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Reconstitution of Human Keloids in Mouse Skin

Ataru Sunaga, MD
Hideaki Kamochi, MD
Shunji Sarukawa, MD
Hirokazu Uda, MD
Yasushi Sugawara, MD
Rintaro Asahi, MD
Daekwan Chi, MD
Shiho Nakagawa, MD
Koji Kanayama, MD
Kotaro Yoshimura, MD

Background: Keloids are a dermal fibroproliferative scar of unknown etiology.
There is no good animal model for the study of keloids, which hinders the devel-
opment and assessment of treatments for keloids.

Methods: Human keratinocytes and dermal fibroblasts were isolated from 3 human
skin tissues: normal skin, white scars, and keloids. A mixed-cell slurry containing
keratinocytes and dermal fibroblasts was poured into a double chamber implanted
on the back of NOD/Shi-scid/IL-2Rynull mice. After 12 weeks, the recipient mice
had developed reconstituted human skin tissues on their backs. These were har-
vested for histological studies.

Results: Macroscopically, the reconstituted skins derived from both normal skin
and white scars were similar to normal skin and white scars in humans, respectively.
Keloid-derived reconstituted skins exhibited keloid-like hypertrophic nodules. His-
tological findings and immunohistochemical staining confirmed that the reconsti-
tuted skin tissues were of human origin and the keloid-derived reconstituted skin
had the typical features of human keloids such as a hypertrophic dermal nodule,
collagen type composition, orientation of collagen fibers, and versican expression.
Conclusion: The mouse model with humanized keloid tissue presented here
should be a useful tool for future keloid research. (Plast Reconstr Surg Glob Open
2017;5:e1304; doi: 10.1097/GOX.0000000000001304; Published online 25 April 2017.)

INTRODUCTION

Keloids are dermal fibroproliferative scars that result
from pathological wound healing, in which there is exces-
sive deposition of extracellular matrix. Although several
factors, especially mechanical tension' and transforming
growth factor 3 signaling,? are known to be involved in
keloid formation, the molecular mechanism of their for-
mation is not fully understood.

Keloids are benign, but their treatment is challenging.
Surgical excision or steroid injection can be effective in
the short term, but the keloid often recurs. There is less
recurrence when adjuvant radiotherapy is conducted after
surgical excision of the keloid,® although the application
of radiotherapy to a benign tumor is controversial.

Attempts to assess current therapies for keloids and to
develop new ones have been hindered by the lack of ap-
propriate animal models. Animals do not develop keloids
after dermal trauma, so it has been necessary to adopt cre-
ative approaches in the development of model systems for
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keloid pathogenesis. Some animal models have been de-
veloped by grafting human keloid tissue or keloid-derived
cells onto other species, in which the keloid-derived ex-
tracellular matrix or the artificial scaffold were also trans-
planted, respectively.*® This is a serious drawback of these
experimental models because the extracellular matrix of
keloid was not newly generated in vivo.

Here, we report on the development of a novel ani-
mal model system based on the chamber technique for
skin reconstitution. This technique permits the reconsti-
tution of full-thickness human skin, including the der-
mal-epidermal junction.’ We established a mouse model
with humanized keloids with this technique, and their
extracellular matrix was produced in vivo by keloid-de-
rived cells.

MATERIALS AND METHODS

Human Skin Samples
Tissue samples of 3 keloids, 2 white scars, and 2 nor-
mal skins were obtained from patients at the time they
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underwent clinically indicated surgical procedures and
after they had granted informed consent (see table, Sup-
plemental Digital Content 1, which displays the patient in-
formation, http://links.lww.com/PRSGO/A428). The ethical
committee of Jichi Medical University approved this study
using clinical samples, and this study was conducted ac-
cording to the Declaration of Helsinki Principles.

Primary Cultures of Human Keratinocytes and Fibroblasts

Primary culture of human dermal fibroblasts was es-
tablished using an explant culture technique. Human
keratinocytes were isolated as previously described.!’
Fibroblasts were cultured in Dulbecco’s modified Ea-
gle’s medium, supplemented with 10% fetal bovine se-
rum, penicillin (100 IU/mL), streptomycin (100 mg/
mL), and amphotericin B (0.25mg/mL) at 37°C in a
humidified incubator with 5% CO,. Keratinocytes were
cultured in EpiLife (Thermo Fisher Scientific, Yoko-
hama, Japan), supplemented with human keratinocyte
growth supplement, penicillin (100 IU/mL), strepto-
mycin (100mg/mL), and amphotericin B (0.25 mg/
mL) at 37°C in a humidified 5% CO, incubator. Only
low-passage cultures (passage 3-4) were utilized in this
study.

Animal Models

The immune-deficient NOD/Shi-scid,IL-2RYKO
mice (NOG mice)" were purchased from Central In-
stitute of Experimental Animals (Kawasaki, Japan), and
21 NOG mice (3 mice per sample) were used as recipi-
ents. A spontaneous in vivo cell-sorting model (cham-
ber technique) was generated as previously described’
with some modifications. Briefly, a mixed-cell slurry
containing approximately 6x106 keratinocytes and
6x106 dermal fibroblasts was trypsinized and mixed in
300 pL Dulbecco’s modified Eagle’s medium with 10%
fetal bovine serum. A circle 1cm in diameter of upper
back skin was removed from NOG mice, using surgical
scissors. Double chambers (Renner-Gmbh, Guglingen,
Germany) were implanted on the back of NOG mice
with a purse-string suture of 6-0 nylon. The mixed-cell
suspension was poured into the chamber through the
1-mm hole on the top of the chamber, so that it was ap-
plied directly onto the mouse muscle fascia. The upper
third of the upper chamber was cut off and covered with
a metal mesh 1 week after implantation to evaporate the
solution inside the chamber gradually. The purse-string
suture was removed 4 weeks after implantation, and the
double chamber was allowed to fall off spontaneously
from the skin approximately 6 weeks after implantation.
After 12 weeks, the reconstituted human skins on the
back of the recipient mice were harvested for histologi-
cal studies (Fig. 1).

Histological Analysis and Immunohistology

Samples were fixed in 4% paraformaldehyde, embed-
ded in paraffin, sectioned, and stained. Gomori’s 1-step
trichrome staining and picrosirius red staining were per-
formed with Gomori’s Trichrome Stain Kit and Picro-
sirius Red Stain Kit (Polysciences, Inc., Warrington, Pa.),
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respectively. For immunohistochemistry, the following
antibodies were used: rabbit antiversican, rabbit antiinvo-
lucrin (Sigma-Aldrich, Tokyo, Japan), mouse antivimentin
(Dako, Tokyo, Japan), rabbit antihuman collagen I, and
rabbit antihuman collagen Il (Abcam, Tokyo, Japan). For
visualization with diaminobenzidine, EnVision Plus Sys-
tem (Dako, Tokyo, Japan) was used.

Image Analysis

The horizontal width of human-derived epidermises in
the histological sections of the reconstituted skins, which
could be distinguished from mouse epidermis microscopi-
cally, and the areas of the reconstituted skins under the
human-derived epidermis were quantified using Image]
software (https://imagej.nih.gov/ij/) in microscopic
fields photographed at 2x magnification. The thicknesses
of the reconstituted skins were obtained by dividing the
area by the horizontal width.

Statistics

Statistically significant differences were determined us-
ing the Student’s ¢ test. Differences were considered sig-
nificant when P< 0.05.

RESULTS

Development of Humanized Skin, White Scar, or Keloid
Models

All recipient mice had reconstituted human skin on
their backs 12 weeks after they received the mixed-cell
suspension graft. The macroscopic appearances of the
reconstituted skin derived from normal skin and white
scars were similar to the original skin and scars, respec-
tively. The keloid-derived reconstituted skin had a keloid-
like hypertrophied nodule (Fig. 2). The human origin
of the reconstituted skins (normal skin, white scar, and
keloids) was confirmed with immunohistochemistry for
the human-specific antibodies involucrin, collagen type 1
(Fig. 3), vimentin, and collagen type 3 (see figure, Sup-
plemental Digital Content 2, which displays reconstituted
human skins immunostained with human-specific anti-
bodies, antivimentin, and anticollagen type 3, http://links.
lww.com/PRSGO/A429).

Histological Findings

Image analyses of histological sections were performed
to quantify the thickness of the reconstituted skins. Consis-
tent with the macroscopic findings, keloid-derived recon-
stituted skins were significantly thicker than skins derived
from normal skin or white scar tissue (Fig. 4).

The accumulation and orientation of collagen fibers
in the dermis of the reconstituted skins were assessed by
Gomori’s trichrome staining, which stains collagen fibers
blue. All the skins assessed had collagen fibers in the der-
mis. In original normal and white scar skin, collagen fibers
were well organized and relatively parallel to the skin sur-
face, whereas the orientation of collagen fibers was more
chaotic in original human keloid skin samples. Next, we
compared collagen fibers in reconstituted skins. The col-
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Fig. 1. Schematic diagrams of development of the reconstituted human skins. Day 0: a circle 1cm in diameter of upper back skin
was removed from NOG mice, using surgical scissors. Double chambers were implanted on the back of NOG mice with a purse-
string suture of 6-0 nylon. The 300 pL of mixed-cell suspension containing approximately 6 x 10¢ keratinocytes and 6 x 10° dermal
fibroblasts was poured into the chamber through the 1-mm hole on the top of the chamber. One week: the upper third of the up-
per chamber was cut off and covered with a metal mesh to evaporate the solution inside the chamber gradually. Four weeks: the

purse-string suture was removed and the double chamber was allowed to fall off spontaneously from the skin. Twelve weeks: the
reconstituted human skins were harvested for histological studies.

Fig. 2. Representative appearance of the reconstituted human skins. A, Derived from normal skins. B, Derived from white scars. C, Derived
from keloids.
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Fig. 3. Reconstituted human skins immunostained with human-specific antibodies, antiinvolucrin, and anticollagen type 1. A and D, De-
rived from normal skins. B and E, Derived from white scars. C and F, Derived from keloids. Scale bar = 100 pm.

lagen fibers in keloid-derived reconstituted skins were also
chaotic and more perpendicular to the skin surface than
those reconstituted from normal or white scar tissue (see
figure, Supplemental Digital Content 3, which displays
Gomori’s trichrome staining of human and reconstituted
skin samples, hitp://links.lww.com/PRSGO/A430).

Tissues were stained with picrosirius red and then as-
sessed with polarization microscopy. The resulting birefrin-
gence patterns are presented in Figure 5 and Supplemental
Digital Content 4 (see figure, Supplemental Digital Content
4, which displays histological sections stained with picrosiri-
us red; collagen birefringence pattern was assessed with po-
larization microscopy, hitp://links.lww.com/PRSGO/A431).
Collagen fibers in normal skin and reconstituted skin de-
rived from normal skin were dark orange, indicating that
the dermis of these samples mainly consisted of collagen
type 1. On the other hand, collagen fibers in both the origi-
nal and reconstituted keloids were thin and stained yellow-
green, indicating that they contained collagen type 3.

It was recently demonstrated that versican, an extra-
cellular matrix proteoglycan, is a specific marker for
keloids.” We used immunohistochemical staining for
versican to detect its expression. Versican was highly ex-
pressed in both the human keloid skin samples and the
reconstituted skin from keloid tissue, whereas versican was
not detected in the other samples (Fig. 6; see also pdf,
Supplemental Digital Content 5, which displays immuno-
staining for versican, a keloid-specific marker, http://links.
lww.com/PRSGO/A432).

DISCUSSION
Here, we report on a novel mouse model of human
keloids, which has humanized keloid tissue on the back.
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We developed this model by grafting both keloid-derived
keratinocytes and fibroblasts to NOG mice with a sponta-
neous cell-sorting technique (chamber technique).

The genes governing the pathogenesis associated with
keloid formation have not been identified, precluding
the development of transgenic systems for the study of
keloids. Thus, transplantation of human keloid tissue to
immunodeficient mice is a reasonable strategy for gen-
erating an in vivo model of keloid formation.” However,
xenografts contain not only cellular components but also
donor-derived extracellular matrix, which makes it diffi-
cult to be certain that it is the keloid-derived cells that are
responsible for any observed keloid phenotype. A related
approach was used by Supp et al.?, who grafted engineered
human skin substitutes with keloid-derived fibroblasts and
keratinocytes to athymic mice, and the resulting grafts
were thicker and wider than grafts made with normal skin-
derived cells. However, their organotypic skin included
an artificial collagen—glycosaminoglycan scaffold and did
not have macroscopic or pathological features of keloids.
In contrast, our humanized keloid model had keloid-like
nodules and chaotic/perpendicular orientation of colla-
gen fibers (predominantly collagen type 3), macroscopic,
and pathological features of keloids. Moreover, the extra-
cellular matrix in the reconstituted skin had been newly
produced by the grafted keloid fibroblasts, which strongly
suggested that the transplanted keloid-derived fibroblasts
maintained its original functions under interaction with
keloid-derived keratinocytes.

In this study, we did not observe invasiveness of the re-
constituted keloid tissue, which is one of the hallmark fea-
tures of keloids. It may be due to the lack of human cells in
the surrounding tissue or bone marrow, which may be the
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Fig. 4. H&E-stained sections and thicknesses of the reconstituted human skins. A, H&E staining.
Left, Derived from normal skins. Center, Derived from white scars. Right, Derived from keloids. Scale

bars = 100 pm. B, Thickness; data represent means + standard error of the mean; *P < 0.05. H&E, hema-
toxylin and eosin.
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Fig. 5. Histological sections stained with picrosirius red. Collagen birefringence pattern was assessed with polarization microscopy. A,

Reconstituted skin derived from normal skins. B, Reconstituted skin derived from white scars. C, Reconstituted skin derived from keloids.
Scale bars =100 pm.
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Fig. 6. Immunostaining for versican, a keloid-specific marker. A, Reconstituted skin derived from normal skins. B, Reconstituted skin de-
rived from white scars. C, Reconstituted skin derived from keloids. Scale bars = 100 um.

Table 1. Patient Information

The diagnoses of keloids were confirmed by histological findings.

The keloid in patient 3 had recurred after first surgical excision with
no adjuvant therapy.

All keloids were treated by surgical excision with adjuvant radio-
therapy.

origin of invasive cells." Another possibility is that some
human-specific microenvironment, such as mechanical
force, is essential for keloid invasion.'” Mechanical ten-
sion loading to the reconstituted skin in our model may
not have been sufficient enough to maintain the invasive
phenotype of keloid. Although the invasive phenotype was
not reproduced, we observed that transplantation of kera-
tinocytes and fibroblasts produced a keloid-like fibropro-
liferative lesion. It was indicated that these keloid-derived
cells maintained the keloid phenotype in vivo, for at least
12 weeks, and in the absence of a human-specific micro-
environment.

In this study, the number of grafted cells and the
ratio of fibroblasts to keratinocytes were determined
based on the previous results of the double-chamber
technique.

Recently, Russel et al.'"® demonstrated that treatment
of keloid fibroblasts with trichostatin A, an inhibitor of
histone deacetylation, resulted in increased expression
of secreted frizzled-related protein 1. They proposed
the intriguing hypothesis that epigenetic modification
is involved in keloid pathogenesis. Although their study
does not provide direct evidence for this interpreta-
tion, epigenetic modification could explain the long-
term maintenance of the phenotype in keloid-derived
cells. The hypothesis warrants further study.

The greatest disadvantage to our model and other
keloid—xenograft models is that the supply of keloid-
derived cells is limited. Because of this limitation, long-
term evolution of the reconstituted skins over 12 weeks
could not be assessed in this study. Long-term follow-up
in the future studies will reveal whether the keloid pheno-
type of the reconstituted scar tissue is sustainable or not.
Generation of immortalized human keloid-derived cell
lines may circumvent this limitation and would be a valu-
able resolution in future studies.
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In summary, we developed a mouse model with
humanized keloid by grafting the keloid-derived kera-
tinocytes and fibroblasts in a double chamber on the
back of NOG mice. The reconstituted keloid tissue ex-
hibited typical macroscopic and histopathological fea-
tures of human keloid lesions such as a hypertrophic
dermal nodule, collagen type composition, orientation
of collagen fibers, and versican expression. The recon-
stituted tissues did not, however, invade adjacent skin,
at least within 12 weeks after transplantation. We hope
this model proves to be a useful tool for future keloid
research.
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