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Abstract

Altered innate immunity is a feature of certain skin inflammatory diseases such as psoriasis and
atopic dermatitis (AD). In this study, we provide evidence that deficiency in Trim32 (a tripartite
motif (TRIM) protein with innate antiviral activity) contributes to a Th2 biased response and
predisposes to features of AD in mice. Upon treatment with the TLR7 agonist imquimod (IMQ),
Trim32 knockout (KO) mice displayed compromised psoriasiform phenotypes and defective Th17
response. Instead, IMQ treatment of 7rim32 KO mice induced AD-like phenotypes with enhanced
skin infiltration of eosinophils and mast cells, elevation of Th2 cytokines/chemokines expression,
and reduced expression of filaggrin protein expression. Furthermore, while the induction of
phosphorylated Stat3 and RelA were compromised following IMQ treatment in the KO mice,
phosphorylated Stat6 was elevated. CCL20 induction by TNFa and IL-17A was reduced in
Trim32 deficient keratinocytes whereas CCL5 induction by TNFa and IL-4 was enhanced. In
addition, Trim32 protein levels were elevated in mice treated with IMQ. Unlike Trim32
overexpression in psoriasis, TRIM32 levels were low in AD patients. Based on Trim32 induction
by IMQ, the lower levels of TRIM32 in AD skin compared to healthy control and psoriatic skin
suggest a defective TRIM32 pathway in AD pathogenesis.
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INTRODUCTION

Innate immunity is the first line of defense against environmental insults and is crucial for
initiation of the adaptive immune response. Aberrant innate immunity has been implicated in
many skin inflammatory diseases, including psoriasis and atopic dermatitis (AD). Enhanced
innate immune response is associated with psoriasis, whereas defective innate immunity
contributes to AD pathogenesis, as indicated by reduced expression of antimicrobial
peptides and susceptibility to bacterial and viral infection (De Benedetto et al. 2009). Single
nucleotide polymorphisms in genes in the innate immune signaling pathways, such as
TLR1/2/6/9 and NOD1/2, have been associated with AD (Ahmad-Nejad et al. 2004;
Weidinger et al. 2005; Novak et al. 2007; EArly Genetics and Lifecourse Epidemiology
(EAGLE) Eczema Consortium et al. 2015). However, the causal relationship between
defective innate immunity and AD pathogenesis in animal models remains to be defined.

Trim32 is a member of Trim E3-ubiquitin ligase family. The Trim proteins in this family are
mainly involved in innate antiviral immunity. They inhibit viral infection through different
mechanisms, such as blocking viral entry, transcription, assembly, and release (Rajsbaum et
al. 2014) . Trim32 was initially identified as an HIV tat associated protein (Fridell et al.
1995). Trim32 restricts the replication of influenza A virus by targeting viral RNA
polymerase for degradation (Fu et al. 2015). Like many other TRIM proteins, it regulates the
signaling pathways triggered by innate immunity pattern recognition receptors. Trim32
activates STING, which is a sensor for cytoplasmic DNA essential for innate antiviral
response (Zhang et al. 2012) . We previously showed that Trim32 can activate NF-xB
through the degradation of Piasy, a negative regulator of NF-xB (Albor et al. 2006).
TRIM32 gene and protein mutations are associated with human diseases, including limb-
girdle muscular dystrophy (Shieh et al. 2011) and Bardet-Biedl syndrome (Chiang et al.
2006), as well as attention deficit/hyperactivity disorder (Lionel et al. 2011), a condition
which has been associated with AD (Schmitt et al. 2013; Eichenfield et al. 2014).

In the current study, we discovered that 7rim32knockout (KO) mice displayed an AD-like
inflammatory skin condition in response to imiquimod (IMQ) treatment, including 1)
elevated IL-4, IL-5, and CCL5 and reduced IL-17A, CCL20, and S100A9 expression; 2)
increased presence of eosinophils and mast cells; and 3) reduced expression of filaggrin
protein. Compared to patient-matched non-lesional skin and skin of healthy controls,
TRIM32 protein levels were high in psoriasis and low in AD lesional skin. Taken together,
our results suggest that Trim32 is required for normal Th17 response, while Trim32
deficiency favors features of a Th2 atopic response.

RESULTS
Imiquimod (IMQ) induced psoriasis-like phenotypes are compromised by Trim32
deficiency

Based upon our previous report that TRIM32 protein is elevated in the epidermal lesions of
human psoriasis and activates keratinocyte production of CCL20 (Liu et al. 2010), we
investigated whether Trim32 is required for the development of psoriasis-like phenotypes in
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mice. Using an established IMQ-treated mouse psoriasis model (van der Fits et al. 2009), we
evaluated gross, histological, and molecular endpoints associated with IMQ-induced
psoriasis pathogenesis in FVB T7rim32 KO mice and their control WT littermates. The gross
appearance of the back skin of the WT mice treated with IMQ displayed more scaling than
that of KO mice (Figure 1A). Consistent with less skin scaling in 77im32 KO mice,
hyperkeratosis and parakeratosis were less pronounced in 7rim32 KO mice (Figure 1B &
Figure S1). Taken together, these results indicate that the development of psoriasis-like
phenotypes is compromised by Trim32 deficiency.

Reduced Th17 and increased Th2 cytokines by Trim32 deficiency

To determine the molecular features underlying these phenotypic changes, we evaluated the
expression profiles of cytokines and chemokines in response to IMQ in 7rim32WT versus
KO mice. As expected, IL-17A was induced by IMQ treatment in the WT mice; however, its
induction was significantly reduced in the KO mice under the same conditions (Figure 2A).
In keeping with defective Th17 immunity, the induction of CCL20 and antimicrobial peptide
S100A9 were significantly reduced in the 777/m32 KO mice (Figure 2B & C, respectively).
Th2 cytokines, IL-5 and IL-4, were up-regulated in skin in response to IMQ in 7r/im32 KO
mice (Figure 2D & E), corroborated by increased serum IL-4 in 7rim32 KO mice (Figure
S2A). Similar chemokine/cytokine profiling was observed in 77im32 KO mice in another
genetic background (129XC57BL/6J), indicating that the essential findings are reproducible
and not strictly mouse strain dependent (Figure S3A-F). Consistent with Trim32 deficiency
conferring defective Th17 response, overexpressing Trim32 in epidermis predictably
enhanced psoriasis-like phenotypes with increased expression of 1L-23, IL-17f, CCL20, and
neutrophil chemokine CXCL5 (Figure S4). The expression of IL-17A and CCL20 is
mediated through Stat3 (Mack et al. 2012; Hau et al. 2014; Li et al. 2015), whereas the
expression of 1L-4 and IL-5 is mediated through Stat6 (Nelms et al. 1999; Chan et al. 2001).
Examination of the IMQ-treated mouse skin revealed induction of phosphorylated Stat3
(Y705) in the WT mice and, conversely, induction of phosphorylated Stat6 (Y641) in the
Trim32 KO mice (Figure 2G). Collectively, these results indicate that Trim32 contributes to
IMQ mediated Th17 activation and that Trim32 deficiency impairs Th17 response and favors
Th2 activation.

IMQ differentially induces the infiltration of T helper, mast cells and eosinophils in Trim32
deficient mice

To test the cell types that contribute to altered cytokine expression by Trim32 deficiency, the
presence of Th2 and Th17 cells in IMQ treated skin were evaluated using multiplex
sequential immunohistochemistry. Consistent with reduced IL-17A expression in 7rim32
KO mice (Figure 2A), Th17 cells (IL23R+/CD4+) were significantly reduced, and the
presence of Th2 cells (Gata3+/CD4+) was marginally increased in 7rim32 KO mice (Figure
3A-C, Figure S5). Besides Th2 cells, mast cells and eosinophils are other major cell types
that express IL-4 (Gessner et al. 2005; McLeod et al. 2015). We found that CCL5, a
chemokine for eosinophils and mast cells (Beck et al. 1997; Juremalm et al. 2002), was
significantly increased in the skin of 7rim32 KO mice (Figure 2F). In keeping with this up-
regulation, 7rim32 KO mice displayed significantly increased infiltration of eosinophils
(Figure 3D & E) and mast cells (Figure 3F & G) in response to IMQ treatment. Furthermore,
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serum IgE levels were significantly elevated in the 77/im32 KO mice (Figure S2B). These
lines of evidence indicate that Trim32 deficiency contributes to the development of AD-like
phenotypes in response to IMQ.

Trim32 deficiency compromises filaggrin expression in response to IMQ

AD is an inflammatory skin disease featured by Th2 polarization, barrier defects, and
susceptibility to infection. To further define the relevance of Trim32 deficiency in AD, we
evaluated the expression of filaggrin, a barrier protein mutated or downregulated in AD
(O’Regan et al. 2008). Filaggrin protein was barely detectable in the whole skin tissue lysate
but was prominently induced by IMQ (Figure S6 and Figure 4A). Compared to WT mice,
the level of total filaggrin protein, filaggrin multimer, and filaggrin fragments were reduced
in 7rim32 KO mice. Filaggrin mRNA levels were not affected by Trim32 deficiency (data
not shown), suggesting that Trim32 effects are post-transcriptional. Further analysis of
filaggrin by immunostaining revealed that cellular filaggrin expression in the epidermis was
significantly reduced in 7r/m32 KO mice (Figure 4B & 4C).

Trim32 deficiency enhances AD-like phenotypes in MC903 induced AD mouse model

The role of Trim32 deficiency in AD pathogenesis was further evaluated in an AD mouse
model induced by MC903 (Li et al. 2006, 2008). Histological analysis of the treated skin
revealed that 7//m32 KO mice displayed a significantly thicker epidermis in response to
MC903 treatment (Figure S7TA & B). Furthermore, eosinophil infiltration was significantly
elevated in MC903-treated KO mice compared to their WT control littermates (Figure S7C
& D). IL-4 was elevated in 7rim32 KO mice and further increased in response to MC903
treatment (Figure S7E). Similar to IL-4, TSLP, another key cytokine essential for Th2-
associated inflammation in AD, was increased in 7rim32 KO mice in response to MC903.
TSLP basal levels were higher in 7rim32 KO mice and further induced by MC903 than in
WT mice (Figure S7F). Thus, Trim32 deficiency associated with AD-like phenotypes was
validated in an AD mouse model.

Trim32 deficiency reduces CCL20 and enhances CCL5 expression in keratinocytes

Since changes in the chemokines in whole skin samples (shown in Figure 2 and S3 for the
IMQ treated mice) are mainly attributed to keratinocytes, we further characterized cultured
keratinocytes from WT and 7r/m32 KO mice. Analysis of chemokine expression revealed
that CCL20 expression was reduced in response to TNFa and IL-17A and that CCL5
expression was enhanced by TNFa or TNFa plus IL-4 in 7r/m32 KO keratinocyte cultures
(Figure 5A & B). Further analysis of the induction pattern revealed that Trim32 primarily
affected the induction by TNFa but not IL-4 or IL-17A. This suggests that the converse
regulation of CCL20 and CCL5 expression by Trim32 is mediated at least in part through
TNFa signaling. Consistent with NF-xB activation by Trim32 overexpression in our
previous studies (Albor et al. 2006), NF-xB activation was compromised in the skin of
7rim32 KO mice as indicated by reduced RelA phosphorylation and reduced expression of
NF-xB downstream gene A20 (Figure 5C). Similarly, NF-xB activation by TNFa and
IL-17A was compromised in Trim32 deficient keratinocytes (Figure 5D).
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Trim32 induction is defective in atopic dermatitis

To determine whether Trim32 deficiency is relevant to human AD, we compared TRIM32
levels in AD and psoriasis biopsy samples to healthy controls. TRIM32 levels in the non-
lesional skin from psoriasis were similar to that in the skin from control individuals.
Compared to non-lesional skin, the TRIM32 levels were significantly higher in the lesional
psoriatic epidermis; further, the TRIM32 protein levels were significantly lower in both
lesional skin and non-lesional skin from AD patients compared to that from psoriatic
epidermis and healthy skin (Figure 6A & B). This is consistent with reduced 7R/M32
MRNA expression reported in AD patients (Guttman-Yassky et al. 2009). As an innate anti-
viral protein, the expression of many TRIM proteins can be induced by viral infection and
CpG stimulation (Rajsbaum et al. 2008). Analysis of Trim32 expression in the IMQ model
revealed that Trim32 was induced by IMQ at the protein level (Figure 6C). Considering that
AD skin is under constant challenge from pathogens (Hauser et al. 1985; Park et al. 2013),
the low levels of TRIM32 in AD lesional skin suggest defective TRIM32 induction in AD.

DISCUSSION

In this study, we provide evidence to support the contribution of defective innate immunity
in AD pathogenesis with Trim32 knockout mice as a model. Trim32 belongs to a family of
proteins with members involved in innate immunity (Kawai and Akira 2010; Versteeg et al.
2014). Specifically, TRIM32 contributes to innate immunity by 1) restricting viral
replication (Uchil et al. 2008; Fu et al. 2015), 2) inhibiting viral protein activity (Fridell et al.
1995; Fatima et al. 2015), and 3) activating innate immune signaling pathways (Albor et al.
2006; Zhang et al. 2012; Uchil et al. 2013). Consistent with our previous report that TRIM32
protein is elevated in the epidermal lesions of human psoriasis and that TRIM32 can activate
keratinocyte production of CCL20 (Liu et al. 2010), we verified that 7rim32 KO mice were
deficient in mounting features of a Th17 response to TLR activation in the IMQ model of
psoriasis-like disease in mice. Interestingly, 7rim32 KO mice developed AD-like phenotypes
characterized with dermal infiltration of eosinophils and mast cells, overexpression of Th2
cytokines, and enhanced Stat6 phosphorylation. In conjunction with reduced Trim32
expression in AD, the development of AD-like phenotypes in 7rim32 KO mice provides /n
vivo evidence that defects in innate immunity contribute to Th2 polarization and AD
pathogenesis.

IMQ is a potent inducer for Th1/Th17 activation and commonly used to induce psoriasis-like
phenotypes in mice (van der Fits et al. 2009). The development of AD-like phenotypes and
enhanced Th2 activity in response to IMQ suggest that Trim32 contributes to the
determination of T helper cell response. Pathogen-associated molecular patterns (PAMPS)-
mediated innate immunity is essential for the polarization of Th1l and Th17 to combat viral
and bacterial infection. Th2 polarization is generally induced when innate immunity is
compromised as demonstrated by the evidence from MyD88 deficient mice (Schnare et al.
2001; Sun et al. 2005) and vaccination without TLR agonist (Korsholm et al. 2010). The
demonstration that 77im32 KO mice display compromised Th17 response and enhanced Th2
response in response to IMQ supports the view that PAMP-mediated innate immunity
determines the polarization of T helper cells.
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Atopic dermatitis is an inflammatory skin disease with defective innate immunity (Kuo et al.
2013). AD patients are susceptible to bacterial and viral infection. Despite the highly
inflamed nature and the presence of pathogens in AD skin, antimicrobial peptide expression
is compromised in AD (Ong et al. 2002). Furthermore, genetic polymorphisms of genes in
innate signaling pathways have been associated with AD, such as TLR2/9 and NOD1/2.
Although the role of defective innate immunity in AD is appreciated, its contribution in Th2
activation and AD pathogenesis remains to be defined. The causal role of defective innate
immunity was evaluated to date only in 7/72 KO mice (Kuo et al. 2013a) and 7/r4 KO mice
(Brandt et al. 2013) showing barrier defects but not Th2 activation and the infiltration of
eosinophils and mast cells. In the IMQ mouse model, 7rim32 KO mice displayed many AD
features including epidermal thickening, enhanced Th2 cytokine expression, infiltration of
Th2, mast cells and eosinophils, reduced filaggrin expression, and increased serum IgE level.
Thus, we provide evidence that Trim32 deficiency can result in a Th2, AD type of skin
disorder in response to TLR activation.

NF-xB activation is essential for innate immune response and T cell activation (Hatada et al.
2000). Consistent with NF-xB activation by Trim32 overexpression (Albor et al. 2006), we
showed that NF-xB activation is compromised by Trim32 deficiency (Figure 5). As NF-xB
signaling is essential for Th17 differentiation (Brustle et al. 2012; Molinero et al. 2012) ,
compromised NF-xB activation may attribute to reduced Th17 activation in 7rim32 KO
mice. Similar to 7//m32 KO mice, NF-xB inhibition in transgenic mice with constitutive
active IxBa mounted enhanced allergic inflammation with increased IL-4 expression and
serum IgE (Aronica et al. 1999) . Furthermore, Re/B KO mice developed AD like
phenotypes with increased Th2 cytokine expression and impaired viral clearance in response
to vaccinia viral infection (Freyschmidt et al. 2007) . These lines of evidence suggest that
Trim32 mediated NF-xB activation is critical in determining T helper cell differentiation in
response to innate immune activation. Coupled with the low level of TRIM32 in AD lesional
skin, these results provide a pathological basis for defective innate immunity and Th2
activation in AD patients.

In summary, our data provide /n vivo evidence that genetic manipulation of Trim32 regulates
Th17 vs Th2 immunity in response to TLR activation, supporting findings that TRIM32
protein expression is defective in AD lesional skin. Thus, we provide evidence at the
molecular level to support deficiency in innate immunity as leading to Th2 polarization and
AD pathogenesis. Future examination of the contribution of Trim32 in other genetically
modified mouse models that recapitulate features of human psoriasis or AD, using a wider
array of stimuli, will be critical in further defining the role of Trim32 in inflammatory
diseases and conditions of compromised innate immunity. Expanding knowledge of
TRIM32 regulation in skin response to pathogen promises to have clinical relevance in
diagnosis, prognosis of severity, and sub-classification of patients for clinical trials of novel
treatments for human inflammatory diseases such as atopic dermatitis and psoriasis.
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MATERIALS & METHODS

Reagents and antibodies

Reagents were purchased as follows: 5% imiquimod cream manufactured by Perrigo
(YYeruham, Israel), calcipotriol (MC903) from Cayman Chemical (Ann Arbor, Ml), sirius red
(Direct Red 80) from Sigma-Aldrich (St. Louis, MO), anti-phospho-RelA(S536), anti-
TNFAIP3 (A20), anti-GAPDH, anti-phospho-Stat3 (Y705), and anti-phospho-Stat6 (Y641)
from Cell Signaling (Danvers, MA), anti-filaggrin antibody from Santa Cruz Biotech
(Dallas, TX), anti-keratin 5 antibody from LifeSpan Biosciences (Seattle, WA), anti-GATA3
and anti-1IL23R from Abcam (Cambridge, MA), anti-CD4 from eBioscience (San Diego,
CA), and NovaUltra™ Toluidine Blue Stain from Fisher Scientific (Pittsburgh, PA). Rabbit
anti-Trim32 antibody for immunoblotting and chicken anti-Trim32 antibody for
immunostaining were generated in our laboratory (Albor et al. 2006).

Mouse skin inflammation models

Psoriasis-like disease was induced by imiquimod (IMQ) in mice as described previously
(van der Fits et al. 2009). Specifically, the back hair of WT and KO mice was removed using
an electric razor. Mice received a daily topical dose of 62.5mg IMQ per mouse or Cetaphil®
cream vehicle alone as control. Mice deficient in Trim32 and their WT littermates (provided
by Dr. Hao Ding, University of Manitoba, Canada) were mated into pure FVB genetic
background and mixed background (129XC57BL/6J) and used for the IMQ experiments.
FVB mice were used for MC903 studies as described previously (Zhang et al. 2009). Al
animals were bred under specific pathogen-free conditions and used for experiments at 8-11
weeks of age. Animals were sex-matched for experiments. All animal experiments were
conducted according to animal protocol (1S00001640) approved by OHSU.

Mouse primary keratinocyte cell culture and cytokine treatment

Primary mouse keratinocytes were isolated from the epidermis of neonatal 7rim32KO and
their WT littermates. These cells were maintained in “low calcium” medium (final
concentration of 0.03-0.05 mM Ca?*) as described (Kulesz-Martin et al. 1988; Dlugosz et
al. 1995). Once the keratinocyte culture reached 100% confluence, the keratinocytes were
treated for 24 hours with species-specific cytokines: TNFa. (20 ng/ml), IL-4 (50 ng/ml),
IL-17A (100ng/ml), purchased from Peprotech (Rocky Hill, NJ).

Human studies

The human subject research component was approved by the OHSU Institutional Review
Board (IRB, 2568). After informed consent, 4mm punch biopsies were obtained from both
psoriasis and AD patients and diagnosis was confirmed after histology was reviewed by a
dermatopathologist. The uninvolved skin biopsies were taken 2—4 cm from the affected skin.
Skin biopsies from healthy individuals with no history of psoriasis, AD, or inflammatory
disease served as controls.
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Histological analysis, mast cell, eosinophil staining, indirect immunofluorescence and
guantification

Sections (4-6 um) from mouse back skin were stained with toluidine blue for mast cells per
manufacturer’s instruction (NovaUltra™ Cat# IW-3013) or Harris hematoxylin and sirius
alkaline red for eosinophil (Llewellyn 1970) . Indirect immunofluorescence of TRIM32 in
human tissues and filaggrin in mouse tissues were performed as described (Liu et al. 2010).
For quantification of mast cells and eosinophils, four pictures of the stained skin sections
were taken for each animal using a 10x objective and 40x objective, respectively, capturing
representation of all the layers of the skin. The number of mast cells and eosinophils were
quantified using ImageJ software and averaged for each animal.

Quantitative RT-PCR

Total RNAs extracted from back skins or ears in Ambion® RNAlater solution (Fisher
Scientific, Pittsburgh PA) were converted into total cDNAs using the RNA-cDNA kit
(Applied Biosystems, Foster City, CA). The primers used are listed in Supplemental Table 1.
Quantitative PCR was set up in triplicates using Power SYBR® Green mix (Applied
Biosystems, Foster City, CA) on a real-time PCR system (ViiA™ 7 Real-Time PCR
System).

Immunoblotting analysis, Serum IgE and IL-4 detection

Skin tissues were lysed with tissue extraction buffer (100 mM Tris, Ph7.4, 150mM NacCl,
1mM EGTA, 1mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate) supplemented
with both protease inhibitor tablet and phosphatase inhibitor tablet (Roche Diagnostics,
Indianapolis, IN). Mouse serum IgE was measured using ELISA kits from eBioscience (San
Diego, CA) and mouse serum IL-4 was measured using ELISA kits from Abcam
(Cambridge, MA).

Sequential immunohistochemistry

Multiplex sequential immunohistochemistry was performed with FFPE (5um) tissue sections
as we previously reported (Gunderson et al. 2016). Primary rat or rabbit antibodies were
then serially stained for 1 hour at room temperature using rat anti-CD4 (4SM95, 1:50,
eBioscience), Goat anti-IL23R (1:100, Abcam), and rabbit anti-GATA3 (EPR16651, 1:500,
Abcam). Histofine Simple Stain MAX PO HRP conjugated polymer (Nichirei Biosciences
Inc.) was utilized for detection followed by AEC for peroxidase detection. Multiplex images
were coregistered using CellProfiler software (Broad Institute), deconvoluted using Image J,
pseudocolored, and merged in ImageScope (Aperio, Leica). High magnification images
were created with a 4x zoom from a 20x original magnification. Total positive cells were
manually counted for each cross section, and the results were normalized to total tissue area.

Statistical analysis

Data values shown are mean +/— SD. Statistical significance was determined by an unpaired
Student ftest (**) and two-way ANOVA followed by Bonferroni post-test for multiple
comparisons (*) using GraphPad Prism (La Jolla, CA). The pvalue is denoted for each
analysis and p<0.05 was considered statistically significant unless otherwise indicated.

J Invest Dermatol. Author manuscript; available in PMC 2018 February 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 9

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We acknowledge support for this work from PHS/NIH NIAMS R01AR055651, RO3AR066736, Oregon Clinical
and Translational Research Institute (OCTRI), UL1TR000128 from the National Center for Advancing
Translational Sciences (NCATS) at the NIH, and OHSU Knight Cancer Institute P30CA069533. We thank Clara
Stemwedel for her contribution in revising the manuscript, Dr. James Lee and Dr. David Jacoby for sharing the
MC903 protocol, Aurelie Snyder for imaging support, and Valentin Uzunov for technical support.

Abbreviations

AD atopic dermatitis

KO knockout

WT wild type

gPCR quantitative real time polymerase chain reaction

TRIM32 tripartite motif-containing 32

IMQ imiquimod

STAT the signal transducer and activator of transcription
CCL CC chemokine ligand

IL interleukin

Th T helper

TNF tumor necrosis factor

TSLP thymic stromal lymphopoietin

Ig immunoglobulin

OHSU Oregon Health & Science University

References

Ahmad-Nejad P, Mrabet-Dahbi S, Breuer K, Klotz M, Werfel T, Herz U, et al. The toll-like receptor 2
R753Q polymorphism defines a subgroup of patients with atopic dermatitis having severe
phenotype. J Allergy Clin Immunol. 2004 Mar; 113(3):565-7. [PubMed: 15007364]

Albor A, El-Hizawi S, Horn EJ, Laederich M, Frosk P, Wrogemann K, et al. The interaction of Piasy
with Trim32, an E3-ubiquitin ligase mutated in limb-girdle muscular dystrophy type 2H, promotes
Piasy degradation and regulates UVB-induced keratinocyte apoptosis through NFkappaB. J Biol
Chem. 2006 Sep 1; 281(35):25850-66. [PubMed: 16816390]

Aronica MA, Mora AL, Mitchell DB, Finn PW, Johnson JE, Sheller JR, et al. Preferential role for NF-
kappa B/Rel signaling in the type 1 but not type 2 T cell-dependent immune response in vivo. J
Immunol Baltim Md 1950. 1999 Nov 1; 163(9):5116-24.

J Invest Dermatol. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 10

Beck LA, Dalke S, Leiferman KM, Bickel CA, Hamilton R, Rosen H, et al. Cutaneous injection of
RANTES causes eosinophil recruitment: comparison of nonallergic and allergic human subjects. J
Immunol Baltim Md 1950. 1997 Sep 15; 159(6):2962-72.

Briistle A, Brenner D, Knobbe CB, Lang PA, Virtanen C, Hershenfield BM, et al. The NF-xB regulator
MALT1 determines the encephalitogenic potential of Th17 cells. J Clin Invest. 2012 Dec; 122(12):
4698-709. [PubMed: 23114599]

Chan LS, Robinson N, Xu L. Expression of interleukin-4 in the epidermis of transgenic mice results in
a pruritic inflammatory skin disease: an experimental animal model to study atopic dermatitis. J
Invest Dermatol. 2001 Oct; 117(4):977-83. [PubMed: 11676841]

Chiang AP, Beck JS, Yen H-J, Tayeh MK, Scheetz TE, Swiderski RE, et al. Homozygosity mapping
with SNP arrays identifies TRIM32, an E3 ubiquitin ligase, as a Bardet-Biedl syndrome gene
(BBS11. Proc Natl Acad Sci U S A. 2006 Apr 18; 103(16):6287-92. [PubMed: 16606853]

De Benedetto A, Agnihothri R, McGirt LY, Bankova LG, Beck LA. Atopic dermatitis: a disease caused
by innate immune defects. J Invest Dermatol. 2009 Jan; 129(1):14-30. [PubMed: 19078985]

Dlugosz AA, Glick AB, Tennenbaum T, Weinberg WC, Yuspa SH. Isolation and utilization of
epidermal keratinocytes for oncogene research. Methods Enzymol. 1995; 254:3-20. [PubMed:
8531694]

EArly Genetics and Lifecourse Epidemiology (EAGLE) Eczema Consortium, Australian Asthma
Genetics Consortium(AAGC), Australian Asthma Genetics Consortium AAGC. Multi-ancestry
genome-wide association study of 21,000 cases and 95,000 controls identifies new risk loci for
atopic dermatitis. Nat Genet. 2015 Dec; 47(12):1449-56. [PubMed: 26482879]

Eichenfield LF, Tom WL, Chamlin SL, Feldman SR, Hanifin JM, Simpson EL, et al. Guidelines of
care for the management of atopic dermatitis: section 1. Diagnosis and assessment of atopic
dermatitis. J Am Acad Dermatol. 2014 Feb; 70(2):338-51. [PubMed: 24290431]

Fatima M, Kumari R, Schwamborn JC, Mahadevan A, Shankar SK, Raja R, et al. Tripartite containing
motif 32 modulates proliferation of human neural precursor cells in HIV-1 neurodegeneration. Cell
Death Differ. 2015 Nov 20.

van der Fits L, Mourits S, Voerman JSA, Kant M, Boon L, Laman JD, et al. Imiquimod-induced
psoriasis-like skin inflammation in mice is mediated via the I1L-23/IL-17 axis. J Immunol Baltim
Md 1950. 2009 May 1; 182(9):5836-45.

Freyschmidt E-J, Mathias CB, MacArthur DH, Laouar A, Narasimhaswamy M, Weih F, et al. Skin
inflammation in RelB(—/-) mice leads to defective immunity and impaired clearance of vaccinia
virus. J Allergy Clin Immunol. 2007 Mar; 119(3):671-9. [PubMed: 17336617]

Fridell RA, Harding LS, Bogerd HP, Cullen BR. Identification of a Novel Human Zinc Finger Protein
That Specifically Interacts with the Activation Domain of Lentiviral Tat Proteins. Virology. 1995
Jun 1; 209(2):347-57. [PubMed: 7778269]

Fu B, Wang L, Ding H, Schwamborn JC, Li S, Dorf ME. TRIM32 Senses and Restricts Influenza A
Virus by Ubiquitination of PB1 Polymerase. PLoS Pathog. 2015 Jun.11(6):e1004960. [PubMed:
26057645]

Gessner A, Mohrs K, Mohrs M. Mast cells, basophils, and eosinophils acquire constitutive 1L-4 and
IL-13 transcripts during lineage differentiation that are sufficient for rapid cytokine production. J
Immunol Baltim Md 1950. 2005 Jan 15; 174(2):1063-72.

Gunderson AJ, Kaneda MM, Tsujikawa T, Nguyen AV, Affara NI, Ruffell B, et al. Bruton Tyrosine
Kinase-Dependent Immune Cell Cross-talk Drives Pancreas Cancer. Cancer Discov. 2016 Mar;
6(3):270-85. [PubMed: 26715645]

Guttman-Yassky E, Sudrez-Farifias M, Chiricozzi A, Nograles KE, Shemer A, Fuentes-Duculan J, et
al. Broad defects in epidermal cornification in atopic dermatitis identified through genomic
analysis. J Allergy Clin Immunol. 2009 Dec; 124(6):1235-1244. e58. [PubMed: 20004782]

Hatada EN, Krappmann D, Scheidereit C. NF-kappaB and the innate immune response. Curr Opin
Immunol. 2000 Feb; 12(1):52-8. [PubMed: 10679399]

Hau CS, Kanda N, Tada Y, Shibata S, Sato S, Watanabe S. Prolactin induces the production of Th17
and Th1 cytokines/chemokines in murine Imiquimod-induced psoriasiform skin. J Eur Acad
Dermatol Venereol JEADV. 2014 Oct; 28(10):1370-9. [PubMed: 24304413]

J Invest Dermatol. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 11

Hauser C, Wuethrich B, Matter L, Wilhelm JA, Sonnabend W, Schopfer K. Staphylococcus aureus skin
colonization in atopic dermatitis patients. Dermatologica. 1985; 170(1):35-9. [PubMed: 3972149]

Juremalm M, Olsson N, Nilsson G. Selective CCL5/RANTES-induced mast cell migration through
interactions with chemokine receptors CCR1 and CCR4. Biochem Biophys Res Commun. 2002
Sep 27; 297(3):480-5. [PubMed: 12270118]

Kawai T, Akira S. The role of pattern-recognition receptors in innate immunity: update on Toll-like
receptors. Nat Immunol. 2010 May; 11(5):373-84. [PubMed: 20404851]

Korsholm KS, Petersen RV, Agger EM, Andersen P. T-helper 1 and T-helper 2 adjuvants induce
distinct differences in the magnitude, quality and kinetics of the early inflammatory response at the
site of injection. Immunology. 2010 Jan; 129(1):75-86. [PubMed: 19824919]

Kulesz-Martin MF, Penetrante R, East CJ. Benign and malignant tumor stages in a mouse keratinocyte
line treated with 7,12-dimethylbenz[a]anthracene in vitro. Carcinogenesis. 1988 Jan.9:171-4.
[PubMed: 2446796]

Kuo I-H, Yoshida T, De Benedetto A, Beck LA. The cutaneous innate immune response in patients
with atopic dermatitis. J Allergy Clin Immunol. 2013 Feb; 131(2):266-78. [PubMed: 23374259]

Li M, Hener P, Zhang Z, Ganti KP, Metzger D, Chambon P. Induction of Thymic Stromal
Lymphopoietin Expression in Keratinocytes Is Necessary for Generating an Atopic Dermatitis
upon Application of the Active Vitamin D3 Analogue MC903 on Mouse Skin. J Invest Dermatol.
2008 Jul 24; 129(2):498-502. [PubMed: 18650845]

Li M, Hener P, Zhang Z, Kato S, Metzger D, Chambon P. Topical vitamin D3 and low-calcemic
analogs induce thymic stromal lymphopoietin in mouse keratinocytes and trigger an atopic
dermatitis. Proc Natl Acad Sci U S A. 2006 Aug 1; 103(31):11736-41. [PubMed: 16880407]

Li ZJ, Shin J-M, Choi D-K, Lim SK, Yoon T-J, Lee YH, et al. Inhibitory effect of cucurbitacin B on
imiquimod-induced skin inflammation. Biochem Biophys Res Commun. 2015 Apr 17; 459(4):
673-8. [PubMed: 25767074]

Lionel AC, Crosbie J, Barbosa N, Goodale T, Thiruvahindrapuram B, Rickaby J, et al. Rare copy
number variation discovery and cross-disorder comparisons identify risk genes for ADHD. Sci
Transl Med. 2011 Aug 10.3(95):95ra75.

Liu Y, Lagowski JP, Gao S, Raymond JH, White CR, Kulesz-Martin MF. Regulation of the psoriatic
chemokine CCL20 by E3 ligases Trim32 and Piasy in keratinocytes. J Invest Dermatol. 2010 May;
130(5):1384-90. [PubMed: 20054338]

Llewellyn BD. An improved Sirius red method for amyloid. J Med Lab Technol. 1970 Jul; 27(3):308-
9. [PubMed: 4097661]

Mack L, Brill B, Delis N, Borghouts C, Weber A, Groner B. Stat3 is activated in skin lesions by the
local application of imiquimod, a ligand of TLR7, and inhibited by the recombinant peptide
aptamer rS3-PA. Horm Mol Biol Clin Investig. 2012 Jun; 10(2):265-72.

McLeod JJA, Baker B, Ryan JJ. Mast cell production and response to IL-4 and IL-13. Cytokine. 2015
Sep; 75(1):57-61. [PubMed: 26088754]

Molinero LL, Cubre A, Mora-Solano C, Wang Y, Alegre M-L. T cell receptor/ CARMAL/NF-xB
signaling controls T-helper (Th) 17 differentiation. Proc Natl Acad Sci U S A. 2012 Nov 6;
109(45):18529-34. [PubMed: 23091043]

Nelms K, Keegan AD, Zamorano J, Ryan JJ, Paul WE. The IL-4 receptor: signaling mechanisms and
biologic functions. Annu Rev Immunol. 1999; 17:701-38. [PubMed: 10358772]

Novak N, Yu C-F, Bussmann C, Maintz L, Peng W-M, Hart J, et al. Putative association of a TLR9
promoter polymorphism with atopic eczema. Allergy. 2007 Jul; 62(7):766—72. [PubMed:
17573724]

Ong PY, Ohtake T, Brandt C, Strickland I, Boguniewicz M, Ganz T, et al. Endogenous antimicrobial
peptides and skin infections in atopic dermatitis. N Engl J Med. 2002 Oct 10; 347(15):1151-60.
[PubMed: 12374875]

O’Regan GM, Sandilands A, McLean WHI, Irvine AD. Filaggrin in atopic dermatitis. J Allergy Clin
Immunol. 2008 Oct; 122(4):689-93. [PubMed: 18774165]

Park H-Y, Kim C-R, Huh I-S, Jung M-Y, Seo E-Y, Park J-H, et al. Staphylococcus aureus Colonization
in Acute and Chronic Skin Lesions of Patients with Atopic Dermatitis. Ann Dermatol. 2013 Nov;
25(4):410-6. [PubMed: 24371386]

J Invest Dermatol. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 12

Rajsbaum R, Garcia-Sastre A, Versteeg GA. TRIMmunity: the roles of the TRIM E3-ubiquitin ligase
family in innate antiviral immunity. J Mol Biol. 2014 Mar 20; 426(6):1265-84. [PubMed:
24333484]

Rajsbaum R, Stoye JP, O’Garra A. Type | interferon-dependent and -independent expression of
tripartite motif proteins in immune cells. Eur J Immunol. 2008 Mar; 38(3):619-30. [PubMed:
18286572]

Schmitt J, Apfelbacher C, Heinrich J, Weidinger S, Romanos M. Association of atopic eczema and
attention-deficit/hyperactivity disorder - meta-analysis of epidemiologic studies. Z Fir Kinder-
Jugendpsychiatrie Psychother. 2013 Jan.41(1):35-42-44.

Schnare M, Barton GM, Holt AC, Takeda K, Akira S, Medzhitov R. Toll-like receptors control
activation of adaptive immune responses. Nat Immunol. 2001 Oct; 2(10):947-50. [PubMed:
11547333]

Shieh PB, Kudryashova E, Spencer MJ. Limb-girdle muscular dystrophy 2H and the role of TRIM32.
Handb Clin Neurol. 2011; 101:125-33. [PubMed: 21496629]

Sun J, Walsh M, Villarino AV, Cervi L, Hunter CA, Choi Y, et al. TLR ligands can activate dendritic
cells to provide a MyD88-dependent negative signal for Th2 cell development. J Immunol Baltim
Md 1950. 2005 Jan 15; 174(2):742-51.

Uchil PD, Hinz A, Siegel S, Coenen-Stass A, Pertel T, Luban J, et al. TRIM protein-mediated
regulation of inflammatory and innate immune signaling and its association with antiretroviral
activity. J Virol. 2013 Jan; 87(1):257-72. [PubMed: 23077300]

Uchil PD, Quinlan BD, Chan W-T, Luna JM, Mothes W. TRIM E3 ligases interfere with early and late
stages of the retroviral life cycle. PLoS Pathog. 2008 Feb 8.4(2):e16. [PubMed: 18248090]

Versteeg GA, Benke S, Garcia-Sastre A, Rajsbaum R. InTRIMsic immunity: Positive and negative
regulation of immune signaling by tripartite motif proteins. Cytokine Growth Factor Rev. 2014
Oct; 25(5):563-76. [PubMed: 25172371]

Weidinger S, Klopp N, Rummler L, Wagenpfeil S, Novak N, Baurecht H-J, et al. Association of NOD1
polymorphisms with atopic eczema and related phenotypes. J Allergy Clin Immunol. 2005 Jul;
116(1):177-84. [PubMed: 15990792]

Zhang J, Hu M-M, Wang Y-Y, Shu H-B. TRIM32 Protein Modulates Type I Interferon Induction and
Cellular Antiviral Response by Targeting MITA/STING Protein for K63-linked Ubiquitination. J
Biol Chem. 2012 Aug 17; 287(34):28646-55. [PubMed: 22745133]

Zhang Z, Hener P, Frossard N, Kato S, Metzger D, Li M, et al. Thymic stromal lymphopoietin
overproduced by keratinocytes in mouse skin aggravates experimental asthma. Proc Natl Acad Sci
U S A. 2009 Feb 3; 106(5):1536-41. [PubMed: 19188585]

J Invest Dermatol. Author manuscript; available in PMC 2018 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Liuetal.

Page 13

a
@
=
G
S

Figure 1. Skin morphological abnormalities induced by IMQ in WT and KO mice
(A) Representative pictures of gross appearance of back skin from WT and KO mice in

response to vehicle or IMQ treatment at day 6. (B) Representative H&E staining of tissue
sections of back skin treated with vehicle or IMQ at day 6. Scale Bar=200 um. n=3-5 per

group.
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Figure 2. IMQ treatment of Trim32 KO mice enhanced Th2 while repressing Th17 cytokine
profile

(A-F) Relative mRNA fold change for vehicle or IMQ-treated mice by gRT-PCR. Data were
normalized by GAPDH mRNA expression followed by normalization to the WT vehicle-
exposed mice (*p<0.05, two-way ANOVA followed by Bonferroni post-test, **p<0.05, an
unpaired Student ftest). (G) Western blot analysis of phospho-STAT3 (Y705) and phospho-
Stat6 (Y641) from the skin of 7rim32WT and KO mice treated with IMQ. GAPDH was
used as loading control.
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Figure 3. IMQ treatment results in lower levels of Th17 cells and elevated mast cell and
eosinophil infiltration in the Trim32 KO mice

(A) Representative images of CD4+, CD4+/IL23R+, and CD4+/GATA3+ cells in the skin of
WT and 7rim32 KO mice treated with IMQ for 6 days (n=4). (B) Quantification of the
number of CD4+/1L23R+ cells (Th17) averaged for each animal (**p<0.05, an unpaired
Student t test) (C) Quantification of the number of CD4+/GATA3+ cells (Th2) averaged for
each animal.(D) Representative images of eosinophil staining of vehicle or IMQ-treated
mice (n 4). (E) Quantification of the number of eosinophils averaged for each animal
(**p<0.05, an unpaired Student ¢test). (F) Representative images of the mast cell staining of
vehicle or IMQ-treated mice (n 4). (G) Quantification of the number of mast cells averaged
for each animal (*p<0.05, two-way ANOVA followed by Bonferroni post-test). Scale Bar=
100 pm (A) and 200 ym (D & E)
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Figure 4. Filaggrin is down-regulated in Trim32 KO mice in response to IMQ treatment
(A) Western blot analysis of filaggrin expression from the skin of 7rim32WT and KO mice

treated with IMQ for 6 days. Keratin 5 was used as loading control (n=4). (B) Representative
images of indirect immunofluorescence of filaggrin antibody reactivity in IMQ treated mice
and zoomed in images (lower panels). Scale Bar=50 um. (C) Quantification of integrated
fluorescent density of epidermal filaggrin staining. (F1JI ImageJ Software, p=0.055).
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Figure 5. Altered chemokine expression from neonatal keratinocytes derived from WT and KO
mice and compromised NF-xB activation in Trim32 KO keratinocytes

(A & B) mRNAs were isolated from primary neonatal keratinocytes following cytokine
treatment as indicated. Expression levels were determined by gPCR and normalized by
GAPDH. (*p<0.05, two-way ANOVA followed by Bonferroni post-test). Data are
representative of three independent experiments. (C) Western blot analysis of
phosphorylation of RelA and its downstream targets A20 expression from the skin of
Trim32\WT and KO mice treated with IMQ for 6 days. (D) Western blot analysis of RelA
phosphorylation and A20 expression in response to TNFa/IL-17 (T/IL) in cultured
keratinocytes. GAPDH was used as loading control.
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Figure 6. Evaluation of TRIM32 levels in skin from AD, psoriasis, and healthy individuals and

induction of Trim32 in mouse skin by TLR ligand IMQ

(A) Representative images of indirect immunofluorescence of Trim32 antibody reactivity at
20X magnification. White line defines boundary between epidermis (top) and dermis. Scale
Bar= 50 pm. (B) Quantification of integrated density of epidermal TRIM32 staining (AD

lesional (AD-L) n=15; AD non-lesional (AD-NL) n=8; psoriasis lesional (PS-L) n=7;

psoriasis non-lesional (PS-NL) n=8; control n=9). Fluorescence was quantified using FIJI

ImageJ Software. Data were normalized to control group and displayed as a log scale

(**p<0.0001, an unpaired Student #test). (C) Western blot analysis of Trim32 expression
from the skin of 7rim32WT and KO mice treated with IMQ for 6 days. Total cell lysates

were extracted from the back skin of IMQ-treated mice. GAPDH was used as loading

control.
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