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Background: Mutations in tetratricopeptide repeat domain 7A
(TTC7A) and its mouse orthologue, Ttc7, result in a
multisystemic disease, mostly affecting the epithelial barriers
and immune system. Despite successful hematopoietic stem cell
transplantation, ongoing progression of gastrointestinal
manifestations can be life-threatening in TTC7A-deficient
patients.
Objective: We sought to identify whether TTC7A mutations
dysregulate epithelial cells only or whether a cell-intrinsic defect
in lymphocytes or other cells contributes to disease
manifestations.
Methods: Ttc7-mutated (Ttc7fsn/fsn) mice were crossed to
generate double-mutant (Rag22/2Ttc7fsn/fsn) and triple-mutant
(Rag22/2IL2rg2/2Ttc7fsn/fsn) mice. These models, together with
bone marrow chimeras, were used to explore the role of
adaptive and innate lymphocytes in the flaky skin phenotype.
The effect of the Ttc7fsn/fsn mutation on stromal cells was tested
in a xenograft model in conjunction with transcriptomic
analysis of Ttc7fsn/fsn fibroblasts.
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Results: We observed that the severity of epithelial
hyperproliferation was accentuated by lymphocytes, whereas
the phenotype was not induced by transfer of Ttc7-mutated
hematopoietic cells. Furthermore, mice completely lacking the
lymphocytic compartment were not protected from epithelial
hyperproliferation. Ttc7-mutated mouse fibroblasts expressed
increased transcript levels of insulin-like growth factor 1 (Igf1)
and the antimicrobial protein regenerating islet-derived protein
3g (Reg3g). In a xenograft model Ttc7-mutated fibroblasts
markedly increased epithelial proliferation of keratinocytes.
Thus Ttc7-mutated fibroblasts were identified as potent
instigators of epithelial hyperproliferation.
Conclusion: Our results reveal a previously unsuspected
fundamental cell-extrinsic role of Ttc7. We have identified
potential candidates for molecularly targeted treatment
strategies that will need to be evaluated in future preclinical
studies. (J Allergy Clin Immunol 2018;nnn:nnn-nnn.)

Key words: Primary immunodeficiency, TTC7A mutation, fibro-
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Harmful mutations in the tetratricopeptide repeat domain 7A
(TTC7A) gene lead to a highly variable multisystem disease that
severely affects the immune system and epithelial organs, such
as the skin and gut, in particular.1-10 Even successful hematopoi-
etic stem cell transplantation (HSCT) does not slow progression
of the potentially life-threatening gastrointestinal manifestations
in this context.6,7,10 A cell-intrinsic defect in enterocytes has
been suspected based on (1) the disrupted apicobasal enterocyte
polarity observed in pathologic assessments of gut biopsy speci-
mens and (2) recapitulation of this inversion in enterocyte polarity
in patient-derived organoid cultures.8,10 The mechanisms leading
to this immunodeficiency remain largely unknown. In particular,
it is unclear whether this immunodeficiency is the result of
intrinsic T-cell defects, thymic epithelial defects, or both. Thus
the value of HSCT in patients carrying TTC7A mutations is sub-
ject to debate.

Animal models could be of value in providing a deeper
understanding of the mechanisms underlying the multisystemic
nature of this disease. TTC7A deficiency in human subjects
shares a number of features with the disease in the flaky skin (fsn)
mouse (Ttc7fsn/fsn), which bear a mutation in the murine ortho-
logue Ttc7. Patients’ immune defects range from severe com-
bined immunodeficiency to hypogammaglobulinemia and
autoimmunity. This is usually combined with epithelial organ
involvement, mainly intestinal disease, ranging from intestinal
atresia to very early-onset inflammatory bowel disease and skin
diseases developing later in life.2-4,6-12 Ttc7fsn/fsn mice present
1
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with severe hyperplastic dermatitis as the main feature of a
complex phenotype that includes a hyperproliferative immune
disorder (notably splenomegaly and peripheral lymphadenopa-
thy), forestomach papilloma, and anemia.13-20 The Ttc7fsn/fsn

mouse has been regarded as a model of human psoriasis because
of the patchy, thick, white skin scales; microscopically evident
acanthosis, orthokeratosis, and hyperkeratosis; inflammatory
dermal infiltrates; and dilated dermal capillaries.15,16,19

A comparative study of the skin in patients with TTC7Amutations
and the Ttc7fsn/fsn mouse found that the clinical, functional, and
histopathologic features were consistent with abnormal
epidermal maturation and epidermal barrier dysfunction.5

Here we analyzed the effect of Ttc7fsn/fsnmutated hematopoiet-
ic cells (particularly lymphocytes) and stromal cells on the hyper-
proliferative skin phenotype in the fsn mouse model. We found
that Ttc7fsn/fsn hematopoietic cells do not per se induce pathologic
changes when transferred to wild-type (WT) animals, whereas
Ttc7fsn/fsn lymphocytes are capable of aggravating epithelial hy-
perproliferation and inflammation in Ttc7fsn/fsn stroma. We iden-
tified nonlymphoid Ttc7fsn/fsn cells as the major source of IL-22
in these mice. Remarkably, Ttc7fsn/fsn fibroblasts induce a disor-
dered proliferation of normal human keratinocytes in dermoepi-
dermal skin cultures. Furthermore, transcriptomic analysis of
the fibroblasts unveils alterations in molecular networks required
for cell-cell interactions, including regenerating islet-derived pro-
tein 3g (Reg3g). Our results show that Ttc7 enables fibroblasts to
control epithelial proliferation and lymphocytes to decrease
inflammation. Thereby Ttc7 plays a critical role in the crosstalk
between cells from different tissues.
METHODS

Mice
BALB/cBy.A-fsn/1 (CD45.2) mice (termed Ttc7fsn/1 mice) were obtained

from the Jackson Laboratory (Bar Harbor, Me) and maintained under specific

pathogen-free conditions at the Laboratory Animal Services Center of the Uni-

versity of Zurich (Zurich, Switzerland). Ttc7fsn/fsn andWTmicewere generated

by mating heterozygous Ttc7fsn/1mice. All mice were maintained and handled

in accordance with national and institutional polices. CBy.SJL(B6)-Ptprc<a>/J

(BALB/c; CD45.1) micewere purchased from the Jackson Laboratory and used

for adoptiveHSCT (license no. 65/2014).C.129S7-Rag2<tm1Mom> (Rag22/2)

mice and BALB/c-IL2rg<tm1>B6.129S6-Rag2<tm1Fwa> (IL2rg2/2 and
Rag22/2) mice were used for the generation of homozygous double- and

triple-mutant mice.
Hematopoietic stem cell transfer
Bone marrow chimeras were generated by transplanting 5 3 106 WT

(BALB/c CD45.2) or 5 3 106 Ttc7fsn/fsn (BALB/c CD45.2) cells sampled

from whole bone marrow. Cells were injected intravenously into total body–

irradiated female host BALB/c (CD45.1) mice receiving two 400-rad doses

with a 24-hour interdose interval. Mice were allowed to reconstitute for 10

to 13 weeks.
Histopathology
Mice were killed by using CO2 asphyxiation. Tissues (spleen, axillary, and

inguinal lymph nodes and skin from the back) for histopathologic examination

were fixed in 4% paraformaldehyde and embedded in paraffin. Deparaffinized

sections were stained with either hematoxylin and eosin reagent according to

standard protocols or with anti-CD45/LCA (clone 30-F11; BD Biosciences,

San Jose, Calif), anti-CD3 (clone SP7; Diagnostic BioSystems, Pleasanton,

Calif), or anti-CD19 (clone 6OMP31; Invitrogen BV & Research Genetics,

Waltham, Mass), according to the manufacturer’s instructions, followed by

counterstaining with hematoxylin and the Bond Polymer Refine Detection

Kit (Leica Biosystems, Wetzlar, Germany). Images were acquired with a

bright-field light microscope (Zeiss Axio Observer; Zeiss, Oberkochen, Ger-

many) at a magnification of 35 to 310.
Histopathologic analysis
Acanthosis was quantified in measuring the viable epidermis thickness

(including stratum spinosum and stratumgranulosum) in 3 different visual fields

per mouse (each visual field is divided into 5 quadrants); hyperkeratosis of the

stratum corneum was quantified in skin histology by rating the severity per

mouse as follows: grade 0, 1 or 2 peeled-off corneal layers at the surface; grade 1,

2 or 3 peeled-off corneal layers; and grade 2, 4 ormore peeled-off corneal layers.

Inflammation of the dermis was quantified on skin histology by counting the

total numberof leukocytes and numberofmast cells in the dermis underneath the

basal layer. Three different images per mouse dermis (magnification340) were

captured and printed as 133 18–cm photographs for evaluation.
Cell preparation
Spleen and skin-draining lymph nodes (2 axillary, 2 brachial, and 2

inguinal) were harvested, cut into small pieces, and digested in Hank balanced

salt solution (Ca21 and Mg21) supplemented with 10% FBS, 0.2 U/mL Lib-

erase (Roche Applied Science, Mannheim, Germany), and 0.1 mg/mLDNAse

(Roche Applied Science) for 5 to 10 minutes. Afterward, the tissue fragments

were passed through a 40-mm wire mesh. Erythrocytes in splenocyte and

lymph node cell suspensions were lysed with Red Blood Cell Lysis buffer

(Sigma-Aldrich, St Louis, Mo), purified, and blocked with anti-mouse

CD16/32 (clone 93; BioLegend, San Diego, Calif) before antibody staining

for flow cytometric analyses. Cell suspensions from skin and staining for

flow cytometry were prepared according to the method of Kulig et al21 per

500 mg of skin biopsy specimen.
Flow cytometry
For surface staining, the following dyes and fluorochrome-coupled

antibodies were purchased from BioLegend (unless otherwise stated) and

used at saturating concentrations: Zombie Aqua, peridinin-chlorophyll-

protein complex–anti-CD45.1 (clone A20), allophycocyanin (APC)–anti-

CD45.1 (clone A20), Pacific Blue–anti-CD45.2 (clone 104), phycoerythrin

(PE)/Cy7–anti-CD19 (clone 6D5), Alexa Fluor 700–anti-CD3 (clone 17A2),

fluorescein isothiocyanate (FITC)–anti-CD4 (clone GK1.1; eBioscience, San

Diego, Calif), PE–anti-CD8a (clone 53-6.7; eBioscience), FITC–anti-CD11b

(clone M1/70), PE–anti-Ly6G (clone 1A8), APC-Cy7–anti-Ly6C (clone

HK1.4), Biotin–anti-Siglec-F (Miltenyi Biotec, Bergisch Gladbach,
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Germany), Alexa Fluor 700–streptavidin (Miltenyi Biotec), andAPC–anti-F4/

80 (clone BM8).Measurements were performedwith a Gallios flow cytometer

(Beckman Coulter, Fullerton, Calif), and data were analyzed with FlowJo

software (Version 10.2; GraphPad Software, La Jolla, Calif).
Cytokine measurements
Color-coded beads precoated with analyte-specific capture antibodies for

IL-4, IL-5, IL-6, IL-10, IL-17, IL-22, TNF-a, and IFN-gwere used tomeasure

serum cytokine levels with a Guava easyCyte Flow Cytometer (Merck

Millipore, Billerica, Mass).
Primary mouse fibroblast cell cultures for use in

dermoepithelial skin substitutes
Mouse skin samples were cut into small (1-cm2) pieces and digested over-

night at 48C in 12U/mLDispase (Corning, Corning, NY) to isolate fibroblasts.

Next, the dermis and epidermis were separated with forceps. The dermal

compartment was digested further with 2 mg/mL collagenase for 1 hour at

378C. Isolated fibroblasts were then seeded on tissue-culture plates and grown
in Dulbecco modified Eagle medium (DMEM; Gibco, Invitrogen, Carlsbad,

Calif) supplemented with 10% FBS, 1% HEPES, and 5 mg/mL gentamicin.
Primary human keratinocyte cell culture for use in

dermoepithelial skin substitutes
Foreskin samples were cut into small (1-cm2) pieces and digested overnight

at 48C in 12 U/mL Dispase (Corning) to isolate human keratinocytes. After-

ward, the dermis was separated from the epidermis with forceps. The

epidermal compartment of the skin was further digested in 0.5% trypsin

(Thermo Fisher, Waltham,Mass) for 2 minutes at 378C. Isolated keratinocytes
were cultured in serum-free medium (CellnTec, Bern, Switzerland) supple-

mented with 25 mg/mL bovine pituitary extract, 0.2 ng/mL epidermal growth

factor, and 5 mg/mL gentamicin.
Preparation of dermoepithelial skin substitutes

containing skin fibroblasts isolated from Ttc7fsn/fsn

and WT mice
Dermoepithelial skin substitutes (DESSs) were prepared by using 3 mL of

bovine collagen type I (5 mg/mL; Symatese Biomateriaux, Chaponost,

France) mixed with 2 3 105 mouse fibroblasts isolated from Ttc7fsn/fsn

(Ttc7fsn/fsn DESSs) or WT skin (WT DESSs) and cultured in 6-well cell-

culture inserts (pore size, 3.0 mm; BD Biosciences). The prepared dermal

equivalents were cultured in DMEM (Thermo Fisher) supplemented with

10% FBS, 1% HEPES, and 5 mg/mL gentamicin for 7 days after seeding of

7 3 105 keratinocytes isolated from human foreskin. DESSs were cultured

for 5 additional days and subsequently transplanted into athymic nude rats

(Foxn1rnu/rnu; Charles River Laboratories, Wilmington, Mass).
DESS transplantation
Athymic nude female rats aged 8 to 10 weeks (Harlan Laboratories,

Indianapolis, Ind) were prepared and anesthetized, as previously described.22

DESSs were transplanted into full-thickness skin wounds created surgically

on the animal’s back. Protection fromwound closurewas provided by suturing

steel surgical rings (diameter, 26 mm) to the skin defects with nonabsorbable

polyester sutures (Ethibond; Ethicon, Somerville, NJ). DESSs were covered

with silicon foil (Silon-SES; Bio Med Sciences, Allentown, Pa), a polyure-

thane sponge (Ligasano; Ligamed, Haiming €Otztal-Bahnhof Austria), a

bandage (Sincohaft; Theo Frey AG, Bern, Switzerland), and tape as a wound

dressing. Photographs were taken weekly when the wound dressing was

changed. Three weeks after transplantation, the DESSs were excised and pro-

cessed for cryosection analysis.
Immunofluorescence staining of transplanted

DESSs
Twelve-micrometer cryosections were fixed with 1:1 acetone/methanol for

5 minutes at2208C, air-dried, washed 3 times in PBS, blocked in 2% BSA in

PBS solution for 30 minutes, and incubated overnight at 48C with diluted

primary antibodies. Thereafter, slides were washed 3 times in PBS, blocked

for an additional 15 minutes, and incubated with an appropriate secondary

antibody for 45minutes at room temperature. Lastly, the slides were incubated

for 5 minutes in PBS containing 1 mg/mL Hoechst reagent (Sigma-Aldrich, St

Louis, Mo), washed once with PBS, mounted with mounting medium (Dako,

Baar, Switzerland), and covered with coverslips. Immunofluorescence

pictures were taken with a DXM1200F digital camera connected to a Nikon

Eclipse TE2000-U inverted microscope (Nikon, Tokyo, Japan) equipped with

Hoechst 33342, FITC, and tetramethylrhodamine isothiocyanate filter sets

(Nikon ACT-1 software, version 2.70; Nikon AG). Images were processed

with Photoshop software (version 10.0; Adobe Systems, San Jose, Calif). The

following primary antibodies were used: anti-loricrin (polyclonal, 1:200;

Abcam, Cambridge, United Kingdom), Alexa Fluor 4882anti-E-cadherin

(clone 67A4; BD PharMingen), and anti-Ki67 (clone SP6, Abcam).

Quantification of cells proliferating in DESSs in vivo
Transplanted skin grafts were stained with an anti2Ki-67 antibody (clone

SP6; Abcam). Numbers of Ki-671 cells in the basal cell layer were quantified

in 3 separate areas of 2 representative sections from each DESS.
Quantification of proliferating A375 cells
WTand Ttc7fsn/fsn fibroblast were seeded at 13 105 cells/mL and cultured

for 4 days in DMEM 10%–FBS. Supernatant was collected, filtered sterile

through 0.2-mm PES filters, and added to cultures of A375 cells (human mel-

anoma skin epithelial cell line) at a 1:1 ratio with DMEM 10%–FBS. After

48 hours, proliferation was measured with alamarBlue (Thermo Fisher), ac-

cording to the manufacturer’s protocol.
Isolation of RNA from primary fibroblast cultures

from Ttc7fsn/fsn and WT mice
RNA was isolated from primary mouse fibroblast cultures from WT and

Ttc7fsn/fsnmice. Fibroblasts were lysed and stored in TRIzol Reagent (Thermo

Fisher), and total RNAwas isolated with a PureLink RNA Mini kit (Thermo

Fisher), according to the manufacturer’s instructions.
Next-generation sequencing of RNA from mouse

fibroblasts from Ttc7fsn/fsn and WT mice
Next-generation sequencing (NGS) of purified total RNA isolated from

fibroblasts from WT and Ttc7fsn/fsn mice was performed by the Functional

Genomic Center Zurich (ETH Zurich and University of Zurich, Zurich,

Switzerland). The TruSeq stranded mRNA Sample Prep Kit (Illumina, San

Diego, Calif) was used with a starting amount of 500 ng of total RNA per sam-

ple. Libraries were sequenced onHiSeq 4000 in single-readmode at 13 125 bp,

and NGS reads were quality checked with FastQC (http://www.bioinformatics.

babraham.ac.uk/projects/fastqc/). Reads were trimmed with Trimmomatic

(version 0.33; 4 bases hard trimming from the start and adapter trimming at

the end). We aligned the trimmed reads to the reference genome and transcrip-

tome (FASTA and GTF files, respectively; Ensembl GRCm38) with STAR

version 2.5.1b software. Gene expression was quantified with RSEM (version

1.2.22). To detect differentially expressed genes, we applied the count-based

negative binomial model implemented in the R/Bioconductor package edgeR

(R version 3.3.2, edgeR version 3.16.5), in which the normalization factor

was calculated by using the trimmed mean ofM values method.21 The unsuper-

vised hierarchical cluster analysis of RNA sequencing data is based on normal-

ized counts after log transformation with an offset of 10 counts added. The 2500

genes with the biggest variance across all samples were used.

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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Statistics
Differences between 2 groups or 2 data sets were evaluated by using an

unpaired 2-tailed Student t test or a Mann-Whitney test. Data are provided as

means6 SEMs or means6 SDs. Correlation between 2 parameters was esti-

mated by calculating the Pearson r value. All statistical analyses were per-

formedwith Prism 6 software (Version 6; GraphPad Software, La Jolla, Calif).
Data availability
Sequence data that support the findings of this study have been deposited in

the European Nucleotide Archive with the primary accession ID

PRJEB21496. The authors declare that all other data supporting the results

of this study are available on request.
Study approval
Human keratinocytes were isolated from foreskin samples from children 1

to 16 years old. This part of the study was performed in accordance with the

tenets of the Declaration of Helsinki and with permission by the Ethic

Commission of the Canton Zurich. Informed consent for skin sampling was

given by parents, patients, or both. In vivo animal experiments were approved

by the veterinary office of the Canton of Zurich (approval nos. ZH65/2014 for

mouse experiments and ZH090/15 for rat experiments).
RESULTS

Ttc7fsn/fsn mice present with hyperplastic

dermatitis, lymphadenopathy of skin-draining

lymph nodes, and TH2 cytokinemia
Given that the skin of Ttc7fsn/fsn mice appears normal at birth

and becomes hyperplastic only over the course of the first weeks
of life, we were interested in investigating which cell types sup-
port Ttc7fsn/fsn keratinocytes in causing development of hyper-
plastic dermatitis. Therefore we analyzed skin-infiltrating
leukocytes just before and during emergence of hyperplastic
dermatitis. Ruffled fur and thick white scales are visible in
Ttc7fsn/fsn mice from a postnatal age of 6 to 8 weeks onward. His-
tologic analysis of sections of these lesions revealed acanthosis
(thickening of the viable epidermis), hyperkeratosis, and infiltra-
tion of the dermis by leukocytes (Fig 1, A). Skin thickness, hyper-
keratosis severity, and inflammatory cell counts were
significantly more severe in Ttc7fsn/fsn mice than in control WT
mice (Fig 1, B-E). In particular, and consistent with previous ob-
servations in Ttc7fsn/fsn mouse skin, we noted increased numbers
of mast cells, although we found that this difference only became
evident beyond 10 weeks of age.

When comparing 4-week-old mice with 10-week-old mice, the
difference in dermal infiltration between Ttc7fsn/fsn and WT mice
was more pronounced than the difference in the severity of acan-
thosis and hyperkeratosis. Increased numbers of leukocytes
(CD451 cells) within the skin of 4-week-old Ttc7fsn/fsn mice
were also detectable by using flow cytometry (Fig 1, F). CD41

T lymphocytes were identified as the major population contrib-
uting to this increase by using flow cytometric analysis of skin
from 4-week-old and histopathologic analysis of skin from 10-
week-old Ttc7fsn/fsn mice (Fig 1, F, and see Fig E1 in this article’s
Online Repository at www.jacionline.org). No differences in
myeloid cell counts were noted at this early stage.

Ttc7fsn/fsn mice present with massively enlarged skin-draining
lymph nodes (brachial, axillary, and inguinal lymph nodes; Fig
1,G).17 In histopathologic analysis we observed that (1) follicular
areas were smaller in Ttc7fsn/fsn mice than in WT mice and (2) the
cortex and paracortical area were markedly enlarged (Fig 1, H).
When comparing 4-week-old mice with 10-week-old mice, an in-
crease in lymph node weight was observed as the mice aged (Fig
1, I). Cell counts of the various leukocyte subpopulations were
found to be increased in Ttc7fsn/fsn lymph nodes relative to WT
control values (Fig 1, J-L).

To assess whether skin infiltrates would be accompanied by
systemic inflammation, we measured serum cytokine levels.
Consistent with previous reports,17 serum levels of IL-4 and IL-5
were significantly greater in Ttc7fsn/fsnmice than inWT littermates
(Fig 1,M). IL-6 and IL-10 were also present at higher levels than in
WTmice, whereas IFN-g and TNF-a levels were less than the cor-
responding assay’s limit ofdetection (Fig1,M, anddatanot shown).
Thus the hyperplastic dermatitis seen in Ttc7fsn/fsn mice develops
with age, consists of a mixed leukocytic infiltrate with predomi-
nance of CD41 T lymphocytes and mast cells, and is accompanied
by local lymphadenopathy and a TH2 cytokine pattern.
Nonlymphoid cells are critical for the development

of flaky skin disease, whereas lymphocytes

aggravate the phenotype
To further analyze the influence of lymphocytes on the

progression of hyperplastic skin disease in fsn mice, we analyzed
the skin phenotypes of single mutants (Ttc7fsn/fsn), double mutants
(Rag22/2Ttc7fsn/fsn), and triple mutants (Rag22/2IL2rg2/2

Ttc7fsn/fsn). The double mutant lacks lymphocytes from the adap-
tive immune system, whereas the triple mutant lacks lymphocytes
from both the adaptive and innate immune systems. All 3 mutant
mouse strains had ruffled fur and white scaly skin (see Fig E2 in
this article’s Online Repository at www.jacionline.org). This indi-
cates that Ttc7 in nonlymphoid cells plays an important role in
regulating skin homeostasis. Consistently, histologic analysis re-
vealed acanthosis, hyperkeratosis, and infiltration of the dermis
by leukocytes in all 3 mutant mouse strains (Fig 2, A). Histologic
examination revealed significant increases in skin thickness,
severity of hyperkeratosis, and inflammatory cell counts
(including the mast cell counts) in the 3 mutant strains (Fig 2,
B-E) when compared with that seen in control WT mice (Fig 1,
B-E). Also, the number of mast cells in the dermis of 10-week-
old WT mice (n 5 1.8 6 0.45; Fig 1, E) was significantly lower
than in the dermis of single-mutant (n 5 9 6 2.24, P < .01; Fig
1, E), double-mutant (n 5 5.6 6 2.41, P < .01; Fig 2, E), and
triple-mutant (n 5 4 6 0.71, P < .01; Fig 2, E) mice. However,
notably, all these changes were less severe in double- and
triple-mutant mice than in single-mutant mice other than hyper-
keratosis (compared with Fig 1, B-E), suggesting that Ttc7fsn/fsn

lymphocytes are involved in aggravating the skin phenotype. As
expected, the skin-draining lymph nodes were smaller in double-
and triple-mutant strains than in single-mutant (Ttc7fsn/fsn) mice
but were still markedly larger than in the original Rag22/2 and
Rag22/2IL2rg2/2 strains (in which the lymph nodes could not
be seen macroscopically). In double- and triple-mutant mice the
skin-draining lymph nodes were filled with nucleated cells that
stained positive for CD45 (Fig 2, F). Eosinophilic and neutro-
philic granulocyte, monocyte, and macrophage cell counts were
lower in double- and triple-mutant mice when compared with
single-mutant mice (Fig 1, K and L, and Fig 2, G). In double-
mutant mice eosinophil andmonocyte counts were increased rela-
tive toWT control values, and in contrast to the high proportion of
CD11blow macrophages seen in single-mutant mice, lymph nodes

http://www.jacionline.org
http://www.jacionline.org


A

M

F

H

E

N
o.

 o
f M

as
tC

el
ls

0
2
4
6
8

10
12
14

4 weeks 10 weeks

***
***

ns

I
LN

 (m
g )

0

50

100

150

4 weeks 10 weeks

***

***
**

Ttc7fsn/fsnWT

mc
1

WT Ttc7fsn/fsn

4 weeks 10 weeks

WT Ttc7fsn/fsn

N
o.

 o
f L

eu
ko

cy
te

s

0
50

100
150
200
250
300

4 weeks 10 weeks

***
***

***

B

G

DC

Vi
ab

le
Ep

id
er

m
is

 (m
m

)

Ttc7fsn/fsnWT

4 weeks 10 weeks

**
***

0
1
2
3
4
5

***

H
yp

er
ke

ra
to

si
s 

(G
ra

de
)

0

1

2

3

4 weeks 10 weeks

ns

*** ***

J
B cells

(CD45+ CD19+)

N
o.

 o
fC

el
ls

 / 
LN

 (x
10

6 )

0

10

20

30

40

50
***

W
T

Ttc
7f
sn
/fs
n

T cells
(CD45+ CD3+)

0

5

10

15 ***

W
T

Ttc
7f
sn
/fs
n

CD4+ T cells
(CD45+ CD3+)

0

5

10

15

20 ***

W
T

Ttc
7f
sn
/fs
n

CD8+ T cells
(CD45+ CD3+)

0

2

4

6

8

10 ***

W
T

Ttc
7f
sn
/fs
n

LK
Eosinophils

(CD11b+ Siglec-F+ SS-Hhi)

N
o.

 o
fC

el
ls

/L
N

 (x
10

3 )

0
10
20

250
500
750

1000
***

W
T

Ttc
7f
sn
/fs
n

Neutrophils
(CD11b+Ly6G+)

0

   5

    10 
30

90
150 ***

W
T

Ttc
7f
sn
/fs
n

C

N
o.

 o
fC

el
ls

/L
N

 (x
10

4 )

Macrophages
(CD11blow F4/80+)

W
T

Ttc
7f
sn
/fs
n

0

20

40
200

600

1000 ***

Ttc
7f
sn
/fs
n

Macrophages
(CD11bhi F4/80+)

0

10

20

200

600
400

***

W
T

Ttc
7f
sn
/fs
n

Monocytes
(CD11b+ Ly6C+)

C
M

0

20

40
100
200
300
400 ***

W
T

Ttc
7f
sn
/fs
n W

T

Ttc
7f
sn
/fs
n
W
T

Ttc
7f
sn
/fs
n

W
T

Ttc
7f
sn
/fs
n
W
T

Ttc
7f
sn
/fs
n

W
T

Ttc
7f
sn
/fs
n
W
T

Ttc
7f
sn
/fs
n

W
T

Ttc
7f
sn
/fs
n
W
T

Ttc
7f
sn
/fs
n

Age (weeks): 4 104 10 4 104 10 4 104 10 4 104 10

IL-4 IL-5 IL-6 IL-10

** *
**

ns

**
******

**

**
***ns

pg
/m

l

101

102

103

100

WT Ttc7fsn/fsn

CD45
+

CD3+
CD4+ γδ

+
Vγ4

+

nsnsns

nsns

ns

ns

**

CD11
b+ DC Mφ Mc

GR

0

2

4

8
N

o.
 o

f C
el

ls
 (x

10
4 )

6
*

**

HE CD3 CD19

WT

F

C

F

C

F

C

F
C

F
C

F
C

Ttc7fsn/fsn

FIG 1. Fsn mice have hyperplastic dermatitis with lymphadenopathy of skin-draining lymph nodes and TH2

cytokinemia. A, Acanthosis in 10-week-old Ttc7fsn/fsn mice, which was visible as thickening of the viable

epidermis (arrowheads) and ablation of keratin scales (arrows). Scale bar5 500 mm. Hematoxylin and eosin

staining: magnification310. B, Acanthosis quantification: 15 measurements per mouse. C-E, Severity of hy-

perkeratosis per mouse (Fig 1, C) and dermal inflammation quantified by leukocyte (Fig 1, D) and mast cell

(Fig 1, E) counts. F, Flow cytometric analysis of skin from 4-week-old mice. WT mice, Gray; Ttc7fsn/fsn mice,

orange. Each data point represents an individual mouse (n 5 3). DC, Dendritic cells; GR, granulocytes; MF,

monocytes;MC, mast cells.G, Representative photographs of axillary lymph nodes from 4- and 10-week-old

female WT and Ttc7fsn/fsn mice. H, Axillary lymph node stained with hematoxylin and eosin (HE). Magnifi-

cation 35. Scale bars 5 100 mm. I, Average weight of axillary lymph node from WT and Ttc7fsn/fsn mice

(n5 5mice). LN, Lymphoid nodule. J-L,Analysis ofWT and Ttc7fsn/fsn lymph nodes by using flow cytometry.

Average numbers of cells per lymph node are shown. M, Serum levels of IL-4, IL-5, IL-6, and IL-10. Fig 1, J,

Bar plots indicate means6 SEMs (n5 8 mice). Fig 1, B-F, I, and K-M, Bar plots indicate means6 SDs. Fig 1,

K-M, n 5 8 mice. *P < .05, **P < .01, and ***P < .001. ns, not significant.
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of double-mutant mice showed markedly increased levels of
CD11bhi macrophages when compared with WT control mice.
Ttc7fsn/fsn mice present with IL-22 cytokinemia and

IL-221 mast cells
We next investigated whether nonlymphoid Ttc7fsn/fsn cells

were sufficient to promote a systemic increase in levels of proin-
flammatory cytokines during skin inflammation. As depicted in
Fig 2, H, we observed increased serum levels of IL-17 and IL-
22 in Ttc7fsn/fsn mice when compared with levels in WT
littermates. IL-17 serum cytokine levels were significantly lower
in double-mutant mice when compared with those in single-
mutant mice and were not detected in triple-mutant mice,
revealing that flaky skin can develop in the absence of systemic
IL-17. IL-1b, IL-23, and TGF-a levels were less than the limit of
detection in serum samples from single-, double-, and triple-
mutant mice and corresponding WT mice. IL-4, IL-5, IL-6, IL-
10, IFN-g, and TNF-a levels were less than the corresponding
assay’s limit of detection in double and triple mutants (data
not shown). Remarkably, increased serum IL-22 levels were
observed in all 3 Ttc7fsn/fsn mutants, even in the double
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FIG 2. Flaky skin phenotype and IL-22 hypercytokinemia develop independently of lymphocytes in

Ttc7fsn/fsn mice, whereas the presence of Ttc7fsn/fsn lymphocytes aggravates hyperkeratosis and dermal

inflammation.A,Skin sections of femalemice aged 10weeks showing acanthosis (arrowheads) and ablation

of keratin scales (black arrows).Scale bar5 500mm.Hematoxylin and eosin staining:magnification310.B-E,

Acanthosis (Fig 2,B), hyperkeratosis (Fig 2,C), total number of leukocytes in the dermis (Fig 2,D), andnumber

ofmast cells in thedermis (Fig2,E) ofRag22/2Ttc7fsn/fsnandRag22/2IL2rg2/2Ttc7fsn/fsnmice.F,Axillary lymph

node sections stained with hematoxylin and eosin reagent above and with anti-CD45 below (magnification

35). Scale bars 5 100 mm. G, Leukocytes isolated from peripheral lymph nodes were pooled separately

from each mouse and analyzed by using flow cytometry. H, Serum levels of IL-17 and IL-22 measured in

sex-matched WT, Ttc7fsn/fsn, Rag22/2, Rag22/2Ttc7fsn/fsn, Rag22/2IL2rg2/2, and Rag22/2IL2rg2/2Ttc7fsn/fsn

mice. I, Skin sections of female mice aged 10 weeks stained for IL-22–expressing cells. Scale bar 5 500 mm.

Magnification 310, inset magnification 350. Fig 2, G and H, Bar plots indicate means 6 SDs (n 5 8 mice).

Fig 2, B-E, G, and H, The genotype of each mouse is shown below the graph. FSN, Ttc7fsn/fsn; KO, knockout.

Statistical significance was evaluated by using the unpaired 2-tailed Student t test: *P < .05, **P < .01, and

***P < .001. ns, Not significant.
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FIG 3. The flaky skin phenotype is not transferred by HSCT. A, Skin sections of female chimeras analyzed 10

to 13 weeks after HSCT. Scale bar5 500 mm. Hematoxylin and eosin staining: magnification310. B-E, Acan-

thosis (Fig 3, B), hyperkeratosis (Fig 3, C), total number of leukocytes in the dermis (Fig 3, D), and number of

mast cells in the dermis (Fig 3, E) in skin histology of chimera mice were quantified. The same data pre-

sented in Fig 1 for WT and Ttc7fsn/fsn mice are shown here for clarity. F, Histologic analysis of an axillary

lymph nodes. Scale bars 5 100 mm. F, Follicle; C, cortex. Hematoxylin and eosin staining: magnification

35. G, Average cell number of cells per peripheral lymph node. H-J, Flow cytometry of skin-draining lymph

nodes. K, Serum levels of IL-4, IL-5, IL-10, IL-17, and IL-22 measured in sex-matched mice 10 to 13 weeks

after HSCT. Bar plots indicate means 6 SDs (n 5 7 mice). Fig 3, B-E and G-K, The genotype of acceptor

(host) and donor mice is shown below the graph. FSN, Ttc7fsn/fsn. Fig 3, H, Bar plots indicate

means6 SEMs. Fig 3, I and J, Bar plots indicate means6 SDs. Statistical significance was evaluated by us-

ing an unpaired, 2-tailed Student t test: *P < .05, **P < .01, and ***P < .001. ns, Not significant.
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FIG 4. Ttc7fsn/fsn fibroblasts induce hyperproliferation of human keratinocytes in tissue-engineered skin. A,

Schematic structure of the in vitro culture system of DESSs. B, DESSs were cultured in vitro with human

keratinocytes and fibroblasts from WT (WT DESS) or Ttc7fsn/fsn (Ttc7fsn/fsn DESS) mice and subsequently

transplanted onto full-thickness skin wounds of athymic nude rats. On day 21 after transplantation onto

athymic nude rats, sections from Ttc7fsn/fsn and WT DESSs were stained with antibodies against loricrin

(red) and E-cadherin (green) for immunohistochemistry; white arrows indicate thickness of the epidermis.

C,On day 21 after transplantation onto athymic nude rats, sections from Ttc7fsn/fsn andWT DESSs were also

stained with antibodies against Ki-67 (green) for immunohistochemistry;white dotted lines indicate the der-

moepidermal junction. D, Ki-671 cells in the basal cell layer of WT and Ttc7fsn/fsn DESSs were quantified.

Scale bar5 100 mm. E, Proliferation of A375 cells (humanmelanoma skin epithelial cell line) when incubated

with supernatants derived from either cultures of Ttc7fsn/fsn or WT fibroblasts. Proliferation is shown as per-

centage reduction of alamarBlue reagent after 48 hours of culture. Statistical significance was evaluated by

using an unpaired, 2-tailed Student t test: ***P < .001.
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(Rag22/2Ttc7fsn/fsn) and triple (Rag22/2IL2rg2/2Ttc7fsn/fsn)
mutants, relative to corresponding control values (Fig 2, H).
The highest IL-22 serum levels were measured in triple-mutant
mice.

Immunohistochemistry of skin samples from double- and
triple-mutant mice was performed to determine the source of
IL-22 (Fig 2, I). Mast cells clearly stained positive for IL-22.
Although other potential IL-22 producers (eg, fibroblasts)
stained negative, we could not definitively rule out the presence
of IL-22–producing neutrophils. Thus T cells, B cells, natural
killer cells, and other innate lymphoid cells are not essential in
driving the hyperplastic dermatitis seen in Ttc7fsn/fsn mice. In
this murine model IL-22 is not secreted by stromal cells but by
leukocytes, such as mast cells.
HSCT does not transfer the flaky skin phenotype
We have identified Ttc7fsn/fsn leukocytes as the source of high

levels of IL-22. Therefore the skin phenotype of WT mice
having received bone marrow transplants from Ttc7fsn/fsn mice
(Ttc7fsn/fsn >WT chimeras) was analyzed to test whether hemato-
poietic cells alone are capable of causing hyperplastic dermatitis.
The skin of these mice did not display any macroscopic lesions
(data not shown). Acanthosis, hyperkeratosis, and inflammatory
infiltrates were absent (Fig 3, A-E), even though the mean level
of chimerism 84 days after bone marrow transfer was 67.5%
(range, 40% to 95%). We observed that HSCT from Ttc7fsn/fsn

to WT mice was not associated with modification of the axillary
lymph node architecture or an enlargement of the skin-draining
lymph nodes (Fig 3, F and G). Ttc7fsn/fsn > WT chimeras and
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FIG 5. Ttc7 modulates the fibroblast transcriptome. A, Scatterplot showing differentially expressed genes

(red) in Ttc7fsn/fsn versus WT fibroblasts on an exponential scale measured by using RNA sequencing and

a false discovery rate P value of .01 or less (n 5 3). B, Bar chart showing enriched GO categories based

on the biological process of the top 1000 differentially expressed genes presented on a P value (2log10)

scale. For simplicity, GO terms were clustered by using Revigo.24 C, Detailed breakdown of the chemotaxis

GO term cluster generated with Revigo presented on a P value (2log10) scale. Within this cluster, genes

associated with the GO term ‘‘positive regulation of keratinocyte migration’’ according to the GO terms

available at the mouse genome informatics25 were analyzed further (see Fig E3). D and E, Dot plots showing

the expression level (fragments per kilobase of transcript per millionmapped reads [FPKM]) of Reg3g (Fig 5,

D) and Igf1 (Fig 5, E) genes in fibroblasts from WT (black) and Ttc7fsn/fsn mice (red) measured by using RNA

sequencing. F, Top 4 metabolic pathways derived from analysis of RNA sequencing data using MetaCore

(Clarivate Analytics, Philadelphia, Pa).G, Top 3 transcription factors predicted by using the transcription fac-

tor protein-protein interactions (PPIs) in Enrichr27 to control expression of the 1000 differentially expressed

genes.
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control chimeras had the same numbers of B cells, total T cells,
CD41 T cells, and CD81 T cells in the lymph nodes (Fig 3, H).
Also, the number of eosinophilic and neutrophilic granulocytes,
monocytes, and macrophages did not differ significantly between
Ttc7fsn/fsn > WT and control chimeras (Fig 3, I and J). Further-
more, serum levels of IL-4, IL-5, IL-10, IL-17, IL-22, IFN-g,
and TNF-a did not differ from control chimeras (Fig 3, K, and
not shown). These results indicate that the hematopoietic system
is not critical for inducing flaky skin disease.
Ttc7fsn/fsn fibroblasts drive keratinocyte

hyperproliferation
The fact that skin dysfunction in the Ttc7fsn/fsn mouse is not

initiated by the hematopoietic system is suggestive of a skin-
endemic defect. To test whether the skin compartment alone
drives the phenotype, we made use of an in vitro coculture system
of stromal and epithelial skin cells. Tissue-engineered DESSs
(based on collagen type I hydrogels; Fig 4, A) were populated
with either WT or Ttc7fsn/fsn fibroblasts and seeded with human
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keratinocytes. DESSs were then transplanted onto full-thickness
skin wounds of athymic nude rats. A hydrophobic, opaque stra-
tum corneum was visible 3 weeks after transplantation of the
DESSs. Analysis of the architecture of the skin on DESSs re-
vealed that the epidermis on DESSs produced with Ttc7fsn/fsn fi-
broblasts was markedly thicker than those produced with the
WT counterpart (Fig 4, B). Immunofluorescence staining was
used to detect loricrin (amajor component of the cornified cell en-
velope) and E-cadherin (a transmembrane protein with important
functions in morphogenesis and cell migration). Cell layers coex-
pressing loricrin and E-cadherin were considerably thicker in
Ttc7fsn/fsn DESSs than in WT DESSs. Despite this difference,
the distributions of loricrin and E-cadherin were similar in
Ttc7fsn/fsn and WT DESSs. In both cases loricrin was most prom-
inently expressed in the granular layer of the epidermis in termi-
nally differentiated keratinocytes, and E-cadherin was most
prominently expressed in the viable epidermis (as is observed in
healthy skin in vivo). Remarkably, the proliferation marker Ki-
67 was expressed in both dermal and epithelial layers in Ttc7fsn/
fsnDESSs (Fig 4,C); this contrastedwith its restriction to the basal
layers in WT DESSs. Moreover, human epidermal cells in the
basal layer of Ttc7fsn/fsn DESSs proliferated more than the equiv-
alent cells in WT DESSs (Fig 4, D). Accordingly, the Ki-671 cell
count within the skin’s basal layer was greater in Ttc7fsn/fsn mice
than in WTmice (see Fig E3 in this article’s Online Repository at
www.jacionline.org). Supernatants isolated from Ttc7fsn/fsn fibro-
blast cultures were also able to induce twice as much proliferation
of A375 (a human melanoma skin epithelial cell line; Fig 4, E)
and HEK293 (a human embryonic kidney cell line, data not
shown) cells when compared with supernatants from WT fibro-
blast cultures. Thus Ttc7fsn/fsn fibroblasts were identified as key
players in hyperproliferation of different cell types originating
from the ectodermal layer.
Ttc7fsn/fsn fibroblasts show altered expression of

signal transducer and activator of transcription

3–regulated genes accompanied by defective

expression of phospholipid synthetizing genes and

enhanced transcription of Reg3g and insulin-like

growth factor 1 (Igf1)
Ttc7fsn/fsn fibroblasts were able to induce human melanoma

A375 and human kidney HEK293 cell hyperproliferation, sug-
gesting that mutations in Ttc7 alter the expression of regulatory
molecules in fibroblasts. Therefore NGSwas used to analyze and
compare the transcriptomes of Ttc7fsn/fsn and WT fibroblasts.
This method revealed that expression of more than 1000 genes
was significantly altered in Ttc7fsn/fsn fibroblasts. Within these,
there were more upregulated genes than downregulated genes
(false discovery rate, 0.5; log fold change, >1; Fig 5, A). Cluster
andMetaCore analyses of the top 10% of differentially regulated
genes revealed a high degree of variance between Ttc7fsn/fsn and
WT fibroblasts (see Fig E4 in this article’s Online Repository at
www.jacionline.org). Manual targeted analysis of transcript
levels of genes known to be important in patients with psoriasis
(such as Toll-like receptor [TLR] 1, TLR2, TLR4, TLR5, TLR7,
TLR8, and TLR9)23 showed no significant differences (data not
shown). Gene Ontology (GO) classification of the genes with
significantly altered expression by using Revigo24 identified
genes associated with cell adhesion as being the largest
differentially regulated cluster in Ttc7fsn/fsn fibroblasts (Fig 5,
B).24 Significantly increased expression of genes involved in
cell adhesion and signal transduction processes was also identi-
fied together with a significant increase in the expression of
genes involved in angiogenesis, fatty acid metabolism, and im-
mune system processes. Within the clusters created by using Re-
vigo, the chemotaxis cluster was found to include expression of
genes involved in wound healing, spreading of epidermal cells,
and positive regulation of keratinocyte migration (Fig 5,
C).25 Particular attention was dedicated to this cluster because
these GO terms encompass hyperproliferation of keratinocytes.
Annotation of genes associated with the GO term ‘‘positive regu-
lation of keratinocyte migration’’ (see Fig E5 in this article’s On-
line Repository at www.jacionline.org) revealed that Reg3g
expression was upregulated (Fig 5, D). This gene has been pre-
viously associated with hyperproliferation of keratinocytes in
patients with psoriasis.26 When screening for other factors that
might drive keratinocyte proliferation, we found a partial in-
crease in expression of Igf1 (Fig 5, E). Igf1 is also known to
induce keratinocyte proliferation. Expression of other growth
factors (including fibroblast growth factors 3, 7, and 10;
epidermal growth factors; and others) was downregulated (data
not shown).

To analyze the secretion of Igf1 and Reg3g, their protein levels
were measured in supernatants of Ttc7fsn/fsn and WT fibroblast
cultures (see Fig E6, A, in this article’s Online Repository at
www.jacionline.org). Igf1 levels were significantly greater in su-
pernatants of fibroblasts isolated from Ttc7fsn/fsn mice relative to
their WT counterparts. Although Reg3g levels were less than
the corresponding assay’s limit of detection in the supernatants
of fibroblasts from both mouse strains (data not shown), we
observed greater, although not significantly increased, plasma
levels in Ttc7fsn/fsn mice than in their WT counterparts (see Fig
E6, B).

By performing a MetaCore analysis for metabolic networks
altered in Ttc7fsn/fsn fibroblasts compared with their WT counter-
parts, we found that expression of genes involved in several phos-
pholipid metabolism pathways was significantly altered. The
most affected metabolic pathway was the phosphatidylinositol-
3,4,5-triphosphate synthesis pathway (Fig 5, F).

We next analyzed which transcription factor could be
responsible for the transcriptional signature seen in Ttc7fsn/fsn

fibroblasts. Feeding of transcriptomic data into Enrichr27 re-
vealed that a vast majority of genes with altered expression
in Ttc7fsn/fsn fibroblasts are controlled by the transcription fac-
tor signal transducer and activator of transcription 3 (STAT3;
Fig 5,G).27 This increased transcriptional activity found by us-
ing transcriptomic analysis was confirmed by using quantita-
tive PCR (qPCR) analysis of a representative set of STAT3-
regulated genes in Ttc7fsn/fsn fibroblasts (see Fig E7, A and B,
in this article’s Online Repository at www.jacionline.org).
Because STAT3 is important in TH17 polarization, immunohis-
tochemistry was conducted for IL-17 in the skin of Ttc7fsn/fsn

mice, in which an increased infiltration of IL-17–producing
cells was found (see Fig E7, C).

These data show that Ttc7 plays a central role in fibroblast
biology. The Ttc7fsn/fsn mutation affects these cells at different
levels. Phospholipid metabolism is severely affected. This is
accompanied by hyperactivity of STAT3 and transcription of
Reg3g and Igf1, factors with the potential to regulate keratinocyte
proliferation.

http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
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DISCUSSION
When managing patients with an immunodeficiency, it is

essential to know whether the underlying genetic defect also
leads to major defects in nonhematopoietic cells. In the case of
TTC7A defects, there is an ongoing debate whether TTC7Amuta-
tions dysregulate epithelial cells, as well as lymphocytes, or
uniquely affect epithelial cells. Studies of murine models of
TTC7A deficiency (eg, the Ttc7fsn/fsn mouse) have revealed the
Ttc7 gene’s important functional roles within a number of organs.
Therefore we set out to characterize the cellular determinants of
the flaky skin phenotype in the Ttc7fsn/fsn mouse.

Our results show that in a murine model of TTC7A deficiency,
nonlymphoid cells are critical for epithelial hyperproliferation,
whereas lymphocytes aggravate the phenotype. Our work calls
the prevailing pathogenic model of TTC7A deficiency into
question by showing that mouse fibroblasts critically alter the
proliferative behavior of epidermal cells. Thus dysfunctional
crosstalk between stromal cells adds a new dimension to the
possible pathogenesis of the multisystem disease associated with
TTC7A deficiency in human subjects.

It is important to note that other researchers have reported
involvement of fibroblasts in keratinocyte hyperproliferation. In
cocultures with dermal fibroblasts from psoriatic patients,
keratinocytes from healthy donors showed hyperproliferation
on in vitro skin equivalents.28 This observation points to a diffus-
ible factor from fibroblasts that might also be involved in our sys-
tem, irrespective of the question whether the fsn mouse model
should be regarded as a model for psoriasis or a disease in the
group of syndromic ichthyoses.5,15 There is evidence of a growth
factor–mediated crosstalk between keratinocytes and fibroblasts,
which becomes particularly important during cutaneous tissue
repair aiming at restoring the barrier function of the skin.29

With a view to identifying such factors in Ttc7fsn/fsn fibroblasts,
we compared the latter’s transcriptome with that of WT counter-
parts. Overall, our transcriptomic analysis revealed that several
cellular functions in the fibroblasts themselves are altered. With
regard to factors that might influence the growth of keratinocytes,
we found that transcription of the Reg3g and Igf1 genes was
markedly upregulated in Ttc7fsn/fsn fibroblasts.

In view of additional factors that might influence the growth of
keratinocytes, we have found that IL-22 is present in skinmast cells
and at increased levels in the sera of Ttc7fsn/fsn mice. This inflam-
matory interleukin is mainly produced by lymphoid cells.30,31

However, we observed increased serum IL-22 levels in all mouse
strains with Ttc7fsn/fsn germline mutations, even in Ttc7fsn/fsn mice
crossed with Rag22/2 and Rag22/2IL2rg2/2 mice. It is striking
that IL-22 serum levels were particularly increased in the mice
lacking T and B cells. In accordance with previous reports,32 our
data point to mast cells as the nonlymphoid source of IL-22 in
the Ttc7fsn/fsn strains. It is noteworthy that within the heterodimeric
IL-22 receptor, specifically IL-22 receptor 1 has a tightly regulated
expression and is predominantly found on cells of epithelial origin,
including intestinal and lung epithelial cells and keratinocytes.33

Based on the known function of IL-22 in upregulating antibacterial
molecules, such as Reg3g, defensins, and lipocalin,34-36 skin
inflammation in Ttc7fsn/fsn mice might be a consequence of
abnormal epidermal barrier dysfunction caused by hyperprolifera-
tion. Subsequently, IL-22–modulated inflammation could perpet-
uate keratinocyte proliferation in the presence of Reg3g. Hence
IL-22 (but not IL-17) might have a key role in modifying
hyperproliferative skin disease in the flaky skin model. Neverthe-
less, IL-17 might worsen the phenotype.

In a recent immunofluorescence analysis, increased numbers of
Langerhans cells and Thy-11 dendritic epidermal cells were
observed in skin sections of Ttc7fsn/fsn mice, suggesting an im-
mune system–related abnormality.37 We cannot rule out an effect
of Langerhans cells on the skin phenotype in our mouse models.
However, the results of our Rag22/2 crossing experiments
confirmed that gd T-cell receptor–expressing Thy-11 dendritic
epithelial cells are not the main drivers. Although the skin of
Rag22/2 Ttc7fsn/fsn mice displayed an increased Thy-11CD451

cell count (corresponding to innate lymphoid cells), this popula-
tion is not relevant to the onset of the skin defect, as evidenced by
development of hyperproliferative skin disease in Rag22/2

IL2rg2/2 mice that lack ILCs.
Genetic diseases with multisystemic manifestations, such as

those caused by TTC7A deficiencies, require target-designed
therapies. Such therapies have to be able to act onmultiple organs.
The target of these therapeutic agents should be a regulator of
cellular functions that are activated or downregulated to compen-
sate for altered functionality of the affected gene. RhoA kinase
inhibitors represent interesting candidates because reversion of
abnormal polarity of epithelial cells in organoid cultures has been
observed by addition of a RhoA kinase inhibitor. Another
possibility could be compounds restoring proper phosphatidyli-
nositol phosphorylation at the inner leaflet of the plasma mem-
brane. Further potential therapeutic targets could eventually be
found at the crosstalk between affected cell types. Our effort at
finding such potential targets has led us to the observation that
Ttc7fsn/fsn fibroblasts express increased levels of Igf1 and Reg3g
transcripts. Studies of the cytokine signatures in the different
mouse strains has also highlighted that IL-4, IL-17, and IL-22
are themain factors characterizing the hyperproliferative immune
response in Ttc7fsn/fsn mice. However, further research will be
needed to investigate the translatability of these findings to human
disease.

It would be expected that defects in a protein central to somany
cellular activities would have much more profound effects in
multiple organs. As such, we report multiple-organ defects in
Ttc7fsn/fsn mice, although the severity of these defects varies de-
pending on the organ. This brings forward the possibility of yet
unknown compensatory mechanisms that could be more active
in some cell types than others. Human TTC7A mutations cause
developmental defects in the form of atresia, whereas in the
Ttc7fsn/fsn mouse model, skin disease develops later. In addition
to supporting the possibility of the cross-species differential func-
tion of TTC7A/Ttc7, it also strengthens the possibility of
compensatory mechanisms that could be more active during
development in mice.

The suggested role of TTC7A in controlling localization of the
synthesis of phosphatydilinositol-4-phosphates to the plasma
membrane brings forward several possibilities about the molec-
ular function of TTC7A. One possibility is that its function
regulates the activity of signaling pathways by controlling the
spatiotemporal synthesis of phosphatidylinositols. Another pos-
sibility is that dynamic cellular activities and polarization
supported by the localization of phosphatidylinositols could be
affected by TTC7A. This could include cytoskeletal rearrange-
ment for podia formation or control of cellular polarity by
regulation of tubulin and actin anchoring to the plasma
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membrane. In line with this possibility, our transcriptomic
analysis revealed that several cellular functions in the fibroblasts
themselves are disrupted.

It has been suggested that the function of human TTC7A and
themurine orthologue Ttc7 diverged during evolution.7 Therefore
we have performed purification studies (according to Glatter
et al38), which showed that mouse Ttc7 expressed in
HEK293 cells copurified with phosphatidylinositol 4-kinase III
a and FAM126A (data not shown). This finding suggests that
the functions of human TTC7A and murine Ttc7 have been
conserved during evolution.

Inverted apicobasal polarity of patients’ enterocytes in orga-
noid cultures, disturbed proliferation, and increased apoptosis
have emerged as disease hallmarks in the context of inaccurate
localization of phosphatidylinositol 4-kinase III a and increased
phosphorylation of ezrin/radixin/moesin proteins.6,8,10,11 In addi-
tion to disrupted cell-intrinsic sensing, altered homotypic and het-
erotypic cell-cell interactions could induce this aberrant
multicellular behavior. Based on our data, we opt for a multifac-
eted interaction network consisting of fibroblasts, epithelial cells,
and hematopoietic cells as the driving force in the pathogenesis of
TTC7A deficiency.

In conclusion, our present results show that mutated Ttc7 is
associated with fibroblast-driven keratinocyte hyperproliferation
and lymphocyte-propagated skin inflammation in the presence of
the proliferation-inducing factors IL-22, Reg3g, and Igf-1. Our
findings highlight a previously unsuspected function of Ttc7 in
fibroblasts in controlling cellular behavior and epithelial cell
proliferation. Ttc7 appears to have a central role in the crosstalk
between cells from different tissues. This suggested mechanism
might not only explain why HSCT only partially relieves the
multisystem genetic disease seen in patients with TTC7A
deficiency but also provides potential new molecular targets for
achieving systemic therapeutic effects.

We thank C. M€unz for critical comments on this work; R. Gerosa, I. Leios,

S. Behnke, and A. Urwyler for excellent technical assistance; and B. Henz and

A. Ossei from the laboratory animal services center (LASC, Zurich,

Switzerland) for excellent animal husbandry.

Clinical implications: Our murine studies shift the focus of
research on TTC7A deficiency from epithelial and immune cells
to fibroblasts. The novel transacting role of Ttc7 implies tar-
geted therapeutic approaches to be evaluated in future studies.
REFERENCES

1. Yang W, Lee PP, Thong MK, Ramanujam TM, Shanmugam A, Koh MT, et al.

Compound heterozygous mutations in TTC7A cause familial multiple intestinal

atresias and severe combined immunodeficiency. Clin Genet 2015;88:542-9.

2. Woutsas S, Aytekin C, Salzer E, Conde CD, Apaydin S, Pichler H, et al. Hypomor-

phic mutation in TTC7A causes combined immunodeficiency with mild structural

intestinal defects. Blood 2015;125:1674-6.

3. Samuels ME, Majewski J, Alirezaie N, Fernandez I, Casals F, Patey N, et al.

Exome sequencing identifies mutations in the gene TTC7A in French-Canadian

cases with hereditary multiple intestinal atresia. J Med Genet 2013;50:324-9.

4. Ngan B, Merico D, Marcus N, Kim VHD, Upton J, Bates A, et al. Mutations in

tetratricopeptide repeat domain 7A (TTC7A) are associated with combined immu-

nodeficiency with dendriform lung ossification but no intestinal atresia. Lympho-

Sign Journal 2014;01:10-26.

5. Leclerc-Mercier S, Lemoine R, Bigorgne AE, Sepulveda F, Leveau C, Fischer A,

et al. Ichthyosis as the dermatological phenotype associated with TTC7A muta-

tions. Br J Dermatol 2016;175:1061-4.
6. Fernandez I, Patey N, Marchand V, Birlea M, Maranda B, Haddad E, et al. Mul-

tiple intestinal atresia with combined immune deficiency related to TTC7A defect

is a multiorgan pathology: study of a French-Canadian-based cohort. Medicine

2014;93:e327.

7. Chen R, Giliani S, Lanzi G, Mias GI, Lonardi S, Dobbs K, et al. Whole-exome

sequencing identifies tetratricopeptide repeat domain 7A (TTC7A) mutations for

combined immunodeficiency with intestinal atresias. J Allergy Clin Immunol

2013;132:656-64.e17.

8. Bigorgne AE, Farin HF, Lemoine R, Mahlaoui N, Lambert N, Gil M, et al. TTC7A

mutations disrupt intestinal epithelial apicobasal polarity. J Clin Invest 2014;124:

328-37.

9. Agarwal NS, Northrop L, Anyane-Yeboa K, Aggarwal VS, Nagy PL, Demirdag

YY. Tetratricopeptide repeat domain 7A (TTC7A) mutation in a newborn with

multiple intestinal atresia and combined immunodeficiency. J Clin Immunol

2014;34:607-10.

10. Lemoine R, Pachlopnik-Schmid J, Farin HF, Bigorgne A, Debre M, Sepulveda F,

et al. Immune deficiency-related enteropathy-lymphocytopenia-alopecia syndrome

results from tetratricopeptide repeat domain 7A deficiency. J Allergy Clin Immunol

2014;134:1354-64.e6.

11. Avitzur Y, Guo C, Mastropaolo LA, Bahrami E, Chen H, Zhao Z, et al.

Mutations in tetratricopeptide repeat domain 7A result in a severe form

of very early onset inflammatory bowel disease. Gastroenterology 2014;

146:1028-39.

12. Guana R, Garofano S, Teruzzi E, Vinardi S, Carbonaro G, Cerrina A, et al. The

complex surgical management of the first case of severe combined immunodefi-

ciency and multiple intestinal atresias surviving after the fourth year of life. Pediatr

Gastroenterol Hepatol Nutr 2014;17:257-62.

13. Beamer WG, Pelsue SC, Shultz LD, Sundberg JP, Barker JE. The flaky skin (fsn)

mutation in mice: map location and description of the anemia. Blood 1995;86:

3220-6.

14. Pelsue SC, Schweitzer PA, Beamer WG, Shultz LD. Mapping of the flaky

skin (fsn) mutation on distal mouse chromosome 17. Mamm Genome 1995;

6:758.

15. Morita K, Hogan ME, Nanney LB, King LE Jr, Manabe M, Sun TT, et al. Cuta-

neous ultrastructural features of the flaky skin (fsn) mouse mutation. J Dermatol

1995;22:385-95.

16. Sundberg JP, France M, Boggess D, Sundberg BA, Jenson AB, Beamer WG, et al.

Development and progression of psoriasiform dermatitis and systemic lesions in

the flaky skin (fsn) mouse mutant. Pathobiology 1997;65:271-86.

17. Pelsue SC, Schweitzer PA, Schweitzer IB, Christianson SW, Gott B, Sundberg

JP, et al. Lymphadenopathy, elevated serum IgE levels, autoimmunity, and

mast cell accumulation in flaky skin mutant mice. Eur J Immunol 1998;28:

1379-88.

18. Welner R, Hastings W, Hill BL, Pelsue SC. Hyperactivation and proliferation of

lymphocytes from the spleens of flaky skin (fsn) mutant mice. Autoimmunity

2004;37:227-35.

19. Helms C, Pelsue S, Cao L, Lamb E, Loffredo B, Taillon-Miller P, et al. The

Tetratricopeptide repeat domain 7 gene is mutated in flaky skin mice: a model

for psoriasis, autoimmunity, and anemia. Exp Biol Med (Maywood) 2005;230:

659-67.

20. Abernethy NJ, Hagan C, Tan PL, Birchall NM, Watson JD. The peripheral

lymphoid compartment is disrupted in flaky skin mice. Immunol Cell Biol 2000;

78:5-12.

21. Kulig P, Musiol S, Freiberger SN, Schreiner B, Gyulveszi G, Russo G, et al. IL-12

protects from psoriasiform skin inflammation. Nat Commun 2016;7:13466.

22. Marino D, Luginbuhl J, Scola S, Meuli M, Reichmann E. Bioengineering dermo-

epidermal skin grafts with blood and lymphatic capillaries. Sci Transl Med 2014;6:

221ra14.

23. Hari A, Flach TL, Shi Y, Mydlarski PR. Toll-like receptors: role in dermatological

disease. Mediators Inflamm 2010;2010:437246.

24. Supek F, Bosnjak M, Skunca N, Smuc T. REVIGO summarizes and visualizes long

lists of gene ontology terms. PLoS One 2011;6:e21800.

25. Blake JA, Eppig JT, Kadin JA, Richardson JE, Smith CL, Bult CJ, et al. Mouse

Genome Database (MGD)-2017: community knowledge resource for the labora-

tory mouse. Nucleic Acids Res 2017;45:D723-9.

26. Lai Y, Li D, Li C, Muehleisen B, Radek KA, Park HJ, et al. The antimicrobial pro-

tein REG3A regulates keratinocyte proliferation and differentiation after skin

injury. Immunity 2012;37:74-84.

27. Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z, et al.

Enrichr: a comprehensive gene set enrichment analysis web server 2016 update.

Nucleic Acids Res 2016;44:W90-7.

28. Saiag P, Coulomb B, Lebreton C, Bell E, Dubertret L. Psoriatic fibroblasts induce

hyperproliferation of normal keratinocytes in a skin equivalent model in vitro. Sci-

ence 1985;230:669-72.

http://refhub.elsevier.com/S0091-6749(18)30703-6/sref1
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref1
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref1
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref2
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref2
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref2
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref3
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref3
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref3
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref4
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref4
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref4
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref4
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref5
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref5
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref5
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref6
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref6
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref6
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref6
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref7
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref7
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref7
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref7
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref8
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref8
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref8
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref9
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref9
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref9
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref9
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref10
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref10
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref10
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref10
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref11
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref11
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref11
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref11
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref12
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref12
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref12
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref12
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref13
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref13
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref13
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref14
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref14
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref14
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref15
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref15
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref15
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref16
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref16
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref16
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref17
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref17
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref17
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref17
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref18
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref18
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref18
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref19
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref19
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref19
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref19
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref20
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref20
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref20
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref21
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref21
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref22
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref22
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref22
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref23
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref23
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref24
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref24
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref25
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref25
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref25
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref26
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref26
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref26
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref27
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref27
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref27
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref28
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref28
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref28


J ALLERGY CLIN IMMUNOL

VOLUME nnn, NUMBER nn

N€UESCH ET AL 13
29. Werner S, Krieg T, Smola H. Keratinocyte-fibroblast interactions in wound healing.

J Invest Dermatol 2007;127:998-1008.

30. Ma HL, Liang S, Li J, Napierata L, Brown T, Benoit S, et al. IL-22 is required for

Th17 cell-mediated pathology in a mouse model of psoriasis-like skin inflamma-

tion. J Clin Invest 2008;118:597-607.

31. Fukui H, Zhang X, Sun C, Hara K, Kikuchi S, Yamasaki T, et al. IL-22 produced

by cancer-associated fibroblasts promotes gastric cancer cell invasion via STAT3

and ERK signaling. Br J Cancer 2014;111:763-71.

32. Mashiko S, Bouguermouh S, Rubio M, Baba N, Bissonnette R, Sarfati M. Human

mast cells are major IL-22 producers in patients with psoriasis and atopic derma-

titis. J Allergy Clin Immunol 2015;136:351-9.e1.

33. Aujla SJ, Kolls JK. IL-22: a critical mediator in mucosal host defense. J Mol Med

(Berl) 2009;87:451-4.
34. Wolk K, Kunz S, Witte E, Friedrich M, Asadullah K, Sabat R. IL-22 increases the

innate immunity of tissues. Immunity 2004;21:241-54.

35. Zhang W, Dang E, Shi X, Jin L, Feng Z, Hu L, et al. The pro-inflammatory cyto-

kine IL-22 up-regulates keratin 17 expression in keratinocytes via STAT3 and

ERK1/2. PLoS One 2012;7:e40797.

36. Kolls JK, McCray PB Jr, Chan YR. Cytokine-mediated regulation of antimicrobial

proteins. Nat Rev Immunol 2008;8:829-35.

37. Aaltonen J, Bj€orses P, Perheentupa J, Horelli-Kuitunen N, Palotie A, Peltonen L,

et al. An autoimmune disease, APECED, caused by mutations in a novel gene

featuring two PHD-type zinc-finger domains. Nat Genet 1997;17:399-403.

38. Glatter T, Wepf A, Aebersold R, Gstaiger M. An integrated workflow for charting

the human interaction proteome: insights into the PP2A system. Mol Syst Biol

2009;5:237.

http://refhub.elsevier.com/S0091-6749(18)30703-6/sref29
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref29
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref30
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref30
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref30
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref31
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref31
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref31
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref32
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref32
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref32
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref33
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref33
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref34
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref34
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref35
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref35
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref35
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref36
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref36
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref37
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref37
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref37
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref37
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref38
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref38
http://refhub.elsevier.com/S0091-6749(18)30703-6/sref38


J ALLERGY CLIN IMMUNOL

nnn 2018

13.e1 N€UESCH ET AL
METHODS

ELISA
ELISAwas conducted on undiluted fibroblast supernatants, as described by

the manufacturer’s guidelines. Igf1 was from Thermo Fisher Scientific, and

REG3g was from LifeSpan BioScience (Seattle, Wash).

qPCR
Fibroblasts were harvested and moved to TRIzol. RNA was isolated as

described in the Pure link RNA Mini Kit (Invitrogen) with on-column DNAse

application. For qPCR, total RNAwas reverse transcribed with oligo-dTAMV

Reverse Transcriptase (Roche). Genes expressionwas determined by using real-

time PCR with the TaqMan Gene expression Assay, as described by the
manufacturer (Thermo Fisher). Glyceraldehyde-3-phosphate dehydrogenase

(GAPDH)was used as a housekeeping gene. Fluorescence during PCR and sub-

sequent dissociation was measured in quadruplicates on a 7900ht Fast Real

Time PCR System and analyzed with Applied Biosystems SDS2.4 software

(Applied Biosystems, Foster City, Calif). TaqMan probes with FAM for Kit

(Mm00445212_m1), Syk (Mm01333032_m1), Ptpn6 (Mm00469153_m1),

Apex1 (Mm00507805_g1), and Coro1a (Mm00486998_m1) were used.

Immunohistochemistry
Additional antibodies used were CD4 (clone 4SM95; eBioscience),

Ki67 (clone SP6; Lifescreen; Cell Marque, Sigma-Aldrich), and IL-17

(Abcam).
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FIG E1. Dermal CD31 and CD41 cell infiltrates. Hematoxylin and eosin (HE) staining (A) and immunohisto-

chemistry for CD3 and CD4 on Ttc7fsn/fsn and WT skin (A and B). Skin is from the back of 10-week-old female

mice. Scale bar 5 100 mm. Magnification 310 (Fig E1, A) and 340 (Fig E1, B). C, CD3 and CD4 cells in the

dermis were quantified in Ttc7fsn/fsn and WT skin (n 5 1 mouse per group). **P < .01.
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FIG E2. Flaky skin phenotype. Representative photographs of flaky skin on the back of female single-mutant

(Ttc7fsn/fsn), double-mutant (Rag22/2Ttc7fsn/fsn), and triple-mutant (Rag22/2IL2rg2/2Ttc7fsn/fsn) mice (age

10 weeks).
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FIG E3. Ki67 expression in the skin. Immunohistochemical analysis of Ki67-

expressing cells in skin sections of Ttc7fsn/fsn and WT mice is shown. Skin

from the back of 10-week-old female mice was analyzed. Scale

bar 5 100 mm. Magnification 310.
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FIG E4. Clustering of differentially expressed genes. Heat map showing expression patterns for the 1000

top-ranked genes in 6 different clusters. Log2-transformed signals are shown according to the scale bar.

Each column represents an experimental sample, and each row represents a gene. Red corresponds to

high expression, and blue corresponds to low expression.
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FIG E5. Expression of genes belonging to the GO term ‘‘positive regulation of keratinocytes migration

measured by RNAseq.’’ Genes were selected according to the functional annotation by using the GO terms

available at the mouse genome informatics. A, Differential expression of genes belonging to the GO term

‘‘positive regulation of keratinocytesmigration inWT and Ttc7fsn/fsn fibroblasts’’ is shown as a P value.White

bars show P values of genes that are downregulated in Ttc7fsn/fsn fibroblasts. Black bars show P values of

genes that are upregulated in Ttc7fsn/fsn fibroblasts. B, Expression level (shown as fragments per kilobase

of transcript per million mapped reads [FPKM]) of genes found to be upregulated in Ttc7fsn/fsn fibroblasts

with a P value close to or greater than statistical significance. Fig E5, A: red dotted line, **P 5 .01; red

line, ***P5 .001. In Fig E5, B, each dot represents 1 experiment, and the black line indicates means6 SEMs.
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FIG E6. Igf1 and Reg3g protein levels. A, Ttc7fsn/fsn andWT fibroblasts were cultured to 70% confluence, and

supernatants were collected. Igf1 levels were increased significantly in supernatants, whereas Reg3g levels

were less than the assay’s detection limit (not shown). B, Reg3g levels in plasma of Ttc7fsn/fsn mice

increased, although not significantly (P 5 .25). Bar plots indicate means 6 SDs: *P < .05 (n 5 3 mice per

group).
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STAT3 Target genes p-Value
CSF2RB 6.72E-07
KIT 8.39E-07
PRKCB 3.08E-06
PTPN6 1.49E-05
BTK 3.48E-05
GATA1 7.80E-05
CCR1 0.000117
CORO1A 0.000352
CISH 0.000391
GATA2 0.000973
GHR 0.001155
SYK 0.001283
TSHR 0.00154
IL6ST 0.001671
FES 0.003171
STAT1 0.005746
PPP2R1B 0.006193
APEX1 0.006253
SLC40A1 0.007732
NCOA1 0.007857
PDGFRA 0.009721
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FIG E7. STAT3 target genes. Analysis of significantly upregulated and downregulated genes by using

Enrichr identified STAT3 as themost likely transcription factor underlying a transcriptomic profile.A, STAT3

target genes that are significantly upregulated or downregulated and used to define STAT3 as the most sig-

nificant transcription factor. B, Real-time PCR of representative STAT3 target genes. Bar plots indicate

means 6 SDs (n 5 3 mice per group). An unpaired t test corrected for multiple comparisons by using the

Holm-Sidak method: *P < .05. C, Immunohistochemical analysis of IL-17–expressing cells in skin sections

of Ttc7fsn/fsn and WT mice. Skin from the backs of 10-week-old female mice was analyzed. Black arrow,

Example of positive cell. Scale bar 5 100 mm. Magnification 310.
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