foam cell formation of  K14-Rac1V12–/+ BMDMs were both reduced to LMC levels in manga-
nese-differentiated macrophages, with further significant reduction due to the addition of  MnTBAP (Figure 
5, B and C). Cholesterol efflux of  psoriatic BMDMs was not significantly altered by the different treatment 
conditions (Figure 5D). Finally, we assessed if  SOD2 activity was related to CC formation. We observed 
a significantly lower presence of  CCs in manganese-differentiated K14-Rac1V12–/+ BMDMs treated with 
MnTBAP (Figure 5, E and F). In addition, we observed a reduction to LMC levels in lipid-induced CC 
formation in manganese-differentiated psoriatic BMDMs with MnTBAP treatment. Similar results were 
obtained using human psoriatic macrophages under the given conditions (Supplemental Figure 6, E–G).

Figure 3. Psoriasis-induced chronic inflammation accelerates atherogenesis. K14-Rac1V12–/+ mice were backcrossed into Srb1–/–/ApoeR61H/H mice and an 
atherosclerosis study conducted. (A) Psoriasis severity of Srb1–/–/ApoeR61H/H/K14-Rac1V12–/+ mice increased due to HFD for 2 weeks. After 2 weeks of HFD, 
detection of atherosclerotic plaques in whole aorta (B, images presented of the aortic arch) and aortic root sections (C) using Oil Red O staining showed a 
significant increase in atherosclerosis development in psoriatic mice vs. LMC mice. (D) Macrophage (MOMA-2), smooth muscle cell (SM22α) and cholester-
ol crystal content, necrotic core area, general collagen and elastin (Movat) deposition, and calcification (Van Kossa) in the aortic root of animals presenting 
plaque formation in C are shown to compare the anatomy and quality of the developed atherosclerotic lesions. Quantifications (E) were done using ImageJ 
software and are displayed as percentage of total plaque area. (F) Sirius Red staining was performed and visualized using bright field and polarized light 
microscopy. Content of different collagen fiber thicknesses was determined using ImageJ. Green/yellow indicates thinner collagen fibers, while orange/
red indicates thick collagen fibers. (Data are expressed as mean ±SEM, Mann-Whitney test with *P < 0.05, **P < 0.005, n = 9/ 4 for Oil Red O staining, n = 
6/4 for plaque characterization staining, scale bar: 500 μm) (PL, polarized light; CC, cholesterol crystals; HFD, high-fat diet; PSO, psoriasis; rVSMC, resident 
vascular smooth muscle cells [indicated by the arrows]. Arrow heads indicate plaque/infiltrated VSMC).
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Discussion
Multiple studies demonstrate an increased risk of  cardiometabolic dysfunction and atherosclerotic 
CVD in human psoriasis (2, 13). In this study, we determined that the recently published Rac1V12 
murine model of  psoriasis (9) recapitulated several cardiometabolic dysfunction features found in 
human psoriasis. Furthermore, we found that: i) psoriatic macrophages in human and mice are proath-
erosclerotic and display increased lipid uptake, foam cell formation, and CC formation; ii) psoriasis 
induces SOD2 dysfunction in psoriatic mouse and human macrophages, and iii) replenishment of  
SOD2 reverses the proatherosclerotic macrophage phenotype. Additionally, we successfully generated 
a triple genetic atherosclerosis-prone psoriasis mouse model (Srb1–/–/ApoeR61H/H/K14-Rac1V12–/+) and 
demonstrated, for the first time to our knowledge, that a psoriatic phenotype displays an earlier onset 
of  atherosclerosis and that an epidermal-intrinsic defect can drive systemic CVD progression. Taken 
together, these results highlight the importance of  chronic inflammation in driving macrophage dys-
function and ultimately atherosclerosis development and progression.

In patients with psoriasis, vascular inflammation is observed using 18-fludeoxyglucose PET/CT 
(FDG-PET/CT) signal in large vessels, namely the aorta  — the signals of  which have a dose-response 
relationship to psoriasis severity (25). The FDG-PET/CT signal is believed to be derived from infiltra-
tive macrophages residing within the vessel wall (26). A first indicator that a psoriatic mouse model 
expresses signs of  vascular inflammation has been reported by Wang et al. (7) using histological stain-
ing methods to determine white blood cell infiltration in the aortic root of  KC-Tie2 mice on a chow 
diet. In our study, we visualized cell infiltration within the vessel wall using TEM and identified the 
subpopulations extensively using flow cytometry analysis. While several cell-type populations shift 
within the K14-Rac1V12–/+ vessel wall, the increased presence of  macrophages, strongly believed to 
drive FDG-uptake in human psoriasis, is indicating a proatherosclerotic preconditioning of  the vessel 
wall. Additionally, we were able to demonstrate a positive correlation of  macrophage content with 
psoriasis severity (Tables 1 and 2).

Serum HDL efflux is inversely correlated with noncalcified burden (21) in the coronaries of  psoriasis 
patients, accompanied by profound changes in the lipid profile (27) and prospective cardiovascular events 
in humans (28). Analysis of  psoriatic mouse HDL revealed its decreased capability to promote reverse 
cholesterol transport, similar to our psoriasis patients, further supporting the proatherosclerotic phenotype 
of  the K14-Rac1V12–/+ murine psoriasis model.

Atherosclerosis and psoriasis are chronic inflammatory diseases accompanied by changes in blood 
cell composition and cytokine levels. Our group has shown in the past that psoriasis has increased 
neutrophil cell counts, which show a direct positive association with psoriasis severity (25). The role of  
monocytes and their subsets in human psoriasis was highlighted in a recent publication (8), which is in 
accordance to our mouse data presented in this study. These findings are in contrast with data demon-
strating that KC-Tie2 mice display increased levels of  circulating and splenic CD11b+Ly6Chi proin-
flammatory monocyte subsets (7). Although we saw a decrease in classical/inflammatory monocyte 
subset levels, we postulate that significant amounts of  monocytes are recruited to target organ tissues 
(e.g., aorta) and subsequently differentiated to macrophages. Ly6Chi–monocyte-derived macrophages 
(Ly6Chi-MDMs) reside long-term within tissue, suggesting a link between inflammation severity, dura-
tion, and Ly6Chi monocyte–derived macrophage content (29). Furthermore, the importance of  inflam-
matory Ly6Chi monocytes and their differentiation into M2 macrophages in atherosclerosis regression 
has been published very recently utilizing a mouse plaque transplant model (30), indicating that the 
observed decrease in inflammatory Ly6Chi monocytes impairs plaque regression and probably sup-

Table 3. Summary of lipid analysis of atherosclerosis study mice

Srb1–/–/ApoER61H/H/LMC Srb1–/–/ApoER61H/H/K14-Rac1V12–/+

Total free cholesterol (mg/dl) 185.5 ± 6.3 186.2 ± 9.2
Total esterified cholesterol (mg/dl) 237.7 ± 7.8 267.5 ± 56.6
Total triglycerides (mg/dl) 157.4 ± 12.9 160.3 ± 15.1

Data presented as mean ± SEM.
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Figure 4. Manganese-dependent superoxide dismutase 2 (SOD2) function is impaired in psoriatic macrophages. (A) Mouse BM cell SOD2–derived ROS 
were labeled using MitoSox and examined by flow cytometry (n = 12/15). (B) qPCR analysis of BMDMs revealed changes in mitochondria-related gene 
expression (n ≥ 4). (C) Mitochondrial ROS of differentiated macrophages are increased in K14-Rac1V12–/+ BMDM. A representative histogram is shown 
(n = 12/15). (D) Differentiation levels of BMDMs in the presence of MnCl2, a SOD2 activator, was determined and significantly reduced (n ≥ 11). (E) mRNA 
expression profile was compared with pre-MnCl2 differentiation conditions using qPCR (n ≥ 5). (F) Since mitochondrial ROS staining does not qualify as 
an SOD2 activation measurement, SOD2 activity was detected using the SOD assay kit in the presence of potassium cyanide to inhibit SOD1 and SOD3 
activity, displaying decreased activity in psoriatic BMDMs, which is rescued to LMC levels when differentiated with MnCl2 and treated with MnTBAP (n ≥ 
5). (G and H) Mitochondrial ROS were labeled using MitoSox after treatment with the SOD2 mimetic MnTBAP (12.5 μM) in MnCl2 and control-differentiated 
LMC and psoriatic BMDM. Mitochondrial ROS were visualized using microscopy after PFA fixation and DAPI nuclei labeling (n = 3) and detected using flow 
cytometry (n ≥ 5). A representative histogram is shown. (Data are expressed as mean ± SEM; *P < 0.05, **P < 0.005, ***P < 0.0005 indicates significance 
to LMC control; #P < 0.05 indicates significance to K14-Rac1V12–/+ control; ^P < 0.05 indicates significance between indicated groups; [A, B, C, D, and F] 
Mann-Whitney test, [E and G] 2-way ANOVA with Bonferroni correction P = 0.01, scale bar: 50 μm) (LMC, littermate control; MnTBAP, Manganese [III] 
Tetrakis [4-Benzoic Acid] Porphyrin chloride).
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ports atherogenesis. An additional possibility explaining the decreased levels of  circulating monocytes 
could be due to inflammation-induced changes in BM kinetics. We show that CD45+ cell numbers are 
increased in the BM of  psoriasis mice, while circulating monocyte levels are decreased. Alterations in 
BM cell polarization into other cell types rather than monocytes/macrophages might be at play and 
should be investigated in future experiments.

Increased attraction and homing of  inflammatory monocytes within the vessel wall is explained, in 
part, by the increased presence of  chemoattractants like MCP-1, indicating an increased potential of  tran-
sendothelial migration of  psoriatic monocytes. Additionally, we speculate that alterations of  CD62L (L-se-
lectin) expression on circulatory blood cells — a marker shown to regulate accelerated adherence, transmi-
gration, and homing of  mononuclear cells (31–33) — might be altered, as well, in psoriasis. Future studies 
should consider the specific impact of  the psoriatic serum on healthy and diseased endothelium.

Figure 5. Manganese-dependent superoxide dismutase 2 (SOD2) is a key regulator in psoriasis-induced proatherosclerotic macrophage reprogram-
ming. BMDM were isolated from LMC and K14-Rac1V12–/+ mice. Cells were differentiated in the absence or presence of 5 μM MnCl2. Additionally, sets 
of BMDMs were pretreated with 12.5 μM MnTBAP, a SOD2 mimetic, before conducting the experiment. (A) Apoptosis and necrosis in BMDMs was 
determined using flow cytometry. Results of early apoptotic events under baseline and 50 μg/ml AcLDL-treated conditions (24h) displays a significant 
reduction in K14-Rac1V12–/+ BMDMs differentiated in the presence of Manganese (n ≥ 4). Modified lipid uptake (B), foam cell formation (C), and cho-
lesterol efflux (D) experiments were performed in the presence of MnCl2 or MnTBAP using control and MnCl2 differentiated BMDMs (n ≥ 5). (E) BMDMs 
were treated with 50 μg/ml DiI-AcLDL (red) for 24h and nuclei labeled with DAPI (blue) to visualize AcLDL cholesterol crystal formation (arrows indicat-
ed CC, arrowheads indicate large densely lipid packed intracellular areas, representative images of total n = 3; scale bar: 50 µm). (F) CC were visualized 
with a polarized light microscope and quantified using ImageJ under baseline and 50 μg/ml AcLDL treatment conditions (n ≥ 5). (Data are expressed as 
mean ± SEM; 2-way ANOVA with Bonferroni correction [A, D, and F] P < 0.007, [B and C] ^/#P < 0.01, ^^/##P < 0.005, ^^^/###P < 0.0005) (MnCl2, Manganese 
chloride; LMC, littermate control; MnTBAP, Manganese [III] Tetrakis [4-Benzoic Acid] Porphyrin chloride; ROS, reactive oxygen species; FC, foam cell 
formation; Ac, acetylated; LDL, low-density lipoprotein; MFI, median fluorescence intensity).
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Vessel wall–infiltrating monocytes are precursors of  atherosclerotic plaque macrophages. Despite the 
emerging thought that smooth muscle cell–to-monocyte conversion may occur (34), immune cell infiltration 
into the vessel wall is still highly likely. It is very likely that both mechanisms are of  high importance for vas-
cular inflammation and atherosclerosis development and progression. In both scenarios, macrophages and 
macrophage-like cells are of  tremendous significance for atherosclerosis progression and regression (30, 35).

Commonly, macrophages are divided as antiinflammatory (M2) and proinflammatory (M1) macro-
phages. Macrophages are known to adapt to their surroundings and display plasticity, changing to the patho-
logical needs of  the disease and tissue (36, 37). Separation of  macrophages according to their function might 
be the more proper classification method for different disease states (38). We demonstrate that psoriasis as 
a skin disease pushes macrophage function toward a proatherosclerotic phenotype, rather than the classi-
cal M1/M2 classification. Genes, described in the past as classical M1 genes in mice (e.g., Inos, Arg1) (36), 
have recently been characterized as alternative macrophage markers that do not fit the classic profile. Anal-
ysis of  our mouse psoriatic macrophage gene expression for these recently described genes (39) displayed an 
alternative macrophage subset with few classical M1 genetic markers. Moreover, on the scanning electron 
microscope, psoriatic macrophages show a more flattened and round shape as it has been described for M1 
macrophages (22). However, even though morphological similarities between psoriatic and M1 differentiated 
macrophages were present, their phenotype and gene expression showed major differences (data not shown), 
supporting our conclusion of  an alternative psoriasis macrophage with pro-atherosclerotic characteristics. A 
proatherosclerotic macrophage is generally expected to exhibit increased lipid uptake, increased foam cell 
formation and decreased reverse macrophage cholesterol transport, which were seen in our PBMC-derived 
human macrophages and partially in the psoriatic mouse macrophage. These observed differences are most 
likely a result of  three variants: a difference in species (human vs. mouse) (40); the origin of  derived macro-
phages, which has been highlighted in the literature (40, 41) (BM versus peripheral blood); and differences in 
the differentiation process (adhesion versus cytokine/chemokine induced differentiation).

Chronic inflammation in psoriasis contributes to differences in macrophage differentiation and function. 
Cytokines elevated in psoriasis patients include TNFα, IL12/23, IL1β, IFNγ, and IL17 (42) and are often tar-
geted in a psoriasis treatment regimen. These cytokines have been demonstrated to be of crucial importance for 
macrophage plasticity in acute or chronic aspects and in regard to atherogenesis (11, 19, 43, 44). However, since 
isolated macrophages in our study were differentiated under cytokine neutral conditions, a genetic precondition-
ing toward the proatherosclerotic phenotype may also modulate these characteristics. Recent understanding of  
epigenetic changes may be at play, as well. For example, in obstructive sleep apnea, the accumulation of CD36+ 
macrophages within the aortic wall has been ascribed to histone modifications, ultimately accelerating CVD 
development (45). Clonal hematopoiesis and CVD have been brought to attention in a recent publication, where 
the authors report that the risk for CVD increases in patients carrying Tet2 mutations in their PBMCs (46). In 
terms of a possible involvement of changes in the micro RNA (miRNA) profile, the comparison of 2 recent 
reports makes miR223 a likely candidate to be involved in psoriasis-induced macrophage differentiation changes 
(47, 48). Finally, psoriasis itself  has shown to be associated with epigenetic changes (49).

Manganese-dependent SOD2 is a key regulator of  oxidative stress, counteracting toxic ROS. Impaired 
SOD2 function or expression has been reported to be critical in maintaining macrophage cholesterol homeo-
stasis (50) and accelerating atherosclerosis development (51), and it is to be implicated in psoriasis develop-
ment (17). Therefore, we speculated that SOD2 could be a key regulator in the observed macrophage dys-
function in psoriasis, resulting in accelerated atherogenesis. Autophagy — a process responsible for removing 
oxidatively damaged organelles like mitochondria and promoting efflux of  lipids from lipid loaded cells — is 
impaired by the presence of  ROS, involving NLRP3 inflammasome activation and cell damage (52). More-
over, impacted autophagy (53) has been shown to accelerate atherogenesis. Furthermore, CC treatment of  
macrophages has been shown to activate the NLRP3 inflammasome and accelerate atherosclerosis develop-
ment (54), while endothelial-derived CC formation at very early stages of  atherogenesis seems to be an initiat-
ing factor for atherosclerosis development (55). While we did not observe NLRP1 or NLRP3 inflammasome 
activation in psoriatic macrophages under our experimental conditions, a protective effect of  SOD2 on effi-
ciency of  autophagy independently of  NLRP1/3 inflammasome activation cannot be excluded.

The exact mechanism regarding how and where CC are formed is still under intense investigation. 
Enhanced lipid uptake and decreased efflux in psoriatic macrophages results in the enhanced accu-
mulation of  lipids. We speculate that impaired autophagy in psoriatic macrophages accelerates CC 
formation due to decreased SOD2 activity as a result of  increased ROS presence. Lastly, it has recently 
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been published that cholesterol crystallization can occur within lipid droplets in liver cells (56). The 
increased presence of  lipid droplets within K14-Rac1V12–/+ BMDMs suggests a possible additional 
source of  macrophage CC formation enhancing macrophage cell death and accelerating atherosclero-
sis development in psoriasis mice and patients.

Limitations of  our study include the relatively small number of  human cells studied. Furthermore, rare 
use of  topical antibiotic therapy on very severe K14-Rac1V12–/+ mice may have impacted vascular disease pro-
gression. We also did not study patterns of  thrombosis in this mouse model, which certainly should be done 
in the future (7, 8). Furthermore, our use of  a less-utilized atherosclerosis mouse model (Srb1–/–/ApoER61H/H) 
instead of  ApoE–/– or Ldlr–/– may limit generalizability of  our findings. However, given the impact of  Ldlr and 
ApoE on macrophage function and the psoriasis phenotype, our choice provided the best available option.

Future directions of  our research include the treatment of  the murine model with manganese (acti-
vation of  SOD2) and MnTBAP, to replenish SOD2 itself  in order to yield further insight into the role of  
SOD2 in psoriasis-driven atherosclerosis. Additionally, we seek to identify downstream pathway alterations 
of  SOD2 to further understand cellular signaling and potentially develop refined future therapies. In con-
clusion, our results provide strong evidence that the presence of  chronic, low-grade inflammation modu-
lates key enzymes in macrophages, which may contribute to CC formation and defective lipid shuttling, 
both ultimately accelerating atherosclerosis development and progression.

Methods
Mice. K14-Rac1 mice sperm (strain CBA/CaJ) were provided by Peter Marinkovich (Stanford University) 
(9). The transgenic mice were rederived at Charles River with an CBA/CaCrl female for transfer to the 
NIH. Constitutively active V12Rac1 (Myc-tagged) was overexpressed in the basal keratinocytes of  these 
mice using the keratinocyte-specific promoter 14 (K14). Furthermore, homozygous expression of  K14-
Rac1V12 displays an extremely severe phenotype; therefore, we utilized only heterozygous mice for all 
experiments. Mice from the same litters lacking the expression of  V12 were used as LMC. Rac1V12 mice 
were housed in standard cages, in a temperature-controlled, pathogen-free room with normal dark and 
light cycles on a normal chow diet. Mice were euthanized via CO2 asphyxiation, immediately followed by 
cervical dislocation at various weeks of  age for organ harvesting. Due to the severity of  this mouse model, 
ACUC required the topical application of  antibacterial ointment locally on severely affected animals to 
avoid infection or sepsis and to ensure the well-being of  the mice. Severity of  psoriasis mice was determined 
following a 5-point list of  visible symptoms summarized in Supplemental Table 1.

Substances and treatments. To examine the role of SOD2 within our experiments, cells were pretreated with 
12.5 μM MnTBAP (AbCam) for 1 hour and/or differentiated in the presence of 5 μM MnCl2 (MilliporeSigma).

Blood/plasma collection. Mouse blood samples were collected both via retroorbital bleeding and cardiac 
puncture, and they were transferred into EDTA Eppendorf  tubes. Plasma was obtained by centrifugation at 
1,500 g at 4°C for 15 minutes, and stored frozen at –80°C. Human blood samples were collected in CPT tubes 
(BD Biosciences), and PBMCs were isolated by centrifugation at 1,590 g for 20 minutes at room temperature.

Plasma lipid analyses and plasma cholesterol efflux measurements. Lipoproteins were fractionated by FPLC. 
Plasma lipoproteins from 100 μl of  pooled mouse plasma (n = 3–6) were separated by gel filtration utilizing 
2 Superose 6 HR 10/30 columns (Pharmacia-LKB Biotechnology Inc.) connected in series. Lipids in the 
recovered fractions were assayed as described above. The elution volumes of  the plasma lipoprotein separated 
by FPLC were VLDL, 15.0–16.0 ml; IDL/LDL, 20.0– 24.0 ml; and HDL, 30.0–31.0 ml. From unfractioned 
plasma total cholesterol (catalog 439-17501), free cholesterol (catalog 435-35801), phospholipids (catalog 433-
36201), and triglycerides (catalog 461-08992 and 461-09092) were detected enzymatically using commercially 
available kits (Wako Life Sciences) according to the manufacturer’s recommendation. Plasma cholesterol 
efflux (HDL function) was measured by a validated ex vivo protocol as described previously (20).

Metabolic profiling of  K14-Rac1V12–/+ mice. Open circuit calorimetry, activity, and food consumption 
data were collected using the Oxymax Comprehensive Laboratory Animal Monitoring System (Columbus 
Instruments). Mice were housed individually in the calorimetry cages for 5 days while metabolic parame-
ters including maximum volume of  oxygen (VO2), maximum volume of  carbon dioxde (VCO2), and resting 
energy requirement (RER; VCO2/VO2) were measured by the system. Mice in the setup were fed using a 
spring-loaded feeder over top of  a scale. A central hopper contained the food available for consumption by 
the animal; the hopper was surrounded by a concentric hopper, which scavenged any food spillage. This 
allowed for accurately measured grams of  food consumed both cumulatively and per feeding episode. 
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Plasma cytokine and chemokine detection. To measure plasma levels of  proinflammatory cytokines and 
chemokines (e.g., mouse TNFα, IL1β, IL6, and CXCL1, chosen a priori) associated with CVD (43), plas-
ma samples were collected from transgenic and LMC mice, and an enzyme-linked immunosorbent assay, 
V-PLEX Proinflammatory Panel 1 (mouse) Kit, was performed following manufacturer’s protocol (Meso 
Scale Discovery). MCP-1 (CCL2) and chemokine ligand 5 (CCL5, RANTES) were detected in mouse plas-
ma of  adult LMC and K14-Rac1V12–/+ mice using the R&D ELISA kits, MJE00 and MMR00, respectively.

Cell composition of  human and mouse blood. Mouse blood was collected in EDTA-coated Eppendorf  
tubes. Whole blood (100 μl) was transferred to a FACs tube and RBCs were lysed with 2 ml ACK lysis 
buffer for 15 minutes at room temperature. If  RBCs remained, cells were lysed a second time. Cells were 
then washed twice with FACs buffer (1× PBS, 0.1% BSA, 0.02% EDTA) and incubated for 10 minutes in 
100 μl of  FcR Block (1:10, Miltenyi Biotec, catalog 130-092-575) at 4°C. Without washing, 100 μl of  the 
9-color antibody cocktail (Supplemental Table 2) was added to sample and incubated for 20 minutes at 4°C. 
LIVE/DEAD Aqua fixable dye (Invitrogen, catalog L34957) was used to target viable cells. Cells were then 
washed and fixed in 1% PFA and analyzed on the BD LSR II Flow Cytometer (BD Biosciences). Data were 
analyzed using FlowJo software (Tree Star Inc.) with a sequential gating scheme. Single cells were gated 
first using forward and side scatter; live cells were then identified and used for downstream gating scheme, 
as described in Supplemental Figure 7.

Cell composition of  aorta, spleen, BM, and lymph node. K14-Rac1V12–/+ and their LMC mouse aortas at 
12–17 weeks of  age were thoroughly cleaned from surrounding fat tissue and tunica adventitia and cut in 
1-mm rings. Digestion of  aortic rings and lymph nodes to single-cell suspension was achieved using 1.5 
Wünsch units Liberase (Roche Diagnostic) for 1 hour at 37°C under gentle rocking conditions. Spleens and 
BM of  mice were separated into a cell suspension using a 50-μm cell filter (catalog 22363547, Thermo Fish-
er Scientific). All single cell suspensions were treated and analyzed as described above using the antibody 
cocktail in Supplemental Table 3.

qPCR. Total RNA was isolated from BMDMs and HMDM by TRIzol (Invitrogen). RNA was iso-
lated using the Direct-zol RNA MiniPrep kit (Zymo Research Corp.) according to the manufacturer’s 
protocol. Complementary DNA was created using a RT2 First Strand Kit (Qiagen), and qPCR anal-
ysis was performed using target-specific primer pairs (Eurofins Genomics, Supplemental Table 4) on 
the LightCycler  96 (Roche Diagnostics) using SYBR Green for visualization. GAPDH was used as a 
housekeeping gene to normalize mRNA levels.

BMDM and HMDM culture. BMDMs were cultured from the BM of  female and male K14-Rac1V12–/+ 
and LMC mice aged 12–17 weeks as described previously (57). For experiments involving MnCl2, portions 
of  the macrophages were differentiated for 6 days and replated in the presence of  5 μM MnCl2.

Several key experiments were performed using human monocyte–derived macrophages (HMDM) 
derived from PBMCs isolated from fresh donor blood via the attachment method. Briefly, PBMCs were 
isolated from CPT tubes via centrifugation at 1,590 g for 20 minutes at room temperature and washed 
with PBS 3 times. Cells were counted and plated at 500,000 cells/cm2 in X-Vivo 15 media (Lonza) with 
20% FBS. Cells were allowed to attach for 1 hour at 37°C and 5% CO2 with a subsequent media change. 
Attached cells were allowed to differentiate for 5 days and were used for experiments without replating, 
except for HMDM efflux assays where replating at equal cell numbers is important for accurate experimen-
tal procedure. For experiments involving MnCl2, portions of  the macrophages were differentiated for 5 days 
in the presence of  5 μM MnCl2.

Lipid uptake, crystal formation, and foam cell formation assay. For modified LDL lipid uptake assays, 
human and mouse macrophages were treated with 20 μg/ml DiIAcLDL and DiIOxLDL (AlfaAeser) for 2 
or 4 hours, fixed using 4% PFA in PBS for 10 minutes at room temperature, nuclei labeled with DAPI, and 
mounted in DAKO fluorescence mounting media.

For crystal formation and foam cell formation assays, macrophages were treated for 24 hours with 50 
μg/ml AcLDL or OxLDL. Afterward, cells were fixed using 4% PFA in PBS for 10 minutes at room tem-
perature, subjected to polarized light microscopy, and then stained using Bodipy493/503 (Thermo Fisher 
Scientific) for 30 minutes at room temperature.

For uptake and foam cell formation fluorescence, 5 pictures per treatment condition were taken at 
equal exposure times, and MFI per cell was detected using ImageJ. Data were analyzed using Microsoft 
excel and PRISM. The results of  BMDM experiments were confirmed using flow cytometry detecting 
MFIs using the LSR Fortessa (BD Biosciences).
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Detection of  free and esterified cholesterol in macrophages. Mouse BMDMs were incubated with 50 μg/ml 
AcLDL for 24 hours to allow cholesterol loading and foam cell formation. For flow cytometry analysis, 
cells were deattached afterward, using Cell Stripper (Corning), and they were fixed with 4% PFA at room 
temperature for 10 minutes. As an indicator for free cholesterol, cells were labeled for 2 hours at room 
temperature using 0.05 mg/ml Filipin in PBS containing 10% FBS after a 10-minute incubation with 1.5 
mg/ml glycine/PBS. Bodipy493/505 (10 μg/ml) in PBS for 30-minute labeling was used as an indicator for 
lipid droplet loading of  macrophages. MFI per cell was detected using the LSR Fortessa (BD Biosciences).

Polarized light microscopy. HMDM and BMDMs were fixed using 4% PFA in PBS. Fixed cells and 10-μm 
frozen sections of  the aortic root were imaged using a polarized light microscope (Olympus IX81F-2 with 
IPLab imaging software).

Macrophage efflux assay. Human and mouse macrophage capacity to efflux uptaken radioactive choles-
terol toward standardized HDL and ApoA-1 was performed as described previously (57, 58).

Western blot analysis. To determine skin-specific expression of  Rac1, Myc, and other markers (Sup-
plemental Table 5), Western blot analysis of  various organs and BMDMs was performed as described 
previously (59). Briefly, organs and cells were lysed with Cell Lytic M (MilliporeSigma, plus proteinase 
and phosphatase inhibitors) on ice. Protein concentrations of  lysates were determined using the Pierce 
BCA Protein Kit (Thermo Fisher Scientific). Equal protein amounts were used for polyacrylamide gel 
electrophoresis, with subsequent Western blot transfer. After blocking and antibody incubation (Sup-
plemental Table 5), specifically sized protein bands were visualized and analyzed using Licor Imaging 
Studio software (Licor, Bioscience).

Apoptosis assay. BMDM were subjected to AcLDL and OxLDL treatment for 24 hours, harvested using 
Cell Stripper, and stained for AnnexinV/PI using an apoptosis/necrosis staining kit (BD Biosciences) 
according to the manufacturer’s recommendations. Cells were analyzed using LSR Fortessa (BD Biosci-
ences) using FACSDiva and FlowJo software.

Scanning electron microscopy. Samples for scanning electron microscopy were prepared as described 
previously (55, 59) and imaged using a Hitachi S-3400N1 scanning electron microscope at the Electron 
Microscopy Core Facility, NHLBI. Per sample, 5 independent pictures were taken at comparable magni-
fications. Afterward, the number of  round and elongated macrophages per image were counted and ana-
lyzed using PRISM software.

TEM. Mouse aortas were harvested and thoroughly cleaned. The part adjacent to the left subclavian 
artery was immediately fixed as described previously (55, 59). BMDMs were isolated and treated as described 
above. Cells were fixed and prepared as described previously (59). Ultra-thin section samples were imaged 
using a JEM1400 transmission electron microscope at the Electron Microscopy Core Facility, NHLBI.

Fluorescence microscopy staining of  cells and tissue. Cells were washed and fixed using 4% PFA in PBS 
for 10 minutes at room temperature (pH 7.4), permeabilized using 0.1% TritonX-100 in PBS for 5 
minutes at room temperature, and blocked in 2% BSA/10% NGS for 30 minutes at room temperature. 
Primary antibodies (Supplemental Table 5) were added at a 1:100 dilution in 2% BSA/PBS and incu-
bated overnight at 4°C. The following day, cells were thoroughly washed and fluorescently labeled by a 
secondary antibody (in 2% BSA/PBS) for 1 hour at room temperature in the dark. DAPI was added to 
label the nuclei, and cells were mounted using DAKO fluorescent mounting media. Skin samples and 
mouse hearts were fixed in 4% PFA/5% sucrose in PBS overnight at 4°C and, afterward, transferred 
into 30% sucrose for 3 hours for further dehydration. After embedding in Tissue Tek and storing at 
–80°C, tissue samples were cryo sectioned into 10-μm sections. H&E staining was routinely performed 
following the manufacturer’s recommendations (MilliporeSigma). For immunolabeling, tissues were 
treated using antigen citrate buffer/heat or trypsin antigen retrieval (Supplemental Table 5). After-
ward, sections were blocked and stained as described above. Images were taken using a Zeiss Axiovert 
Microscope with equal exposure times to allow for further analysis using ImageJ software. Five images 
per sample per experiment were analyzed.

MitoSOX activity assay. Human and mouse macrophages and their precursors mouse BM cells and 
human PBMCs were treated as indicated in Figure 4, A, C, G, and H, and Supplemental Figure 6, A and 
D. Afterward, cellular mitochondrial ROS were labeled using 2.5 μM MitoSOX (Thermo Fisher Scientific) 
for 15 minutes at 37°C 5% CO2 in HBSS without serum or FBS. Labeled cells were harvested, fixed using 
1% PFA in flow buffer, and analyzed using the BD Fortessa. Cells were initially gated and separated from 
debris. MFI of  single cells was determined and analyzed using Excel and PRISM software.
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In a separate experiment, BMDMs were replated on 8-well glass chamber slides (MilliporeSigma), 
treated, and labeled using MitoSOX. Cells were fixed using 4% PFA, and nuclei were labeled using DAPI 
and imaged using an Axiovert microscope at equal exposure times.

Detection of  SOD2 activity. BMDM were differentiated with and without addition of  MnCl2, replated 
at equal cell numbers (1 × 106 cells/12 well), and treated with control or MnTBAP containing media 
for 24 hours in the presence or absence of  MnCl2. Afterward, cells were lysed (0.1 M Tris/HCl, pH 7.4, 
0.05% TritonX-100, 5 mM β-ME, 0.1 mg/ml PMSF) and centrifuged for 5 minutes at 4°C at 14,000 g. 
Supernatants were subjected to the SOD activity kit (AbCam) according to manufacturer’s recommenda-
tions in the presence of  5 μM potassium cyanide to inhibit SOD1 and SOD3 activity. As an internal con-
trol, a SOD1 (AbCam) positive control was assayed in the presence and absence of  potassium cyanide.

Mouse atherosclerosis study. To create an atherosclerosis susceptible psoriatic mouse phenotype, K14-
Rac1V12–/+ mice were crossed into Srb1–/–/ApoE61H/H mice and backcrossed for several generations. Srb1–/–/
ApoE61H/H mice (60, 61) were a gift from Allen T. Remaley (NHLBI, NIH). Female Srb1–/–/ApoE61H/H/K14-
Rac1–/+ and Srb1–/–/ApoER61H/H/K14-Rac1V12–/+ mice 8–10 weeks of  age were fed a HFD containing 15.8% 
(wt/wt) fat and 1.25% cholesterol (diet 94059; Harlan Teklad) for 2 weeks. Female mice only were used 
for the atherosclerosis study due to limitations presented in the Srb1-breeding scheme. Psoriasis severity 
was determined before the start of  HFD and at sacrifice. At sacrifice, lymph node and spleen samples were 
collected for mRNA and flow analysis. Blood was sampled in EDTA tubes for flow analysis of  cell com-
position, and plasma was separated for lipid and cytokine analysis. Aortas and hearts were used for quan-
tification and immunohistological analysis of  atherosclerosis. The extent of  atherosclerosis was detected 
in aortas and aortic root sections by staining with Oil Red O and H&E. Plaque areas were measured using 
ImageJ software, as described previously (59). Subsequently aortic root sections were used for analysis of  
macrophage, smooth muscle cell and CC (polarized light [PL] microscopy) content, necrotic core area, and 
collagen content by Picro Sirius Red staining with subsequent PL microscopy (59). Movat and van Kossa 
staining were performed to visualize elastin/collagen and calcification, respectively.

Plasma lipid analyses after HFD. Total cholesterol (catalog 10007640) and total triglyceride (catalog 
10010303) levels of  6-hour fasting LMC and K14-Rac1V12–/+ mice were measured using kits from Cayman 
Chemicals following the manufacturer’s recommendation.

Statistics. Statistical comparison between groups was performed using PRISM 7.0 (GraphPad) software. 
Data are represented as mean ± SEM. Statistical significance was evaluated using according statistical tests. 
Comparison of  2 groups was performed using Mann-Whitney test. Significance was established at a p value 
of  P < 0.05. (*P < 0.05, **P < 0.005, ***P < 0.0005 indicates significance to LMC control; ^P < 0.05, ^^P < 
0.005, ^^^P < 0.0005 significance between indicated groups, #P < 0.05, ##P < 0.005, ###P < 0.0005 indicates 
significance to K14-Rac1V12–/+ untreated control). In cases of  multiple parameter comparison, 2-way ANOVA 
statistical test with subsequent Bonferroni correction was performed. All experiments were performed with at 
least an independent experiment number of  n = 3 and, where possible, in duplicates or triplicates.

Study Approval. The present study involving human and murine studies underwent all necessary institu-
tional approvals and review boards.

Human subjects: Study approval was obtained from the IRB) at NHLBI, NIH in accordance with the 
principles of  Declaration of  Helsinki. All guidelines for good clinical practice and those set forth by the 
NIH Radiation Safety Commission and in the Belmont Report (National Commission for the Protection 
of  Human Subjects of  Biomedical and Behavioral Research) were followed. All study participants in the 
cohort provided written informed consent. All the participants were adequately compensated. Data for all 
psoriasis patients under the cohort study at NHLBI/NIH were obtained under a protocol titled Psoriasis, 
Atherosclerosis and Cardiometabolic Disease Initiative (PACI) (13-H-0065). Data from healthy volunteers 
were obtained under a separate study protocol subjected to the same rules as the PACI study (13-H-0194).

Murine studies: Murine study approval was obtained from the NIH/NHLBI ACUC with the according 
protocol number H-0275R1. Mouse handling and housing was conducted according to proper IACUC and 
NIH ASP regulations and guidelines.
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