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Abstract: Systemic amyloidosis is recognized as a serious complication of rheumatoid arthritis or
inflammatory bowel disease, but also of inflammatory skin disease. However, the detailed molecular
mechanism of amyloidosis associated with cutaneous inflammation remains unclear, and therapeutic
approaches are limited. Here, we investigated the pathophysiology of amyloidosis secondary to
cutaneous inflammation and the therapeutic effects of Janus kinase (JAK) inhibitors by examining a
mouse model of spontaneous dermatitis (KCASP1Tg mice). Moreover, KCASP1Tg mice were crossed
with interleukin-17A (IL-17A) knockout mice to generate IL-17A-/KCASP1Tg and examine the role
of IL-17A in amyloidosis under cutaneous inflammation. KCASP1Tg mice showed severe amyloid
deposition in the liver and spleen. Increased serum-neutral fat levels and decreased lymphocyte
production were observed in the spleen. Overproduction of amyloidosis was partially ameliorated
by the administration of JAK inhibitors and was further improved in IL-17A-/KCASP1Tg mice.
IL-17A-producing cells included CD4, gamma delta, and CD8 T cells. In summary, our results from
the analysis of a mouse model of dermatitis revealed that skin-derived inflammatory cytokines can
induce amyloid deposition in the liver and spleen, and that the administration of JAK inhibitors and,
even more, IL-17A ablation, reduced amyloidosis. This study demonstrates that active control of skin
inflammation is essential to prevent internal organ amyloidosis.

Keywords: inflammatory skin; mouse model; dermatitis; cytokine; amyloidosis; JAK inhibitor;
IL-17A

1. Introduction

Systemic amyloidosis is a rare disorder in which abnormal proteins accumulate in tis-
sues and organs, and is often associated with chronic inflammation. Chronic inflammatory
diseases such as rheumatoid arthritis, inflammatory bowel disease, and systemic lupus
erythematosus can induce the liver-mediated overproduction of serum amyloid A protein,
thus causing secondary amyloid A protein (AA) amyloidosis [1,2].
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Psoriasis and atopic dermatitis are chronic and intractable inflammatory skin diseases,
and skin inflammation may be associated with amyloid deposition [3–5]. Primary localized
cutaneous amyloidosis, such as lichen amyloidosis, is characterized by severely itchy, scaly,
and reddish patches of thickened skin with multiple small bumps. Because of its benign
nature, few studies have examined the detailed molecular mechanism of systemic organ
amyloidosis, and therapeutic options are limited.

During the inflammatory process, dendritic cells and T cell-derived cytokines, in-
cluding type I interferons, tumor necrosis factor-α (TNF-α), IL-17A, and IL-22 stimulate
keratinocytes to synthesize proinflammatory cytokines, such as IL-1β, IL-6, TNF-α, IL-23,
which can reach the liver where they promote the production of amyloid A [6]. In par-
ticular, cutaneous inflammation, such as psoriasis, is characterized by high expression of
IL-17A, which acts on immune and non-immune cell types and strongly contributes to
tissue inflammation. Overproduction and continuous systemic release of skin-derived
inflammatory cytokines may result in distant organ damage, leading to cardiovascular
disorders such as cardiac sclerosis and cerebrovascular disease [3,7].

In the current study, we used a spontaneous inflammatory skin model, keratin 14-
driven caspase-1 overexpressing KCASP1Tg mice. The KCASP1Tg mice started to show
the first symptoms of dermatitis at approximately 8 weeks of age, and the cutaneous
inflammation spread from the face to the whole body [8–10]. The current dermatitis model
reveals dermatitis without any external triggers. The skin overexpresses caspase-1 in the
basal layer of keratinocyte, which results in the activation of IL-1β and IL-18. The dermatitis
characteristics and histological and behavioral profile fulfil seven out of eight of the Hanifin
and Rajka diagnostic criteria for atopic dermatitis, and have been used as a model for the
development of atopic dermatitis [8].

It has become a well-known fact that cutaneous inflammation is not only a localized
problem of the skin, but also causes inflammation of organs throughout the body, resulting
in comorbidities and a shortened life expectancy. One of these complications is amyloidosis.
The systemic amyloidosis shares many non-specific symptoms including fatigue, weakness,
loss of appetite, and weight loss. Edema of the ankles due to kidney or heart lesions,
paresthesia in the limbs due to nerve lesions, and shortness of breath due to heart lesions
may also occur [11]. In this model mice, amyloid is produced in large amounts locally in
the skin, but this serum amyloid A type 3 remains in the skin and does not predominate
in the systemic circulation. On the other hand, inflammatory cytokines produced in the
interaction of leukocytes and keratinocytes are carried into the bloodstream and lead to
the overproduction of SAA1 and SAA2 in the liver. These will likely be deposited in many
distant organs. The deposition of SAA1 and SAA2 has been detected in the gastrointestinal
tract, resulting in hypoalbuminemia due to albumin leakage [4]. The amyloid deposi-
tion was also detected in the kidneys and spleen, resulting in organ collapse at the late
phase [3,12].

In the current study, we showed that IL-17A is an essential cytokine for amyloidosis of
the liver and spleen associated with cutaneous inflammation. Because the site of cutaneous
inflammation is composed of a network of many different inflammatory cytokines, multi-
cytokine-targeted drugs—in this case Janus kinase (JAK) inhibitors—were also tested as a
potential therapeutic approach.

2. Results
2.1. Histological Analysis Showed the Amyloid Deposition in the Liver of KCASP1Tg Mice

With the exacerbation of skin inflammation, the visceral organs were markedly en-
larged at the 16-week period. To examine amyloid deposition, livers were collected from
KCASP1Tg and WT mice at the age of 16 weeks and stained with hematoxylin and eosin
(H&E), direct fast scarlet (DFS), and Congo red. Severe amyloid deposition was detected
in the livers of KCASP1Tg mice compared to that of WT mice. Histological examination
revealed that amyloid depositions were radiating from the Glisson’s capsule, such as the
interlobular bile ducts, interlobular arteries, and interlobular veins, to the central veins
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(Figure 1a, the positive control of DFS staining was shown in Supplemental Figure S1).
There was a significant increase in the DFS staining positive area in KCASP1Tg mice
(Figure 1b).

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 3 of 14 
 

 

detected in the livers of KCASP1Tg mice compared to that of WT mice. Histological 
examination revealed that amyloid depositions were radiating from the Glisson’s capsule, 
such as the interlobular bile ducts, interlobular arteries, and interlobular veins, to the 
central veins (Figure 1a, the positive control of DFS staining was shown in Supplemental 
Figure S1). There was a significant increase in the DFS staining positive area in KCASP1Tg 
mice (Figure 1b). 

 
Figure 1. Histological analysis showed the amyloid deposition in the liver of KCASP1Tg mice. The 
liver was collected from 16-week-old KCASP1Tg (n = 6) and WT (n = 6) mice and stained with 
hematoxylin and eosin (H&E), direct fast scarlet (DFS), and Congo red. (a) Severe amyloid 
deposition was detected in the livers of KCASP1Tg mice compared to in WT mice. In particular, 
there were massive deposits radiating from the Glisson’s capsule, including the interlobular bile 
ducts, interlobular arteries, and interlobular veins, to the central veins of the liver. Images at ×40 
and ×100 magnification are shown. The positive control of DFS staining is supplemented in 
Supplemental Figure S1. (b) DFS staining-positive area is quantified by Mann–Whitney test, and 
there was a significant increase in KCASP1Tg mice. The data is expressed as mean ± SD. ** p = 0.0022 
between wild-type and KCASP1Tg mice. 

2.2. Histological Analysis of Spleen in KCASP1Tg Mice 
We examined whether amyloid deposition, observed in the liver, was also detected 

in the spleen. At 16 weeks of age, spleens were sampled from KCASP1Tg and WT mice 
and stained with H&E, DFS, and Congo red. Severe amyloid deposition was detected in 
the spleen of KCASP1Tg mice compared to that of WT mice. In particular, amyloid 
depositions were primarily observed in the marginal zone, which is the boundary 
between the white and red pulps (Figure 2a,b). Immunostaining revealed a decrease in 
CD4, CD8, and CD20 cells and an increase in CD138-positive cells in KCASP1Tg mice 
(Figure 2c). 

Figure 1. Histological analysis showed the amyloid deposition in the liver of KCASP1Tg mice.
The liver was collected from 16-week-old KCASP1Tg (n = 6) and WT (n = 6) mice and stained
with hematoxylin and eosin (H&E), direct fast scarlet (DFS), and Congo red. (a) Severe amyloid
deposition was detected in the livers of KCASP1Tg mice compared to in WT mice. In particular, there
were massive deposits radiating from the Glisson’s capsule, including the interlobular bile ducts,
interlobular arteries, and interlobular veins, to the central veins of the liver. Images at ×40 and ×100
magnification are shown. The positive control of DFS staining is supplemented in Supplemental
Figure S1. (b) DFS staining-positive area is quantified by Mann–Whitney test, and there was a
significant increase in KCASP1Tg mice. The data is expressed as mean ± SD. ** p = 0.0022 between
wild-type and KCASP1Tg mice.

2.2. Histological Analysis of Spleen in KCASP1Tg Mice

We examined whether amyloid deposition, observed in the liver, was also detected in
the spleen. At 16 weeks of age, spleens were sampled from KCASP1Tg and WT mice and
stained with H&E, DFS, and Congo red. Severe amyloid deposition was detected in the
spleen of KCASP1Tg mice compared to that of WT mice. In particular, amyloid depositions
were primarily observed in the marginal zone, which is the boundary between the white
and red pulps (Figure 2a,b). Immunostaining revealed a decrease in CD4, CD8, and CD20
cells and an increase in CD138-positive cells in KCASP1Tg mice (Figure 2c).

2.3. KCASP1Tg Mice Showed Signs of Liver and Spleen Dysfunction

The peripheral lymphocyte count was evaluated and plasma biochemistry was exam-
ined at 16 weeks to determine the effect of amyloid deposition on the physiological function
of liver and spleen. Serum liver transaminase levels were elevated in KCASP1Tg mice.
Neutral fat levels were also significantly elevated in KCASP1Tg mice compared to those in
WT mice. The concentrations of cholinesterase and total cholesterol were unchanged be-
tween the two groups (Figure 3a). The peripheral blood lymphocyte count was elevated in
KCASP1Tg mice compared to that in WT mice (Figure 3b). The CD8 counts were increased
in KCASP1Tg mice. The total number of lymphocytes, CD4 T cells, CD8 T cells, and B cell
counts were unchanged in the superficial lymph nodes. The counts of total lymphocytes,
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CD4, CD8, and CD20 in the entire spleen decreased in KCASP1Tg mice. In addition, the
counts per weight of spleen (count/g of each spleen) decreased in KCASP1Tg mice.
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Figure 2. Histological analysis of spleen in KCASP1Tg mice. At 16 weeks of age, the spleen was
sampled from KCASP1Tg and WT mice (n = 6 per group) and analyzed. H&E, DFS, and Congo red
staining were performed. (a) H&E, DFS, and Congo-red. Massive amyloid deposition was detected
in KCASP1Tg mice. Marginal zone is the boundary between the white and red pulp, and dense
deposition was detected. (b) DFS staining-positive area is quantified by Mann–Whitney test, and
there was a significant increase in DFS positive area in KCASP1Tg mice. The data is expressed as
mean ± SD. ** p = 0.0022 between wild-type and KCASP1Tg mice. (c) Immunostaining for CD4, CD8,
CD20, and CD138 was performed and CD4, CD8, and CD20-positive cells were apparently decreased
in KCASP1Tg mice. On the contrary, CD138-positive cells were more stained in KCASP1Tg mice.
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Figure 3. KCASP1Tg mice showed elevated serum liver transaminase and neutral fat level and
insufficient production of lymphocytes. Plasma biochemical analysis and lymphocyte count in both
16-week-old KCASP1Tg and WT mice were performed (n = 6 per group). (a) The concentration
of serum liver transaminase, neutral fat levels were elevated in KCASP1Tg mice with significance
(p values; AST, 0.0087; ALT, 0.0022; TG, 0.0087, respectively). (b) Peripheral blood lymphocyte
count was elevated in KCASP1Tg mice compared to WT (p = 0.0317). The amounts of CD8 were
also increased in KCASP1Tg mice (p = 0.0079). In superficial lymph nodes, the absolute number of
lymphocytes, CD4 T cell, CD8 T cell, and B cell counts were unchanged. However, the counts of
total lymphocyte, CD4, CD8, and CD20 in the whole spleen were decreased in KCASP1Tg mice. The
counts per weight of spleen were also decreased in KCASP1Tg mice. Values are presented as mean
± SD, and statistically significant differences (* p < 0.05, ** p < 0.01) are indicated. (AST, aspartate
aminotransferase; ALT, alanine aminotransferase; chE, cholinesterase; T-chol, total cholesterol; TG,
triglyceride; ns, not significant).

2.4. Effect of Administration of JAK Inhibitors and IL-17A Ablation

To verify whether amyloid deposition is caused by excessive cytokines released by the
dermatitis lesions, we investigated the effect of two treatment methods aiming to suppress
inflammatory cytokines. The multiple inflammatory cytokine protein expressions including
TNF-α, IL-17A, and IL-23 in the skin lesions of KCASP1Tg mice were elevated at 16 weeks
compared to week 8 (Supplemental Figure S2). KCASP1Tg mice were treated daily with
either 5 mg/kg baricitinib or 5 mg/kg cerdulatinib, two kinds of JAK inhibitors, for 8 weeks.
Histopathological features were ameliorated in KCASP1Tg mice treated with JAK inhibitors.
Specifically, in the skin, epidermal hyperplasia, hyperkeratosis, parakeratosis, sponginess,
and increased infiltration of mixed inflammatory cells were significantly improved in
baricitinib- and cerdulatinib-treated KCASP1Tg mice (Supplemental Figure S3a). In the
liver and spleen, DFS-positive and Congo red-positive areas were significantly recovered
in those mice. Next, to investigate the effect of IL-17A in dermatitis-related amyloidosis,
IL-17A-/KCASP1Tg mice were examined. Amyloidosis in both liver and spleen was
ameliorated in IL-17A-/KCASP1Tg mice (Figure 4a,b), and the expression level of SAA
in the liver was decreased compared with 16-week-old KCASP1Tg mice (Supplemental
Figure S3b). Moreover, the generation of B cell follicles and CD20 + B cells in the marginal
zone of the spleen was also recovered in cerdulatinib-treated KCASP1Tg mice and IL-
17A-/KCASP1Tg mice (Figure 4b). Severe amyloid staining area was reduced in the liver
(Figure 4c left) and spleen (Figure 4c right) by JAK inhibitor treatment or in IL-17A deficient
KCASP1Tg mice. There were no differences in the expression of above inflammatory
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cytokines in the liver and spleen of 0, 8, and 16-week-old KCASP1Tg mice, JAK inhibitor
treatment, and IL-17A-/KCASP1Tg mice (data not shown).
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In particular, CD20-positive cells are recovered by these treatments. Images at ×100 magnification 
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Figure 4. Effect of administration of JAK inhibitors and IL-17A ablation. KCASP1Tg mice were
treated with baricitinib or cerdulatinib from 8 to 16 weeks of age (Treated Baricitinib and Treated
Cerdulatinib, respectively; n = 6 per group). Histopathological investigation was also performed
in IL-17A-/KCASP1Tg mice (n = 6). (a,b) Histopathological analysis of treated and untreated
KCASP1Tg was performed. Amyloid deposition in the liver was recovered by baricitinib adminis-
tration and further recovered in cerdulatinib-treated KCASP1Tg mice. IL-17 deletion rescued the
amyloidosis dramatically. Similarly in the spleen, massive deposition in the marginal zone is reduced
in cerdulatinib-treated KCASP1Tg mice, and rescued in IL-17A-/KCASP1Tg mice. In particular,
CD20-positive cells are recovered by these treatments. Images at ×100 magnification are shown.
(c) DFS-positive areas were recovered in baricitinib-and cerdulatinib-treated KCASP1Tg mice and in
IL-17A-/KCASP1Tg mice (left; liver, right; spleen). All data are expressed as the mean±SD. * p < 0.05,
**** p < 0.0001 compared to wild mice by ordinary one-way ANOVA test.

2.5. IL-17A-Producing Cell in Dermatitis Model Mice

As mentioned above, in KCASP1Tg mice, dermatitis first appears in the face, and
cervical lymph nodes are involved by the inflammation of the facial skin. The lymphocytes
from cervical lymph nodes were isolated and investigated to identify IL-17-producing cells.
Staining for IL-17A and immune cell markers revealed that IL-18 receptor-positive CD4 T
cells, gamma-delta T cells, and CD8 T cells were found to be the major IL-17A-producing
cells in this order (Figure 5).
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Figure 5. Identification of IL-17A-producing cell in KCASP1Tg mice. Cells from the cervical lymph
nodes were isolated and analyzed via flow cytometry to identify IL-17-producing lymphocytes. The
numbers indicate the percentage of cells in each gate. Note that IL-18R-positive CD4 T cells, gamma
delta T cells, and CD8 T cells were found to be the major IL-17-producing cells in this order. (SSC,
side scatter).



Int. J. Mol. Sci. 2022, 23, 5726 8 of 13

3. Discussion

In addition to being a barrier against pathogens, the skin is one of the largest immune
organs and functions as an alarmin, releasing various inflammatory and pro-inflammatory
cytokines in response to external and intrinsic stimuli. Here, we investigated the associa-
tion between dermatitis and amyloid depositions in the liver and spleen by examining a
transgenic mouse model of cutaneous inflammation, KCASP1Tg mice.

From previous study, we know that inflammation of the skin affects the arteries, and
that arteriosclerosis is detected not only in the abdominal aorta but also in the peripheral
basilar arteries [7]. These arterial abnormalities were partially improved by the adminis-
tration of antibody preparations [7]. Cytokines produced locally in the skin may reach
the adipose tissue of the abdomen through the bloodstream, leading to the burning of
adipocytes and the release of adipocytokines, which contribute to the systemic inflamma-
tory cascade [13]. Based on these facts, the effects on arteries may be due to direct effects on
the vascular endothelium by sustained elevated inflammatory cytokines in the blood [14],
as well as the direct effects of adipocytokines from the fatty tissues surrounding the major
blood vessels [13]. In fact, statistics have shown that patients with psoriasis vulgaris, atopic
dermatitis, and eczema show a high complication rate of coronary artery disease and
cerebrovascular disease, which are often fatal [15–18]. The concept of the hardening of this
vasculature is expressed in the term “inflammatory skin march” [14]. In the inflammatory
skin condition, it has also been reported that osteoporosis may be complicated due to a
decrease in the vascular network and the increase in osteoclasts coupled with the decrease
in osteoblasts [19]. Male infertility is also related to sperm hypoplasia, presumably caused
by the direct effect of an increase in inflammatory cytokines from skin lesions [20].

Persistent refractory dermatitis can lead to organ amyloidosis [3–5]. A large amount
of cytokines released from the involved area of persistent inflammation may be mixed
in the bloodstream, causing the liver to produce amyloid A protein. Serum amyloid A
protein (SAA) belongs to a family of apolipoproteins that are constitutively produced in
several organs. SAA is also an acute-phase protein produced in response to or enhanced
by inflammatory stimulation, including proinflammatory cytokines IL-1, IL-6, and TNF-
α, especially in the liver [21,22]. Acute phase SAA has several functions, such as the
recruitment of immune cells to the inflammation sites and transport of cholesterol to the
liver. Among the SAAs, SAA3 is produced in the skin, and although SAA3 is highly
concentrated in the skin, its concentration in the blood did not increase in inflammatory
mice, while SAA1 and SAA2 mainly produced in the liver are predominantly increased in
inflammatory mouse plasma and are deposited in organs [4].

In the current study, we demonstrated that mice with skin eruptions developed liver
and spleen amyloidosis. Severe amyloid deposition was detected in the liver of KCASP1Tg
mice, and dense deposition was detected radiating from Glisson’s capsule around the
interlobular bile ducts, interlobular arteries, and interlobular veins to the central veins. This
was probably due to the blood flow from Glisson’s capsule to the central veins.

Severe amyloid deposition was also observed in the spleens of KCASP1Tg mice com-
pared to those of WT mice. Serious deposition was observed mainly in the marginal zone,
which is the boundary between the white and red pulps. A closer look at the spleen showed
that the characteristics of resident cells in the spleen and CD4-, CD8-, and CD20-positive
cells decreased in KCASP1Tg mice, especially around the lymph follicle. The marginal zone
is where a unique population of B cells called marginal zone B cells is rich [23], and amyloid
deposition results in a decrease in the number of B cells. Since the marginal zone region
also serves as a developmental site for immature B cells that have just arrived from the
bone marrow, changes in the structural microenvironment of the spleen caused by amyloid
deposition may affect B cell maturation, B-T interactions, and differentiation into plasma
cells. Further disintegration may lead to immunosuppression owing to the difficulty in
the maturation of lymphocytes in the spleen. In contrast, CD138-positive plasma cells
were enriched in KCASP1Tg mice. Plasma cells are terminally differentiated secretory cells
that play a critical role in humoral immunity by producing copious amounts of soluble
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antibodies, low-affinity IgM, and secreting high-affinity IgG, IgA, or IgE [24,25]. High
concentrations of IgG and IgE have been reported in the current dermatitis model [8–10,12].
High levels of inflammatory cytokines can support plasma cell survival, likely enabling
these cells to survive the period of inflammation [26]. A decrease in CD20-positive B cells
and increase in CD138-positive plasma cells are opposing events. An increase in specific
cytokines may promote B cell activation and differentiation into plasma cells but reduce
the number of unstimulated naïve B cells in the spleen of KCASP1Tg mice.

We then investigated the systemic consequences of liver and spleen dysfunction. With
regard to liver function, mildly elevated transaminase and neutral fat levels were observed.
In current models, disruption of organ function has been reported over a long period of
time [3], but at 4 months of age, the changes were mild. This abnormality is consistent
with the findings of human liver amyloidosis. In chronic inflammatory diseases, such as
rheumatoid arthritis, inflammatory bowel disease, and autoimmune diseases, mild increase
in liver enzymes is often observed, and amyloid deposition may be actually progressing in
such situation.

An increase in the lymphocyte count was detected in the peripheral blood, similar to
that observed in inflammatory conditions. The CD8 count was also significantly increased
in KCASP1Tg mice. The absolute numbers of lymphocytes and each component were
unchanged in the superficial lymph nodes between the two groups. However, in the spleen,
the counts of total lymphocytes, CD4, CD8, and CD20 decreased in KCASP1Tg mice. The
counts per weight of the spleen also decreased in KCASP1Tg mice, suggesting impaired
productivity in the spleen. The weight of the spleen was approximately four times larger in
the inflamed mice than in the normal mice, compensating for the loss of function. Further
disintegration may lead to immunosuppression due to difficulty in leukocyte maturation.
The lymph nodes of inflamed mice also showed an increase in size to compensate for the
maturation of lymphocytes.

Inflammatory cytokines, including TNF-α and IL-6, are produced in chronic inflam-
matory sites, which may migrate into the liver, leading to the production of amyloid A.
Recently, a multi-cytokine-targeted drug, JAK inhibitor, has been clinically used in the
treatment of psoriasis and atopic dermatitis, with a good response. Here, using a mouse
model of spontaneous dermatitis, we examined its effect on amyloidosis by suppressing
multiple cytokines using JAK inhibitors. Baricitinib is a selective JAK1 and JAK2 inhibitor,
while cerdulatinib hydrochloride is an orally active, multi-targeted tyrosine kinase inhibitor,
especially for JAK1, JAK2, JAK3, and TYK2. Skin eruptions were ameliorated in JAK-treated
mice, and amyloidosis was significantly reduced in cerdulatinib-treated KCASP1Tg mice.

Although mice responded to JAK inhibitors, IL-17A inhibition alone in the IL-17A-
/KCASP1Tg mice was more effective in significantly reducing the amyloid deposition.
IL-17A signaling is independent of the JAK pathway. The discordance in results, in which
JAK is not involved in IL-17A signaling but has a similar inhibitory effect, may be due
to the fact that other inflammatory cytokines mediating the JAK pathway are suppressed
by JAK inhibitor treatment, thereby controlling inflammation itself, and in the process
reducing IL-17A expression, which in turn controls amyloid deposition.

The major IL-17-producing cells were the IL-18R-positive T cells, suggesting that IL-18
production from injury or inflammation in keratinocytes may trigger IL-17 production.
It has been reported that T cells secrete IL-17A in response to IL-18 without antigen [27].
Surgical samples of healthy breast or abdominal skin stimulated with IL-17 produced
SAA [28]. In contrast, there are reports showing that SAA is also involved in IL-17-
producing cell differentiation [29], thus supporting an inflammatory positive loop between
IL-17 and SAA.

Taken together, our data show that persistent dermatitis can cause liver and spleen
amyloidosis, affecting the organ functionality and immune features. Although JAK inhibitors
and IL-17 ablation improved amyloidosis, active control of dermatitis is recommended.
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4. Materials and Methods
4.1. Animals

Eight-week-old female transgenic mice, in which human caspase-1 gene is expressed
under the keratinocyte-specific keratin 14 promoter (KCASP1Tg) [7], and C57BL/6N lit-
termate (WT) mice were used. KCASP1Tg was also crossed with IL-17A knockout mice
(IL-17A-/KCASP1Tg mouse) [8]. The mice were housed in an environmentally-conditioned
room at 21 ± 2 ◦C, with 12:12 h light cycle, 60% humidity, and food and water available
ad libitum. All mice were sacrificed and analyzed at 16 weeks of age. The experimental
protocol was approved by the Mie University Board Committee for Animal Care and Use
(No.22-39-5-1).

4.2. Blood Sampling and Clinical Chemistry Parameters

All mice were euthanized with CO2. Blood was sampled from the tail vein or by cardiac
puncture, placed in a 1.5 mL tube containing heparin (MOCHIDA PHARMACEUTICAL
CO., LTD. Tokyo, Japan), and centrifuged (6000 rpm for 5 min) to separate the plasma. The
collected plasma was stored at −80 ◦C until examination. The concentrations of serum
liver transaminase, cholinesterase, neutral fat, and total cholesterol were measured using a
Hydrasys 2 (Sebia, Lisses, France).

4.3. Lymphocytes Staining in the Blood, Spleen, and Lymph Nodes

To stain lymphocyte surface markers, freshly collected whole blood was first incubated
with ACK Lysing Buffer (Thermo Fisher Scientific, Waltham, MA, USA) to lyse erythrocytes,
and then directly stained with monoclonal antibodies, CD4-PE, CD8-APC, or CD20-FITC
antibody (BD Biosciences, Franklin Lakes, NJ, USA) in cell surface staining buffer containing
0.1 M phosphate-buffered saline and 2% FCS (Biowest, Nuaillé, France). The spleen and
superficial lymphocytes were also sampled by gentle grinding between sterile ground glass
slides, incubated with ACK lysing buffer, and directly stained with monoclonal antibodies,
CD4-PE, CD8-APC, or CD20-FITC antibody. The total counts of lymphocytes, CD4 + T
cells, CD8 + T cells, and CD20 + B cells were analyzed using a BD Accuri C6 flow cytometer
(BD Biosciences, Franklin Lakes, NJ, USA).

4.4. Amyloid and Infiltrating Cells Staining

The livers and spleens were collected and fixed in 10% neutral buffered formalin
solution (Wako, Osaka, Japan). Tissue sections at 5 µm thickness were obtained. The H&E,
DFS, and Congo red staining were performed on the livers and spleens, and the stained
sections were analyzed using ImageJ JS (https://imagej.nih.gov/ij/index.html, accessed on
27 March 2022). The percentage of DFS staining positive lesions was calculated. To identify
the specific type of infiltrating cells in the spleen, CD138 (Thermo Fisher Scientific, Waltham,
MA, USA), CD4, CD8, and CD20 (Cell Signaling Technology, Danvers, MA, USA) staining
was performed.

4.5. Cytokine and SAA Analysis

The dorsal skin and liver tissues were smashed using a pestle after being frozen
with liquid nitrogen. Subsequently, these tissues were homogenized with 5 mL of RIPA
Buffer with Protease Inhibitor Cocktail (NACALAI TESQUE INC., Kyoto, Japan) per gram
of tissue. The lysates of dorsal skin and liver tissues were sonicated and centrifuged at
10,000× g for 15 min at 4 ◦C, and the supernatant collected. The skin and liver cytokine
expressions, such as TNF-α, IL-22, IL-23, and IL-17A, were assayed by enzyme-linked
immunosorbent assay (ELISA) according to the manufacturer’s instructions. Similarly, the
expression level of SAA in the liver was also assayed (TNF-α, IL-22, IL-23, and SAA; R&D
Systems, Minneapolis, MN, USA, IL-17A; Medix Biochemica, Besançon, France).

https://imagej.nih.gov/ij/index.html
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4.6. Oral Administration of JAK Inhibitors

Eight-week-old female KCASP1Tg and WT littermate mice were orally treated with
the selective JAK1 and JAK2 inhibitor baricitinib (OYC1, Oriental Yeast, Kyoto, Japan) or
an orally active multi-targeted tyrosine kinase inhibitor, especially JAK1, JAK2, JAK3, and
TYK2 cerdulatinib hydrochloride (Astellas, Tokyo, Japan). The treatment schedule was
as follows: 5 mg/kg baricitinib or 5 mg/kg cerdulatinib was administered every day, as
previously reported [4,9]. All mice were sacrificed at 16 weeks of age, and the livers and
spleens were analyzed.

4.7. IL-17A-Producing Lymphatic Primary Cells

Cells from the cervical lymph nodes were incubated in culture medium for 4 h in the
presence of monensin and phorbol 12-myristate 13-acetate (Sapphire Bioscience Pty. Ltd.
Redfern NSW, Australia)/ionomycin (Wako). Cells were first stained with IL-18 receptor
(IL-18R)-FITC (Miltenyi Biotec, Gaithersburg, MD, USA), CD8s-PerCp-Cy5.5, gamma delta
TCR-APC, and BioLegend Brilliant Violet 421 anti-mouse CD4 antibody (BioLegend, San
Diego, CA, USA). Dead cells were eliminated using a LIVE/DEAD Fixable Aqua Dead Cell
Stain Kit (Thermo Fisher Scientific). Cells were fixed with 4% (w/v) paraformaldehyde
(nacalai tesque), permeabilized with 0.1% saponin buffer (phosphate-buffered saline with
0.1% saponin, 1 mM HEPES; Thermo Fisher Scientific, and 0.1% bovine serum albumin;
Sigma-Aldrich, St. Louis, MO, USA), and then stained with anti-IL-17A or a control rat
IgG1 antibody (BD Biosciences), as previously described [10]. The cells were examined
using a FACS Canto II (BD Biosciences), and the data were analyzed using FlowJo software
(v10.5) (Tree Star, Ashland, OR, USA).

4.8. Statistical Analysis

Statistical analyses were performed using the PRISM software version 9 (GraphPad,
San Diego, CA, USA). Two-group comparisons were analyzed using the Mann–Whitney
test, and more than three groups were analyzed using the Mann–Whitney test or ordinary
one-way ANOVA. Differences were considered statistically significant at p < 0.05. *; p < 0.05,
**; p < 0.01, ***; p < 0.001, ****; p < 0.0001.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23105726/s1.

Author Contributions: S.I. and T.N. performed the experiments and wrote the paper. M.I. performed
part of the histopathological analysis, and F.M.; K.M.; Y.M. (Yoshiaki Matsushima); A.U.; M.K.; and
K.H. performed the experiments. Y.H.; M.W.; Y.I. (Yoichiro Iwakura); Y.M. (Yoshihiro Miyahara);
Y.I. (Yasutomo Imai); and K.Y. designed and supervised the experiments. All authors have read and
agreed to the published version of the manuscript.

Funding: The work was supported by Eli Lilly and Company (J17011L017), AbbVie GK (1166), Sun
Pharma (SPJS20190717002), and Maruho Takagi Dermatology Foundation (2020).

Institutional Review Board Statement: The animal study protocol was approved by the Mie Uni-
versity Board Committee for Animal Care and Use (No. 22-39-5-1).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Kohei Hagimori and Yumiko Nishikawa for their helpful discussions.
We also thank Etsuko Okada for technical assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

https://www.mdpi.com/article/10.3390/ijms23105726/s1
https://www.mdpi.com/article/10.3390/ijms23105726/s1


Int. J. Mol. Sci. 2022, 23, 5726 12 of 13

References
1. Real de Asua, D.; Costa, R.; Galvan, J.M.; Filigheddu, M.T.; Trujillo, D.; Cadinanos, J. Systemic AA amyloidosis: Epidemiology,

diagnosis, and management. Clin. Epidemiol. 2014, 6, 369–377. [CrossRef] [PubMed]
2. Okuda, Y. AA amyloidosis—Benefits and prospects of IL-6 inhibitors. Mod. Rheumatol. 2019, 29, 268–274. [CrossRef] [PubMed]
3. Yamanaka, K.; Nakanishi, T.; Saito, H.; Maruyama, J.; Isoda, K.; Yokochi, A.; Imanaka-Yoshida, K.; Tsuda, K.; Kakeda, M.;

Okamoto, R.; et al. Persistent release of IL-1s from skin is associated with systemic cardio-vascular disease, emaciation and
systemic amyloidosis: The potential of anti-IL-1 therapy for systemic inflammatory diseases. PLoS ONE 2014, 9, e104479.
[CrossRef]

4. Nakanishi, T.; Mizutani, K.; Iida, S.; Matsushima, Y.; Umaoka, A.; Kondo, M.; Habe, K.; Yamanaka, K. Janus Kinase Inhibitors
Ameliorated Gastrointestinal Amyloidosis and Hypoalbuminemia in Persistent Dermatitis Mouse Model. Int. J. Mol. Sci. 2021,
23, 28. [CrossRef]

5. Matsushima, Y.; Mizutani, K.; Goto, H.; Nakanishi, T.; Kondo, M.; Habe, K.; Isoda, K.; Mizutani, H.; Yamanaka, K. Emaciation,
Congestive Heart Failure, and Systemic Amyloidosis in Severe Recessive Dystrophic Epidermolysis Bullosa: Possible Internal
Complications Due to Skin-Derived Inflammatory Cytokines Derived from the Injured Skin. Dermatopathology 2020, 7, 41–47.
[CrossRef]

6. Johnson-Huang, L.M.; McNutt, N.S.; Krueger, J.G.; Lowes, M.A. Cytokine-producing dendritic cells in the pathogenesis of
inflammatory skin diseases. J. Clin. Immunol. 2009, 29, 247–256. [CrossRef]

7. Kato, S.; Matsushima, Y.; Mizutani, K.; Kawakita, F.; Fujimoto, M.; Okada, K.; Kondo, M.; Habe, K.; Suzuki, H.; Mizutani, H.; et al.
The Stenosis of Cerebral Arteries and Impaired Brain Glucose Uptake by Long-Lasting Inflammatory Cytokine Release from
Dermatitis Is Rescued by Anti-IL-1 Therapy. J. Investig. Dermatol. 2018, 138, 2280–2283. [CrossRef]

8. Yamanaka, K.; Tanaka, M.; Tsutsui, H.; Kupper, T.S.; Asahi, K.; Okamura, H.; Nakanishi, K.; Suzuki, M.; Kayagaki, N.; Black, R.A.;
et al. Skin-specific caspase-1-transgenic mice show cutaneous apoptosis and pre-endotoxin shock condition with a high serum
level of IL-18. J. Immunol. 2000, 165, 997–1003. [CrossRef]

9. Konishi, H.; Tsutsui, H.; Murakami, T.; Yumikura-Futatsugi, S.; Yamanaka, K.; Tanaka, M.; Iwakura, Y.; Suzuki, N.; Takeda, K.;
Akira, S.; et al. IL-18 contributes to the spontaneous development of atopic dermatitis-like inflammatory skin lesion independently
of IgE/stat6 under specific pathogen-free conditions. Proc. Natl. Acad. Sci. USA 2002, 99, 11340–11345. [CrossRef]

10. Yoshimoto, T.; Mizutani, H.; Tsutsui, H.; Noben-Trauth, N.; Yamanaka, K.; Tanaka, M.; Izumi, S.; Okamura, H.; Paul, W.E.;
Nakanishi, K. IL-18 induction of IgE: Dependence on CD4+ T cells, IL-4 and STAT6. Nat. Immunol. 2000, 1, 132–137. [CrossRef]

11. Blancas-Mejia, L.M.; Ramirez-Alvarado, M. Systemic amyloidoses. Annu. Rev. Biochem. 2013, 82, 745–774. [CrossRef] [PubMed]
12. Yamanaka, K.; Okada, K.; Nakanishi, T.; Mizutani, K.; Matsushima, Y.; Kondo, M.; Habe, K.; Mizutani, H.; Seo, N. Skin

inflammation leads immunoglobulin G aggregation and deposition in multiple organs. J. Dermatol. Sci 2017, 88, 146–148.
[CrossRef] [PubMed]

13. Mizutani, K.; Shirakami, E.; Ichishi, M.; Matsushima, Y.; Umaoka, A.; Okada, K.; Yamaguchi, Y.; Watanabe, M.; Morita, E.;
Yamanaka, K. Systemic Dermatitis Model Mice Exhibit Atrophy of Visceral Adipose Tissue and Increase Stromal Cells via
Skin-Derived Inflammatory Cytokines. Int. J. Mol. Sci. 2020, 21, 3367. [CrossRef] [PubMed]

14. Yamanaka, K.; Mizutani, H. “Inflammatory skin march”: IL-1-mediated skin inflammation, atopic dermatitis, and psoriasis to
cardiovascular events. J. Allergy Clin. Immunol. 2015, 136, 823–824. [CrossRef] [PubMed]

15. Andersen, Y.M.F.; Egeberg, A.; Gislason, G.H.; Hansen, P.R.; Skov, L.; Thyssen, J.P. Risk of myocardial infarction, ischemic
stroke, and cardiovascular death in patients with atopic dermatitis. J. Allergy Clin. Immunol. 2016, 138, 310–312.e313. [CrossRef]
[PubMed]

16. Ascott, A.; Mulick, A.; Yu, A.M.; Prieto-Merino, D.; Schmidt, M.; Abuabara, K.; Smeeth, L.; Roberts, A.; Langan, S.M. Atopic
eczema and major cardiovascular outcomes: A systematic review and meta-analysis of population-based studies. J. Allergy Clin.
Immunol. 2019, 143, 1821–1829. [CrossRef]

17. Hu, S.C.; Lan, C.E. Psoriasis and Cardiovascular Comorbidities: Focusing on Severe Vascular Events, Cardiovascular Risk Factors
and Implications for Treatment. Int. J. Mol. Sci. 2017, 18, 2211. [CrossRef]

18. Gelfand, J.M.; Dommasch, E.D.; Shin, D.B.; Azfar, R.S.; Kurd, S.K.; Wang, X.; Troxel, A.B. The risk of stroke in patients with
psoriasis. J. Investig. Dermatol. 2009, 129, 2411–2418. [CrossRef]

19. Mizutani, K.; Isono, K.; Matsushima, Y.; Okada, K.; Umaoka, A.; Iida, S.; Habe, K.; Hagimori, K.; Yamazaki, H.; Yamanaka, K.
Inflammatory Skin-Derived Cytokines Accelerate Osteoporosis in Mice with Persistent Skin Inflammation. Int. J. Mol. Sci. 2020,
21, 3620. [CrossRef]

20. Umaoka, A.; Takeuchi, H.; Mizutani, K.; Seo, N.; Matsushima, Y.; Habe, K.; Hagimori, K.; Yamaguchi, Y.; Ikeda, T.; Yamanaka, K.
Skin Inflammation and Testicular Function: Dermatitis Causes Male Infertility via Skin-Derived Cytokines. Biomedicines 2020,
8, 293. [CrossRef]

21. Zhang, N.; Ahsan, M.H.; Purchio, A.F.; West, D.B. Serum amyloid A-luciferase transgenic mice: Response to sepsis, acute arthritis,
and contact hypersensitivity and the effects of proteasome inhibition. J. Immunol. 2005, 174, 8125–8134. [CrossRef] [PubMed]

22. Uhlar, C.M.; Whitehead, A.S. Serum amyloid A, the major vertebrate acute-phase reactant. Eur. J. Biochem. 1999, 265, 501–523.
[CrossRef] [PubMed]

23. Palm, A.E.; Kleinau, S. Marginal zone B cells: From housekeeping function to autoimmunity? J. Autoimmun. 2021, 119, 102627.
[CrossRef] [PubMed]

http://doi.org/10.2147/CLEP.S39981
http://www.ncbi.nlm.nih.gov/pubmed/25378951
http://doi.org/10.1080/14397595.2018.1515145
http://www.ncbi.nlm.nih.gov/pubmed/30132351
http://doi.org/10.1371/journal.pone.0104479
http://doi.org/10.3390/ijms23010028
http://doi.org/10.3390/dermatopathology7020007
http://doi.org/10.1007/s10875-009-9278-8
http://doi.org/10.1016/j.jid.2018.04.016
http://doi.org/10.4049/jimmunol.165.2.997
http://doi.org/10.1073/pnas.152337799
http://doi.org/10.1038/77811
http://doi.org/10.1146/annurev-biochem-072611-130030
http://www.ncbi.nlm.nih.gov/pubmed/23451869
http://doi.org/10.1016/j.jdermsci.2017.05.013
http://www.ncbi.nlm.nih.gov/pubmed/28610716
http://doi.org/10.3390/ijms21093367
http://www.ncbi.nlm.nih.gov/pubmed/32397568
http://doi.org/10.1016/j.jaci.2015.06.009
http://www.ncbi.nlm.nih.gov/pubmed/26220527
http://doi.org/10.1016/j.jaci.2016.01.015
http://www.ncbi.nlm.nih.gov/pubmed/26971689
http://doi.org/10.1016/j.jaci.2018.11.030
http://doi.org/10.3390/ijms18102211
http://doi.org/10.1038/jid.2009.112
http://doi.org/10.3390/ijms21103620
http://doi.org/10.3390/biomedicines8090293
http://doi.org/10.4049/jimmunol.174.12.8125
http://www.ncbi.nlm.nih.gov/pubmed/15944321
http://doi.org/10.1046/j.1432-1327.1999.00657.x
http://www.ncbi.nlm.nih.gov/pubmed/10504381
http://doi.org/10.1016/j.jaut.2021.102627
http://www.ncbi.nlm.nih.gov/pubmed/33640662


Int. J. Mol. Sci. 2022, 23, 5726 13 of 13

24. Shapiro-Shelef, M.; Calame, K. Regulation of plasma-cell development. Nat. Rev. Immunol. 2005, 5, 230–242. [CrossRef] [PubMed]
25. Calame, K.L.; Lin, K.I.; Tunyaplin, C. Regulatory mechanisms that determine the development and function of plasma cells.

Annu. Rev. Immunol. 2003, 21, 205–230. [CrossRef] [PubMed]
26. Moser, K.; Tokoyoda, K.; Radbruch, A.; MacLennan, I.; Manz, R.A. Stromal niches, plasma cell differentiation and survival. Curr

Opin. Immunol. 2006, 18, 265–270. [CrossRef]
27. Lalor, S.J.; Dungan, L.S.; Sutton, C.E.; Basdeo, S.A.; Fletcher, J.M.; Mills, K.H. Caspase-1-processed cytokines IL-1beta and

IL-18 promote IL-17 production by gammadelta and CD4 T cells that mediate autoimmunity. J. Immunol. 2011, 186, 5738–5748.
[CrossRef]

28. Couderc, E.; Morel, F.; Levillain, P.; Buffiere-Morgado, A.; Camus, M.; Paquier, C.; Bodet, C.; Jegou, J.F.; Pohin, M.; Favot, L.; et al.
Interleukin-17A-induced production of acute serum amyloid A by keratinocytes contributes to psoriasis pathogenesis. PLoS ONE
2017, 12, e0181486. [CrossRef]

29. Lee, J.Y.; Hall, J.A.; Kroehling, L.; Wu, L.; Najar, T.; Nguyen, H.H.; Lin, W.Y.; Yeung, S.T.; Silva, H.M.; Li, D.; et al. Serum Amyloid
A Proteins Induce Pathogenic Th17 Cells and Promote Inflammatory Disease. Cell 2020, 180, 79–91.e16. [CrossRef]

http://doi.org/10.1038/nri1572
http://www.ncbi.nlm.nih.gov/pubmed/15738953
http://doi.org/10.1146/annurev.immunol.21.120601.141138
http://www.ncbi.nlm.nih.gov/pubmed/12524387
http://doi.org/10.1016/j.coi.2006.03.004
http://doi.org/10.4049/jimmunol.1003597
http://doi.org/10.1371/journal.pone.0181486
http://doi.org/10.1016/j.cell.2019.11.026

	Introduction 
	Results 
	Histological Analysis Showed the Amyloid Deposition in the Liver of KCASP1Tg Mice 
	Histological Analysis of Spleen in KCASP1Tg Mice 
	KCASP1Tg Mice Showed Signs of Liver and Spleen Dysfunction 
	Effect of Administration of JAK Inhibitors and IL-17A Ablation 
	IL-17A-Producing Cell in Dermatitis Model Mice 

	Discussion 
	Materials and Methods 
	Animals 
	Blood Sampling and Clinical Chemistry Parameters 
	Lymphocytes Staining in the Blood, Spleen, and Lymph Nodes 
	Amyloid and Infiltrating Cells Staining 
	Cytokine and SAA Analysis 
	Oral Administration of JAK Inhibitors 
	IL-17A-Producing Lymphatic Primary Cells 
	Statistical Analysis 

	References

