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Introduction
Myeloid-related protein 14 (MRP14) is a member of  the S100 calcium-modulated protein family and is 
involved in autoimmunity, chronic inflammation, and cancer (1, 2). The biological functions of  MRP14 
include regulating vascular inflammation and the promotion of  leukocyte recruitment to sites of  vascular 
injury (3). MRP14 forms a heterodimer with MRP8, and plasma levels of  MRP8/14 predict first and recur-
rent heart attacks (3–5). Moreover, transcriptional profiling of  platelets from patients with acute coronary syn-
dromes identified MRP14 as an acute myocardial infarction gene. Mice engineered to lack MRP14 (Mrp14–/–) 
develop less vasculitis, restenosis, and atherosclerosis (3), and have prolonged thrombosis occlusion times (6).

Psoriasis is a chronic, inflammatory skin disease that affects ~2% of  the general population. Psoriasis 
patients are at an increased risk of  developing and dying of  a cardiovascular event (7–11). A potential 
pathogenic role for MRP8/14 in psoriasis is supported by the finding that MRP8/14 genes are located 
within the psoriasis PSORS4 susceptibility region (12), and that serum and skin MRP8/14 levels are 
increased in psoriasis and psoriatic arthritis patients (13, 14) and in psoriasiform mouse models (15–17). 
However the significance of  MRP8/14 in psoriasis pathogenesis, including its contribution to increased 
cardiovascular risk, remains unclear.

The KC-Tie2 mouse is a well-accepted murine model of  psoriasis, in which the angiopoietin receptor 
Tie2 is ectopically expressed in keratinocytes resulting in a skin phenotype that phenocopies human psoria-
sis at the histological, cellular, and molecular levels and that improves following treatment with clinically 
efficacious drugs and fails to improve in response to drugs not useful in patients (18–22). KC-Tie2 mice 
develop a chronic and spontaneous psoriasis-like skin phenotype with keratinocyte proliferation and dif-
ferentiation, increased angiogenesis and inflammatory cell infiltration of  T cells, dendritic cells, and mac-
rophages and elevated IL-23/IL-17A signaling. Importantly, KC-Tie2 mice have elevated skin and serum 
levels of  MRP14 and are prothrombotic (17).

Given that MRP14-deficient mice have prolonged thrombus occlusion times (6), and KC-Tie2 mice 
demonstrate shortened times to thrombotic occlusion concomitant with increased skin and circulating 

Psoriasis patients are at increased risk of heart attack and stroke and have elevated MRP8/14 
levels that predict heart attack. The KC-Tie2 psoriasiform mouse model exhibits elevated MRP8/14 
and is prothrombotic. Mrp14–/– mice, in contrast, are protected from thrombosis, but, surprisingly, 
KC-Tie2xMrp14–/– mice remain prothrombotic. Treating KC-Tie2xMrp14–/– mice with anti–IL-
23p19 antibodies reversed the skin inflammation, improved thrombosis, and decreased IL-6. In 
comparison, IL-6 deletion from KC-Tie2 animals improved thrombosis despite sustained skin 
inflammation, suggesting that thrombosis improvements following IL-23 inhibition occur secondary 
to IL-6 decreases. Psoriasis patient skin has elevated IL-6 and IL-6 receptor is present in human 
coronary atheroma, supporting a link between skin and distant vessel disease in patient tissue. 
Together, these results identify a critical role for skin-derived IL-6 linking skin inflammation with 
thrombosis, and shows that in the absence of IL-6 the connection between skin inflammation and 
thrombosis comorbidities is severed.
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MRP14 levels (17), we hypoth-
esized that a deficiency of  MRP14 
in KC-Tie2 mice would resolve the 
skin inflammation and lengthen the 
time to thrombus formation. How-
ever, we determined that deletion of  
MRP14 from KC-Tie2 mice (KC-
Tie2xMrp14–/–) failed to improve 
thrombosis and skin inflammation, 
perhaps as a result of  sustained 

increased levels of  IL-23 and IL-6. Anti–IL-23p19 treatment of  KC-Tie2xMrp14–/– mice reversed the skin 
inflammation, lengthened time to arterial thrombotic occlusion, decreased IL-6, and led to modest reduc-
tions in circulating monocytes. Genetic deletion of  IL-6 in KC-Tie2 animals (KC-Tie2xIL-6–/–) failed to 
improve skin inflammation but did improve thrombosis that corresponded with decreases in circulating 
monocytes, neutrophils, and platelets. We identify a critical role for elevated skin IL-6 as a regulator of  
psoriasis-related thrombosis, independent of  skin inflammation and demonstrate that improvement in 
thrombosis corresponds best with decreases in circulating neutrophils and platelets.

Results
Prothrombosis and skin inflammation are sustained in KC-Tie2xMrp14–/– mice. KC-Tie2 mice were backcrossed 
with Mrp14–/– mice and increases in cutaneous Tie2 protein and deficiency in MRP14 protein confirmed in 
KC-Tie2xMrp14–/– mice (Supplemental Figure 1, A and B; supplemental material available online with this 
article; doi:10.1172/jci.insight.89384DS1). To determine whether the absence of  MRP14 in KC-Tie2 mice 
corrects the shortened thrombus formation time, we measured the time to occlusive thrombus formation in 
KC-Tie2xMrp14–/– mice using the rose bengal carotid artery thrombosis injury model. Consistent with prior 
observations (6, 17), KC-Tie2 mice form an occlusive thrombus more quickly (prothrombotic) compared 
with control C57BL/6 mice (23.0 ± 2.2 vs. 33.3 ± 2.9 minutes, P = 0.008) and Mrp14–/– mice take signifi-
cantly longer (53.5 ± 8.1 vs. 33.3 ± 2.9 minutes, P = 0.029). The occlusion time for KC-Tie2xMrp14–/– mice 
was not lengthened and was comparable to KC-Tie2 animals (23.8 ± 3.2 vs. 23.0 ± 2.2 minutes, respec-
tively, P = 0.849, Figure 1A), suggesting that the deficiency of  MRP14 in KC-Tie2 mice does not improve 
the prothrombotic phenotype.

MRP14 deficiency did not improve the skin inflammation in KC-Tie2 mice (Figure 1, B–D), and KC-
Tie2 and KC-Tie2xMrp14–/– mice appeared similar in terms of  gross appearance (Figure 1B). H&E stain-
ing of  dorsal skin showed no difference between KC-Tie2 and KC-Tie2xMrp14–/– mice (Figure 1C), such 

Figure 1. MRP14 deficiency in KC-Tie2 
mice fails to resolve the prothrombotic 
phenotype or improve skin inflam-
mation. (A) Occlusion times (minutes) 
following rose bengal–induced photo-
chemical injury of the carotid artery in 
control (n = 18), KC-Tie2 (n = 15), Mrp14–/– 
(n = 17), and KC-Tie2xMrp14–/– (n = 16) 
mice. (B) Gross phenotype of KC-
Tie2xMrp14–/– mice in comparison with 
control, KC-Tie2, and Mrp14–/– mice. (C) 
Representative images of H&E-stained 
dorsal skin sections of control, KC-Tie2, 
Mrp14–/–, and KC-Tie2xMrp14–/– mice. 
Scale bar: 25 μm. (D) Quantification of 
epidermal thickness (μm) of H&E-
stained dorsal skin sections of control 
(n = 9), KC-Tie2 (n = 9), Mrp14–/– (n = 13), 
and KC-Tie2xMrp14–/– (n = 12) mice. Val-
ues shown represent the mean ± SEM. 
Each dot represents 1 individual mouse. 
Data were analyzed using a Student’s t 
test. P values are as indicated.
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that acanthosis (epidermal thickness) was increased significantly in KC-Tie2 and KC-Tie2xMrp14–/– mice 
compared with control and Mrp14–/– mice. No improvement (decreased acanthosis) was observed between 
KC-Tie2 and KC-Tie2xMrp14–/– animals (Figure 1D). The lack of  improvement in acanthosis most likely 
reflects sustained inflammation and cell proliferation, evidenced by the accumulation of  cutaneous inflam-
matory cells in the skin of  KC-Tie2xMrp14–/– mice, including CD11c+, F4/80+, CD4+, and CD8+ cells and 
Ki67+ keratinocytes (Supplemental Figure 1C and Supplemental Table 1).

Inflammatory cytokines increase in KC-Tie2xMrp14–/– mice. Quantitative RT-PCR and ELISA analysis of  
skin from KC-Tie2 and KC-Tie2xMrp14–/–identified increases in many proinflammatory transcripts com-
pared with control mice including Ll37, Il1a, Il22, Il12a, Il23, Il17c, Il17f, Ifng, and Klk6 (Table 1). We were 
particularly interested in IL-23, IL-17A, and IL-6, as these cytokines increased in KC-Tie2xMrp14–/– mice 
at the mRNA (Figure 2, A–C) and protein levels (Figure 2, D–F) compared with littermate controls.

KC-Tie2xMrp14–/– mice treated with anti–IL-23p19 antibodies have improved skin inflammation and thrombosis. 
Elevated levels of  IL-23, IL-17A, and IL-6 in KC-Tie2xMrp14–/– mice provided targets for inhibition studies. 
Antibodies targeting the IL-23/IL17A inflammatory pathways are highly efficacious in psoriasis patients 
(23), and IL-23 is upstream of  IL-17A; therefore, to inhibit both cytokines we treated KC-Tie2xMrp14–/– 
mice with anti–IL-23p19 function-blocking antibodies, and then examined the effects on thrombosis and 
skin acanthosis. Functional blockade of  IL-23 in KC-Tie2xMrp14–/– mice significantly improved the skin 
inflammation compared with control mouse levels (Figure 3, A–C) and improved (lengthened) the occlusion 
time compared with IgG-treated animals (35.0 ± 5.2 vs. 13.0 ± 1.6 minutes, P = 0.003, Figure 3D). Inhibi-
tion of  IL-23p19 in KC-Tie2xMrp14–/–mice decreased cutaneous IL-6 protein compared with IgG-treated 
animals (13.5 ± 1.7 vs. 28.3 ± 10.0 pg/ml, P = 0.044, one-tailed t test, Figure 3E).

IL-6 deficiency improves thrombus occlusion times in KC-Tie2 mice independent of  skin inflammation. Elevated 
IL-6 in KC-Tie2xMrp14–/–mice (Figure 2, C and F) along with the decreased expression of  IL-6 in anti–IL-
23p19–treated KC-Tie2xMrp14–/– mice (Figure 3E) suggest a potential role for IL-6 in the promotion of  
thrombosis and the psoriasiform skin inflammation. We therefore investigated whether deficiency of  IL-6 
improves skin inflammation and occlusion time in KC-Tie2 mice. KC-Tie2 mice were backcrossed with 
IL-6–/– mice and KC-Tie2, KC-Tie2xIL-6–/–, IL-6–/–, and control mice underwent arterial thrombosis. IL-6–/– 
mice had occlusion times similar to those of  control mice (29.2 ± 4.9 vs. 22.1 ± 2.0 minutes, P = 0.204) and 
KC-Tie2 mice clotted more quickly than control animals (15.8 ± 1.7 vs. 29.2 ± 4.9 minutes, P < 0.024). In 
the absence of  IL-6, KC-Tie2xIL-6–/– animals showed a significant lengthening of  time to thrombus occlu-
sion compared with KC-Tie2 mice (30.0 ± 3.0 vs. 15.8 ± 1.7 minutes, P < 0.001, Figure 4A).

The gross phenotype of  KC-Tie2xIL-6–/– mice appeared similar to KC-Tie2 mice and histological 
examination of  skin from KC-Tie2 and KC-Tie2xIL-6–/– mice revealed significant increases in acantho-
sis in both lines compared with control animals, indicating no effect of  IL-6 deficiency (38.0 ± 2.2 to 
34.4 ± 2.6 μm, P = 0.312, Figure 4, B–D). This lack of  improvement in skin inflammation is consistent 

Table 1. Transcript changes in mouse skin and statistical results on the strain comparisons

Average ± SEM Mann-Whitney U test
Control KC-Tie2 Mrp14–/– KC-Tie2XMrp14–/– WT vs. 

KC-Tie2
WT vs. 
Mrp14–/–

WT vs. 
KC-Tie2xMrp14–/–

KC-Tie2 vs. 
KC-Tie2xMrp14–/–

Mrp14-/- vs. 
KC-Tie2xMrp14–/–

Ll37 0.00045 ± 0.00016 0.00324 ± 0.00123 0.00039 ± 0.00012 0.00208 ± 0.00052 0.004 0.867 0.009 0.518 0.001
Defb3 0.08265 ± 0.02092 0.10170 ± 0.02486 0.006840 ± 0.01964 0.04706 ± 0.01630 0.402 0.404 0.210 0.030 0.839
Tnf 0.00445 ± 0.00096 0.03090 ± 0.00669 0.00762 ± 0.00141 0.00705 ± 0.00251 <0.001 0.089 0.970 <0.001 0.284
Il12a 0.00005 ± 0.00002 0.00040 ± 0.00024 0.00004 ± 0.00001 0.00171 ± 0.00116 0.024 0.443 0.732 0.138 0.434
Il23 0.00598 ± 0.00222 0.00308 ± 0.00094 0.00092 ± 0.00054 0.01938 ± 0.01868 0.508 0.006 0.087 0.087 0.052
Il1a 0.00290 ± 0.00034 0.03239 ± 0.00608 0.00334 ± 0.00038 0.00726 ± 0.00158 <0.001 0.526 0.017 <0.001 0.019
Ifn 0.00010 ± 0.00005 0.00027 ± 0.00006 0.00027 ± 0.00008 0.00047 ± 0.00016 0.012 0.077 0.009 0.621 0.369
Il17f 0.00003 ± 0.00001 0.00073 ± 0.00029 0.00003 ± 0.00001 0.00166 ± 0.00043 <0.001 0.92 <0.001 0.119 <0.001
Il22 0.00003 ± 0.00001 0.00016 ± 0.00007 0.00005 ± 0.00003 0.00020 ± 0.00007 0.015 0.664 0.003 0.382 0.003
Il17c 0.00067 ± 0.00054 0.01335 ± 0.00445 0.00011 ± 0.00003 0.00514 ± 0.00145 <0.001 0.133 0.002 0.053 <0.001
Klk6 0.00364 ± 0.00201 0.08415 ± 0.02299 0.00932 ± 0.00461 0.06318 ± 0.01901 <0.001 0.443 <0.001 0.305 <0.001
C3 0.02043 ± 0.01035 0.02917 ± 0.01456 0.01961 ± 0.00436 0.03959 ± 0.01240 0.573 0.483 0.191 0.216 0.068
Cfb 0.01287 ± 0.0059 0.01941 ± 0.00744 0.01910 ± 0.00443 0.02125 ± 0.00828 0.355 0.128 0.160 0.821 0.885
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with reports showing a lack of  clinical efficacy 
of  IL-6 inhibition in psoriasis patients (24). 
The sustained acanthosis in KC-Tie2xIL-6–/– 
mice likely reflects the ongoing presence and 
accumulation of  CD4+, CD8+, CD11b+, and 
F4/80+ inflammatory cells in the skin (Fig-
ure 4C and Supplemental Figure 2, A–D). 
These data suggest that in the absence of  
IL-6, KC-Tie2 mice are protected from throm-
bosis despite sustained skin inflammation. 
Similar findings were observed in the K5-IL-
17C psoriasis mouse model (25) when back-
crossed with IL-6–/– mice (26.7 ± 2.2 versus 
9.8 ± 1.2 minutes, P < 0.001, Supplemental 
Figure 3), where we recently determined that 
the sustained skin inflammation was a result 
of  induction of  alternative proinflammatory 
cytokines (26).

KC-Tie2xIL-6–/– mice have decreases in cir-
culating platelets, neutrophils, and monocytes. To 
explore the mechanisms mediating the promo-
tion of  carotid arterial thrombosis in KC-Tie2 
mice, we examined circulating blood levels of  
leukocytes, monocytes, platelets, and granulo-
cytes from mice that showed improved occlu-
sion times (KC-Tie2xIL-6–/–) and animals that 
maintained their shortened clotting times 
(KC-Tie2, KC-Tie2xMrp14–/–) and compared 
these with their respective control animals 

(C57BL/6, IL-6–/–, and Mrp14–/–). Complete blood count analysis on control, KC-Tie2, IL-6–/–, and KC-
Tie2xIL-6–/– mice identified increases in platelets (933.3 ± 42.2 vs. 635.5 ± 30.9 thousand per μl [k/μl], 
P < 0.001) (Figure 5A), neutrophils (3.467 ± 0.422 k/μl vs. 1.232 ± 0.087, P < 0.001) (Figure 5B), and 
monocytes (0.482 ± 0.131 vs. 0.259 ± 0.025 k/μl, P = 0.124) (Figure 5C) between KC-Tie2 mice and 
C57BL/6 mice, although the monocyte P values did not reach significance. In KC-Tie2xMrp14–/– mice, 
which remained prothrombotic (Figure 1A), the increases in these cell populations were maintained, and 
monocyte numbers further increased compared with KC-Tie2 mice (0.816 ± 0.095 vs. 0.482 ± 0.131 k/μl, 
P < 0.001, Figure 5C). In contrast, KC-Tie2xIL-6–/– mice, which had significantly longer (improved) occlu-
sion times compared with KC-Tie2 animals (Figure 4A), also had significant decreases in circulating plate-
lets (459.2 ± 46.0 k/μl vs. 933.3 ± 42.2, P < 0.001), neutrophils (1.26 ± 0.24 vs. 3.47 ± 0.42, P < 0.001), and 
monocytes (0.197 ± 0.031 vs. 0.259 ± 0.025 k/μl, P = 0.057), with values dropping to levels comparable to 
those observed in control animals (Figure 5, A–C).

Figure 2. Proinflammatory cytokines increase 
in KC-Tie2xMrp14–/– mice. Transcript levels of (A) 
IL-12/23p40, (B) IL-17A, and (C) IL-6 measured 
using qRT-PCR in control (n = 9), KC-Tie2 (n = 9), 
Mrp14–/– (n = 13), and KC-Tie2xMrp14–/– (n = 12) 
mice. Protein levels (pg/ml) measured using ELISA 
for (D) IL-12/23p40, (E) IL-17A, and (F) IL-6 in skin 
of control (n = 7), KC-Tie2 (n = 9), Mrp14–/– (n = 13), 
and KC-Tie2xMrp14–/– (n = 11) mice. Values shown 
represent the mean ± SEM. Each dot represents 
1 individual mouse. qRT-PCR data were analyzed 
using a nonparametric Mann-Whitney U test. 
ELISA data were analyzed using a Student’s t test. 
P values are as indicated.
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To further explore potential mechanisms medi-
ating the promotion of  carotid arterial thrombosis 
in KC-Tie2 mice, we also examined CD11b+Ly6Chi 
cells in skin draining lymph nodes using flow 
cytometry as previously described (17, 27). KC-Tie2 
mice had significant increases in CD11b+Ly6Chi 
cells (65.1% ± 3.1%, Figure 5D) compared with 

historical control levels (18.3%, represented by the dotted line). Mice that had improved occlusion times 
(KC-Tie2xIL-6–/– vs. KC-Tie2 and KC-Tie2xMrp14–/– + p19 vs. KC-Tie2xMrp14–/– + IgG) exhibited mod-
est decreases in CD11b+Ly6Chi cells (55.0% ± 3.2% vs. 65.1% ± 3.1%, P = 0.029 and 50.0% ± 4.8% vs. 
87.3% ± 3.3%, P < 0.001, Figure 5D). Animals that maintained shortened (prothrombotic) clotting times 
(KC-Tie2xMrp14–/–) sustained high levels of  CD11b+Ly6Chi cells at levels similar to those of  KC-Tie2 mice 
(58.2% ± 4.2% vs. 65.1% ± 3.1%, P = 0.253, Figure 5D).

Increased IL-6 levels in human psoriasis and atheroma plaques. Our data suggest a critical role for skin inflam-
mation–elicited increases in IL-6 in the promotion of  arterial thrombosis. In psoriasis patients, IL-6 is 
increased in lesional skin and sera. IL-6 is linked with progression of  coronary artery inflammation and 
is known to be proatherogenic (28, 29). To further explore the potential link between IL-6, inflammation, 
and atherosclerosis we confirmed increases in IL-6 protein in psoriasis patient lesional skin (58.4 ± 33.2 pg/
ml vs. normal healthy control skin 8.8 ± 4.1 pg/ml, ELISA) and observed increased expression of  IL-6 in 
lesional psoriatic skin (Figure 6A). We also identified high expression levels of  IL-6 and the IL-6 receptor, 
IL-6R (Figure 6B), in coronary atherosclerotic plaque from cardiac patients. These data provide evidence for 
a potential role for IL-6 in the promotion of  cardiovascular disease, including increases in skin and serum 
IL-6 in psoriasis patients, and the presence of  IL-6 and IL-6R in atherosclerotic plaque of  coronary arteries.

Discussion
Our prior work identified shortened thrombosis times in KC-Tie2 mice (17) accompanied by elevated 
MRP14 levels in skin and sera. Independent studies completed by our group previously demonstrated 
lengthened thrombosis occlusion times for Mrp14–/– mice (6), and led to our hypothesis that deficiency 
of  MRP14 in KC-Tie2 mice would also increase thrombus occlusion time and provide a mechanism 
explaining why psoriasis patients have an increased risk of  developing and dying of  cardiac events. How-
ever, KC-Tie2xMrp14–/– mice maintained shortened occlusion times at levels similar to those of  KC-Tie2 
mice, suggesting that MRP14 never contributed to the etiology of  the hypercoagulable phenotype in the 
context of  the KC-Tie2 background strain. KC-Tie2xMrp14–/– skin also showed sustained inflammation 
and elevated expression of  IL-23, IL-17A, and IL-6 (15), confirming recent reports showing a similar 
lack of  improvement in psoriasiform skin inflammation in K14-Angptl6 transgenic mice following the 
genetic deletion of  Mrp14 (30), but contradicting reports in which Mrp14 was eliminated from epidermal 

Figure 3. KC-Tie2xMrp14–/– mice treated with function-
blocking antibodies targeting IL-23p19 show signifi-
cant improvement in skin inflammation, prolonged 
thrombus occlusion time, and decreases in cutaneous 
IL-6 protein levels. (A) Representative gross phenotype 
of KC-Tie2 Mrp14–/– mice following 6 weeks of treatment 
with IgG or anti–IL-23p19 antibody. (B) H&E-stained 
dorsal skin sections of KC-Tie2xMrp14–/– mice treated with 
IgG or anti–IL-23p19 antibody. Scale bar: 25 μm. (C) Quan-
tification of epidermal thickness (μm) of H&E-stained 
dorsal skin sections of KC-Tie2xMrp14–/– mice treated 
with IgG (n = 6) or anti–IL-23p19 (p19; n = 9) antibody. 
(D) Carotid artery occlusion times (minutes) following 6 
weeks of treatment with IgG (n = 6) or anti–IL-23p19 (n = 
9) antibody. (E) Expression of IL-6 protein (pg/ml), mea-
sured using ELISA, in dorsal skin of KC-Tie2xMrp14–/– mice 
treated with IgG (n = 7) or anti–IL-23p19 (n = 11) antibod-
ies. Values shown represent the mean ± SEM. Each dot 
represents 1 individual mouse. Data were analyzed using 
a Student’s t test. P values are as indicated.
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double deletion of  keratinocyte-JunB and 
Jun mice (DKO), demonstrating model-
specific responsiveness (15).

The persistence of  the inflammatory 
skin phenotype, and the shifts in cytokine 
expression of  IL-23, IL-17A, and IL-6 in 
KC-Tie2xMrp14–/–mice suggests that these 
cytokines may sustain both the skin inflam-
mation and prothrombotic phenotypes of  

KC-Tie2xMrp14–/– mice. Indeed, KC-Tie2xMrp14–/– mice treated with anti–IL-23p19 antibodies respond 
with a reversal of  the inflammatory skin phenotype (modeling psoriasis patient response to anti–IL-23p19 
therapy; see ref. 31) along with protection from thrombosis, likely primarily mediated through decreases in 
skin IL-6. Other studies in psoriasis patients have demonstrated that antibodies targeting IL-12/23 or IL-23 
decrease IL-17A, and IL-17A regulates the expression of  IL-6, a key inflammatory molecule (31, 32). We 
have previously reported that targeted reversal of  KC-Tie2 mouse skin inflammation, and resultant decreas-
es in IL-23, IL-17A, and IL-6 (22) also correspond to a lengthening (or improvement) of  time to occlusive 
thrombus (17). These findings suggest that aggressively targeting skin inflammation improves carotid artery 
thrombosis, potentially through decreases in skin IL-6.

However, skin inflammation failed to improve in KC-Tie2xIL-6–/– and K5-IL-17CxIL-6–/– mice, despite 
the return to control mouse levels for thrombosis clotting times. The cutaneous observations contradict pri-
or findings in acute models of  elicited psoriasiform skin inflammation in which IL-6, through promotion of  
IL-22 responses, may facilitate IL-23–mediated epidermal hyperproliferation (33). This alternative pathway 
has been reported to work even in the absence of  IL-17A in the imiquimod psoriasiform model (34). The 
lack of  skin improvement we observe in KC-Tie2xIL-6–/– (and K5-IL-17CxIL-6–/–; see ref. 26) psoriasiform 
animal models is highly consistent with human trials, where blockade of  IL-6 fails to improve psoriasis 
severity, and in some instances, causes psoriasis flares (24, 35–38), perhaps due to increases in alternative 
proinflammatory cytokines (26). Differences in model systems may account for the different outcomes, 
such that IL-23 and imiquimod psoriasiform models are acute and elicited, whereas KC-Tie2 and K5-IL-
17C models are chronic and occur spontaneously in response to transgene overexpression. Recent work 
also now suggests that intradermal IL-23–mediated epidermal hyperplasia may more closely reflect atopic 
dermatitis (39).

The results from KC-Tie2xIL-6–/– mice demonstrate the ability to separate skin inflammation from 
thrombus occlusion times and identify IL-6 as a critical promoter of  carotid artery thrombosis occlusion, 
independent of  acanthosis and cutaneous immune cell infiltration. However, unlike Mrp14–/– mice, IL-6–/– 
mice had clotting times similar to those of  C57BL/6 mice, suggesting that it is increases in skin-derived IL-6 
that are critical for the promotion of  thrombosis. We confirmed this concept in K5-IL-17CxIL-6–/– mice in 
which IL-6 deletion also increased occlusion times independent of  sustained skin inflammation. Others have 

Figure 4. IL-6 deficiency prolongs thrombus 
occlusion formation independent of skin 
inflammation in KC-Tie2 mice. (A) Occlusion 
times (minutes) following rose bengal–elicited 
photochemical injury of the carotid artery in con-
trol (n = 10), KC-Tie2 (n = 20), IL-6–/– (n = 9), and 
KC-Tie2xIL-6–/– (n = 13) mice. (B) Representative 
gross images of the skin phenotype of control, 
KC-Tie2, IL-6–/–, and KC-Tie2xIL-6–/– mice. (C) 
Representative images of dorsal skin sections of 
control, KC-Tie2, IL-6–/–, and KC-Tie2xIL-6–/– mice 
that were stained using CD11b-specific anti-
bodies. Scale bar: 25 μm. (D) Quantification of 
epidermal thickness (μm) of dorsal skin sections 
of control (n = 12), KC-Tie2 (n = 22), IL-6–/– (n = 17), 
and KC-Tie2xIL-6–/– (n = 13) mice. Values shown 
represent the mean ± SEM. Each dot represents 
1 individual mouse. Data were analyzed using a 
Student’s t test. P values are as indicated.
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also reported improvement in ROS levels in the 
blood, cardiac NADPH oxidase activity, and 
endothelial dysfunction following IL-6 inhi-
bition in K14-IL-17Aind/+ mice, another skin-
driven psoriasis-like mouse model, although 
they observed improvement in the skin pheno-
type (40), showing the complexity and diver-
sity of  psoriasis mouse models.

A role for elevated IL-6 in promotion of  
secondary thrombosis and thrombocytosis 
has been previously identified in psoriasis, irri-
table bowel disease, and rheumatoid arthritis 
(for review see ref. 41). In lesional psoriasis 
skin, IL-6 localizes to endothelial cells, kera-
tinocytes, and leukocytes in lesional psoriasis 
skin, and IL-6 derived from activated dendritic 
cells rebalances STAT3/STAT1 ratios, thereby 
facilitating the escape of  T memory/effector 
cells from Treg-mediated suppression (42, 43), 
contributing to skin inflammation in psoriasis. 
Treatment of  psoriasis patients with TNF-α 
inhibitors is highly efficacious at improving the 
severity of  the skin disease and normalizes pso-
riasis patient platelet counts by reducing sys-
temic IL-6 levels (41). Similar normalization 
of  platelet counts following IL-6 inhibition has 
recently been demonstrated (38). These find-
ings are consistent with the decreases in plate-
let counts we observed in KC-Tie2xIL-6–/– mice 

and support a role for elevated IL-6 and thrombocytosis in mediating the thrombosis outcome. Indeed, 
elevated plasma IL-6 levels are associated with increased myocardial infarction risk (44). We and others (42, 
45–48) have shown elevated skin and serum IL-6 in psoriasis patients and data presented here demonstrate 
the presence of  IL-6R in human coronary atheroma, supporting a link between skin and distant vessel dis-
ease in patient tissue. However, the connection between circulating IL-6 levels and cardiovascular outcomes 
is largely dependent upon the duration of  the signal, i.e., chronicity (49, 50). This observation is consis-
tent with our prior findings that chronic and not acute skin-initiated inflammation is required to promote 

Figure 5. Mrp14 and IL-6 deficiency in KC-Tie2 mice 
and IL-23p19 inhibition in KC-Tie2xMrp14–/– mice 
have differential effects on blood concentrations 
of platelets, neutrophils, and monocytes and skin 
draining lymph node monocyte levels. (A) Platelet, 
(B) neutrophil, and (C) monocyte counts (thousand 
per microliter) from fresh blood of control (n = 13), 
KC-Tie2 (n = 11), IL-6–/– (n = 10), KC-Tie2xIL-6–/– (n = 
9), Mrp14–/– (n = 10), and KC-Tie2xMrp-14–/– (n = 15) 
mice. (D) Quantification of CD11b+Ly6Chi monocytes 
in lymph nodes of KC-Tie2 (n = 19), IL-6–/– (n = 3), 
KC-Tie2xIL-6–/– (n = 19), KC-Tie2x Mrp14–/– (n = 3), 
and KC-Tie2x Mrp14–/– mice treated with control 
IgG (n = 5) or anti–IL-23p19 antibody (n = 9). Values 
shown represent the mean ± SEM. Dotted line 
represents archived values of WT control (n = 7). 
Mrp14–/– animals (n = 3 pooled samples of 3 animals 
each) had undetectable levels. Each dot represents 
1 individual sample. Data were analyzed using a 
Student’s t test. P values are as indicated.
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a shortening in thrombosis clotting times (27). In fact, acute 
IL-6 signaling is known to have a protective effect versus the 
deleterious effects of  chronic IL-6 exposure on cardiac myo-
cytes (51–55) and appears to correlate with downstream IL-6 
signaling and regulation of  STAT3/STAT1 levels and SOCS3 
expression. Overexpression of  SOCS2 in cultured cardiac 

myocytes suppresses IL-6 signaling, and blocks IL-6-family cytokines from inhibiting apoptosis and induces 
hypertrophy (56). Finally, inhibition of  IL-6/IL-6R signaling using tocilizumab results in improved arterial 
flow and decreased aortic stiffness (57), decreased lipid particle levels (LDL, HDL, VLDL) and composition 
(HDL-associated serum amyloid A), coupled with changes in inflammatory and vascular risk factors, such 
as C-reactive protein and paraoxonase 1 (PON1), and decreased thrombotic potential evidenced by reduc-
tions in circulating fibrinogen and D-dimers (58), consistent with the idea that IL-6 modulation can decrease 
cardiovascular risk in patients. These findings support our murine results, in which elimination of  IL-6 in 2 
chronic psoriasiform models lengthened thrombosis clotting times, and where anti–IL-23p19 treatment of  
KC-Tie2xMrp14–/– mice resulted in a protection from thrombosis, likely primarily mediated through decreas-
es in skin IL-6 production. The long-term effects of  IL-6 overproduction can be appreciated in patients with 
autoimmune myocarditis who may develop dilated cardiomyopathy. Increased IL-6 levels reflect the severity 
of  the heart failure (59). Indeed, IL-6 has been reported to increase in heart tissue of  dilated cardiomyopathy 
and heart failure patients (60–62). Thus, the connection of  IL-6 levels to heart failure and heart disease is 
substantial and may explain our observed improvement in thrombosis following IL-6 deletion.

We previously reported increases in proinflammatory CD11b+Ly6Chi monocytes in KC-Tie2 mice (17, 
63) that precede the development of  aortic root inflammation and shortened arterial thrombosis times, 
leading us to speculate that monocytes may participate in the thrombus formation. In mice with lengthened 
(protected) thrombosis clotting times (KC-Tie2xIL-6–/–), we observed modest decreases in proinflammatory 
CD11b+Ly6Chi monocytes; however, these decreases occurred concomitantly with much larger reductions 
in circulating platelets and neutrophils, suggesting perhaps a more critical role for these cells in the promo-
tion of  thrombosis versus the monocytes. Indeed, in KC-Tie2xMrp14–/– mice where skin inflammation 
was sustained and thrombosis clotting times were very short, CD11b+Ly6Chi monocytes, neutrophils, and 
platelet levels remained significantly elevated. Moreover, recent work showed that acute skin inflammation 
elicited by topical imiquimod application also caused elevated systemic monocytosis, but failed to shorten 
thrombosis clotting times (27), whereas chronic exposure to skin inflammation shortened clotting times 
and this correlated better with neutrophilia (platelet levels were not examined). These findings suggest 
that proinflammatory CD11b+Ly6Chi monocytes better reflect activity of  skin inflammation rather than 
thrombosis potential, and that platelets and neutrophils are more likely the pathogenic participant in the 
promotion of  thrombosis. Support for this is seen in that neutrophil and platelet counts both decrease in 
KC-Tie2xIL-6–/– mice that had lengthened clotting times, independent of  a sustained psoriasiform pheno-
type, consistent with a more important role for skin-derived IL-6 effects on platelets and/or neutrophils, or 
the interaction of  these cells, within and amongst themselves (64). Indeed, neutrophil depletion in a murine 
model of  stroke triggered by permanent occlusion of  the middle cerebral artery significantly reduced tissue 
death (64), and prevention of  neutrophil extracellular trap formation normalized arterial thrombosis clot-
ting times to control mouse levels (65, 66).

In summary, our study demonstrates a critical role for IL-6 signaling and increased numbers of  circu-
lating platelets and leukocytes in promoting thrombosis that is associated with psoriasiform inflammation. 
KC-Tie2 mice backcrossed with Mrp14–/– mice develop levels of  skin inflammation similar to those of  KC-
Tie2 mice and remain prothrombotic, likely as a result of  sustained increases in proinflammatory IL-23 and 

Figure 6. IL-6 levels increase in human psoriasis plaque and IL-6 
and its receptor are present in human coronary atheroma plaque. 
(A) Representative microscopic images of IL-6 immunofluorescence 
staining in psoriasis lesional plaque (n = 5) and in coronary athero-
sclerotic plaque (n = 4). (B) Representative microscopic images of 
the expression of IL-6 receptor (IL-6R) using immunohistochemistry 
in human atherosclerotic tissues (n = 4). Scale bar in A: 50μm for 
left and middle panels and 150μm for the right panel. Scale bar in B: 
100μm for left and right panels and 400μm for middle panel. 
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IL-6. Deletion of  IL-6 improved thrombosis, despite sustained skin inflammation, suggesting the concomi-
tant decrease in circulating neutrophils and platelets may direct thrombosis via IL-6 signaling response. 
IL-23p19 inhibition also improved thrombosis likely through decreased IL-6 levels. Taken together, our 
data support a critical function for skin-derived IL-6 in the promotion of  occlusive thrombosis in 2 unique 
chronic mouse models of  psoriasiform skin. Moreover, we have extended these results to human samples 
and demonstrate the presence of  IL-6R in atheroma and elevated IL-6 in psoriasis lesional skin, providing 
further support in patient tissues for a potential link between skin and distant vessel disease. Of  transla-
tional importance, our findings provide evidence that targeting IL-6 in chronic skin inflammation may 
offset cardiovascular disease risk, and that skin inflammation can be disconnected from the cardiovascular 
comorbidities by targeting IL-6. These findings may have major therapeutic implications.

Methods
Mice. K5tTA, TetosTie2, TetosIL-17C, Mrp14–/–, and IL-6–/– mouse engineering has been previously 
described (22, 25, 67, 68). The TetosTie2 line was backcrossed with C57BL/6 mice for more than 10 gener-
ations before use in the current experiments. Individual driver tTA and Tetos responder mouse lines (BL/6 
background) were mated with either Mrp14–/–mice (67) or IL-6–/– mice (JAX, catalog 002650) to generate 
K5tTA-, TetosTie2-, or TetosIL-17C–homozygous Mrp14–/– or IL-6–/– mice. The K5tTA line was then mated 
with either the TetosTie2 or TetosIL-17C responder lines in the presence of  doxycycline (200 mg/kg, cata-
log S3888, Bio-Serv) to repress transgene expression for the first week of  gestation (KC-Tie2) or until birth 
(K5-IL-17C), and then food was replaced with regular P3000 diet. Similar approaches were used to gener-
ate KC-Tie2 and K5-IL17C (Mrp14 or IL-6 proficient) controls. C57Bl/6, Mrp14–/–, and IL-6–/– mice served 
as additional background strain controls. Male and female mice were used for all experimental analyses. 
Genotyping of  all mice was done as previously described (22, 25, 67). Mice that inherited a single, non-
expressing gene (either K5tTA, TetosTie2, or TetosIL-17C) did not differ from control mice of  the same 
genetic background strain (C57BL/6, Mrp14–/–, and IL-6–/–) and also served as littermate control animals.

Six-week-old KC-Tie2xMrp14–/– mice were treated once per week systemically (i.p.) for a 6-week period with 
either function-blocking antibodies targeting IL-23p19 (2 mg/kg) or murine IgG isotype control (2 mg/kg), pro-
vided by Kristine Kikly (Eli Lilly, Indianapolis, Indiana, USA) and then underwent carotid arterial thrombosis.

Murine model of  carotid arterial thrombosis. The carotid arterial thrombosis assay was completed as pre-
viously described (6, 17, 69). Briefly, deeply anesthetized mice were placed in the supine position on a 
dissecting microscope. A cervical midline surgical incision was made to expose the right common carotid 
artery and a Doppler flow probe (MC 0.5PSL Nanoprobe, Model 0.5 VB, Transonic Systems) was placed 
under the carotid artery. The probe was connected to a flowmeter (Transonic Systems Model TS420). Rose 
bengal at a concentration of  10 mg/ml in phosphate-buffered saline was then injected into the tail vein to 
administer a dose of  50 mg/kg. The mid portion of  the common carotid artery was then illuminated with a 
1.5-mW green light laser source (540 nm, Melles Griot). Blood flow was monitored continuously from the 
onset of  injury. The time to occlusion, determined only after the vessel remained closed with a cessation of  
blood flow for 10 minutes, was recorded.

Tissue collection, histological and immunostaining analyses. Skin was collected and processed as described 
previously for histology and immunohistochemistry (22, 25). Formalin-fixed paraffin-embedded skin was 
sectioned and stained with H&E as described previously (22). Fresh frozen skin was sectioned and stained 
also using protocols previously published (21, 22, 25) using antibodies targeting the following proteins: 
CD4 (clone RM4-5, catalog 550280), CD8a (clone 53-6.7, catalog 550281), CD11b (clone M1/70, catalog 
550282), CD11c (clone HL3, catalog 550283) (all BD Pharmingen), F4/80 (clone BM8, catalog 14-4801, 
eBioscience), and Ki67 (clone Tec-3, catalog M7249, DakoCytomation).

Epidermal thickness (acanthosis) measurements and immune cell quantification in the skin were done 
using microscopic images collected from the stained sections using interactive image analyses approaches 
as previously described (21, 22).

ELISA and Western blotting. Protein was isolated from skin adjacent to that used for histological and immu-
nostaining analyses using standard protocols previously described (22, 25). Skin lysate proteins were measured 
using commercially available ELISA kits targeting IL-6, IL-17A (R&D Systems), or IL-12/23p40 (eBioscienc-
es) according to the manufacturer’s instructions. Western blotting of murine Tie2 (clone C-20, catalog sc-324, 
Santa Cruz Biotechnology), Mrp14 (clone 372510, catalog MAB2065, R&D Systems), and GAPDH (clone 
14C10, catalog 2118, Cell Signaling Technology) skin protein was completed as previously described (22, 25).
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RNA and qRT-PCR on murine skin. RNA was isolated from skin adjacent to that used for histology, 
immunostaining, and protein analyses using the RNeasy Mini Kit (Qiagen) according to the manufactur-
er’s instructions. First-strand cDNA synthesis was accomplished using MMLV reverse transcriptase (Invi-
trogen) following the manufacturer’s protocol. Quantitative real-time PCR was performed using Taqman 
technology from Applied Biosystems on an ABI Prism 7700 Sequence Detector. Probes and primers were 
obtained from Applied Biosystems. Expression levels were calculated relative to mouse β-actin using the 
comparative Ct method (ΔΔCT).

Complete blood counts. For all experimental mouse groups, citrate-anticoagulated blood was drawn from 
a separate cohort of  animals distinct from that used for thrombosis assessment and 100 μl (from a total vol-
ume of  ~0.7 to 1.0 ml) was run in duplicate on a Veterinary Multi-species Hematology System (Hemavet 
HV950FS, Drew Scientific Group).

Flow cytometry. Cells from skin draining lymph nodes were isolated as previously described (27) and 
stained for cell surface markers: Ly6C (Alexa Fluor 488, clone HK1.4, catalog 128022, Biolegend) and 
isotype control Alexa Fluor 488 Rat IgG2c, κ Isotype (catalog 400715, Biolegend); Ly6G (Alexa Fluor 
700; clone 1A8, catalog 561236, BD Biosciences) and isotype control Alexa Fluor 700 Rat IgG2a, κ Iso-
type (catalog 400528, Biolegend); and CD11b (APC; clone M1/70, catalog 17-0112-83, eBiosciences) and 
isotype control APC Rat IgG2b, κ Isotype (catalog 400612, Biolegend). Flow cytometry data collection 
was performed using a BD LSRII or FACS ARIA instrument and analyzed using FlowJo software v10 
(Tree Star). For cell gating, monocytes and neutrophils were gated as previously described (27), using a fix-
able viability dye (FV450, BD Biosciences) to exclude dead cells. Monocytes were classified as expressing 
CD11b+Ly6GloLy6Chi, while neutrophils expressed CD11b+Ly6GhiLy6Clo. Supplemental Figure 4 shows 
the gating strategy used in the current study.

Human skin and atheroma studies. Skin samples were obtained from affected (lesional) skin from patients 
with active plaque psoriasis (n = 5). Patients were off  all systemic treatments for at least 1 month, and all 
topical treatments 2 weeks prior to biopsy. Biopsies were formalin fixed and paraffin embedded. Samples 
from atherosclerotic coronary arteries (n = 4) and healthy coronary vascular tissue (n = 4) were obtained 
from discarded tissue from heart transplant operations, formalin fixed, and subsequently paraffin embedded. 
Immunohistochemistry was performed on 5-μm-thick paraffin sections using antibodies against IL-6 (clone 
10C12, catalog NCL-L-IL6, Leica Biosystems) and IL-6R (catalog LS-B6362, Lifespan Biosciences Inc.).

Statistics. Comparisons between groups for acanthosis, immune cell density, thrombosis clotting times, 
and ELISA were performed using an unpaired, 2-tailed, unequal variance Student’s t test, except where 
otherwise indicated. qRT-PCR data were analyzed using a nonparametric Mann-Whitney U test. P values 
less than 0.05 were considered significant. Data are presented as the mean ± SEM.

Study approval. Animal protocols were consistent with guidelines issued by the American Association for 
Accreditation of Laboratory Animal Care and were approved by the Case Western Reserve University IACUC. 
All human subject protocols were approved by the IRBs of the University of Michigan or Case Western Reserve 
University, and written informed consent was received from participants prior to inclusion in the study.
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