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Over the past few years, whole skin xenotransplan-
tation models that mimic different aspects of psoria-
sis have become available. However, these models are
strongly constrained by the lack of skin donor avail-
ability and homogeneity. We present in this study a
bioengineering-based skin-humanized mouse model
for psoriasis, either in an autologous version using
samples derived from psoriatic patients or, more im-
portantly, in an allogeneic context, starting from skin
biopsies and blood samples from unrelated healthy
donors. After engraftment, the regenerated human
skin presents the typical architecture of normal human
skin but, in both cases, immunological reconstitution
through intradermal injection in the regenerated skin
using in vitro-differentiated T1 subpopulations as well
as recombinant IL-17 and IL-22 Th17 cytokines, to-
gether with removal of the stratum corneum barrier
by a mild abrasive treatment, leads to the rapid con-
version of the skin into a bona fide psoriatic pheno-
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type. Major hallmarks of psoriasis were confirmed by
the evaluation of specific epidermal differentiation
and proliferation markers as well as the mesenchy-
mal milieu, including angiogenesis and infiltrate. Our
bioengineered skin-based system represents a robust
platform to reliably assess the molecular and cellular
mechanisms underlying the complex interdepen-
dence between epidermal cells and the immune sys-
tem. The system may also prove suitable to assess
preclinical studies that test the efficacy of novel ther-
apeutic treatments and to predict individual patient
response to therapy. (4m J Pathol 2010, 177:3112-3124;
DOI: 10.2353/ajpath.2010.100078)

Psoriasis is a T cell-mediated inflammatory skin disorder,
multifactorial in its etiology. It affects about 2% of the
worldwide population. There is a wide range of clinical
presentations of the disease, but the most common vari-
ety is the chronic plague psoriasis. In many cases the
severity of the outcome may have serious (disabling)
physical as well as psychological consequences.’
Several transgenic and knockout mouse models of the
disease have been developed to date, and they have
been proved to be valuable tools to establish the contri-
bution of specific molecules to the pathogenesis of the
disease.?® However, none of them fully recapitulates the
complex pathophysiology of human psoriasis. Moreover,
human skin presents major differences with mouse skin,
making it more difficult to mimic the human condition.
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Thus, humanized animal models appear as an attractive
alternative to other genetically modified animal models
and might be very useful as a platform to test novel drug
compounds to treat this disease. Some efforts have been
made in this direction, and the xenotransplantation SCID
model (direct human skin graft onto immunodeficient
mice and intradermal injection of activated T cells) con-
stitutes the model that more closely resembles the clinical
situation.*® However, this model presents clear disad-
vantages, as it cannot be used as high throughput due to
practical and ethical reasons.

We have established a skin-humanized mouse model
consisting in bioengineered human skin grafted onto im-
munodeficient mice.®” This model allows the generation
of large numbers of mice engrafted with a significant area
of human skin by tissue engineering and circumvents
problems related to heterogeneity and amount of human
skin biopsy samples. Using this system several normal
and pathological conditions have been successfully
modeled in our laboratory (cutaneous wound healing, UV
responses, and genodermatosis such as Epidermolysis
Bullosa).®~'° Another advantage associated to this model
is that individual cellular components may also be genet-
ically manipulated during the amplification procedure,
and this could contribute to dissect the cellular and mo-
lecular pathways contributing to the pathogenesis of the
disease.

Modeling an inflammatory skin disorder such as pso-
riasis requires paying special attention to the immune
component. A close relationship exists between T1/T2
imbalance and the outcome of certain autoimmune dis-
eases. It is well documented that activated T cells are in
part responsible for the phenotypic changes observed in
psoriatic skin. Among them, type 1 T cells appear to play
a fundamental role in the pathogenesis of psoriasis.
Another T cell subset, called Th17, has been recently
characterized as distinct from Th1 and Th2 cell subpopu-
lations. These cells were initially reported to play impor-
tant roles in the immunopathology of different experimen-
tal autoimmune mouse models including experimental
autoimmune encephalomyelitis (EAE)'>'3 and collagen-
induced arthritis (CIA)."*® More recently Th17 cells have
been identified in several human pathological conditions
such as contact dermatitis, rheumatoid arthritis, Crohn’s
disease, and psoriasis.’®~'° Thus, several authors have
described the characteristic Th1/Th17 cytokine profile
produced by T cells present in a psoriatic plaque, that
provide large amounts of IL-2, IFN-v, IL-22 and IL-17 and
little or no IL-4 and IL-10.1":16-20

In addition to the immunological components, several
studies in experimental mouse models have provided
compelling evidence that both altered signaling path-
ways and a compromised barrier function in the epider-
mis play a fundamental role in the pathogenesis of the
disease.>21-24

Here we report the development and characterization
of a new skin-humanized mouse model of psoriasis
based on an experimental design that takes into account
both the epidermal and the immune components. We
describe an allogeneic version, containing cells from skin
biopsies and blood samples of nonrelated healthy human
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donors and an autologous version in which skin and
blood cells come from the same psoriatic patient. The
psoriatic phenotype was developed after intradermal ad-
ministration of in vitro derived T1 lymphocytes along with
Th17 recombinant cytokines. In both cases, mild barrier
disruption by tape stripping was necessary to fully de-
velop the psoriatic phenotype. Thus, we have demon-
strated in the skin-humanized model system that a
healthy normal human skin might develop a psoriasis
phenotype in the presence of the adequate signals pro-
vided by a wounding stimulus and of the appropriate
cytokines produced by specific lymphocyte subpopula-
tions (Th1/Th17). In both systems (autologous and allo-
geneic), the key factor contributing to the generation of
the psoriatic plaque lay in the presence of reciprocal
signaling activation cascades elicited by both keratino-
cytes in the epidermis and lymphocytes that were admin-
istered to the dermal compartment.

Materials and Methods

Patients

All patients included in this study showed the psoriasis
vulgaris variant of the disease, with early-onset and high
PASI scores. Some of them also showed family history of
the disease. At the time skin biopsies were taken, medi-
cation had been discontinued for several months. Sam-
ples were obtained under local anesthesia from either
symptomless skin or plague by using a 6-mm biopsy
punch. Psoriatic patients were recruited from Hospital
Bésico de la Defensa (Valencia, Spain) and signed an
informed consent.

Lymphocyte Isolation and T Cell Expansion

Peripheral blood from psoriatic patients or buffy coats
from HIV-seronegative donors (provided by Centro de
Transfusiones, Madrid, Spain) were used to isolate
PBMCs by Ficoll-Hypaque (Pharmacia, Piscataway, NJ)
gradient centrifugation. Cells were resuspended in RPMI
1640, supplemented with 10% heat-inactivated fetal calf
serum, and stimulated with Dynabeads ® CD3/CD28 T
Cell Expander (ratio 1:1) and 30 U/ml human interleukin-2
(R&D Systems Inc., Minneapolis, MN) for 4—6 days. For
T1 differentiation, IL-12 (20 ng/ml) (R&D Systems Inc.)
plus anti-IL-4 (5 pg/ml) (BD Pharmingen, San Diego, CA)
were also added to the culture. Th1 cells were obtained
after negative selection using the CD4™ T cell isolation kit
from Miltenyi Biotec (Auburn, CA).

Flow Cytometry Analysis

Phenotype analysis of lymphocyte subpopulations, be-
fore and after T cell expansion, was carried out by flow
cytometry (FCM) using an EPICS cytofluorometer (Beck-
man Coulter, Fullerton, CA). Cells were harvested,
washed, and suspended in phosphate-buffered saline
with 1% bovine serum albumin (Sigma-Aldrich, St Louis,
MO). Aliquots (2 X 10° cells) were incubated in the dark
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at 4°C (30 minutes) with conjugated monoclonal antibod-
ies and washed. Monoclonal antibodies against human
CD3, CD4, CD8, CD25, CD69, HLA-DR, CD44, and
CD62L were obtained from Becton Dickinson (San Jose,
CA). Nonspecific fluorescence was determined using the
appropriate isotype controls. For intracellular staining of
cytokines, cells were stimulated for 5 hours with phorbol
myristate acetate (PMA) and ionomycin in the presence
of monensin (GolgiStop from Pharmingen). Cells were
then labeled for surface CD8, fixed in 4% paraformalde-
hyde for 10 minutes, and permeabilized with 0.1% sapo-
nin. The staining was performed with anti-IFNvy, anti-IL-2,
anti-IL-4, and anti-IL-10 antibodies (PE or FITC conju-
gated, Pharmingen) in the presence of 0.1% saponin.
Finally, cells were washed and subjected to FACS anal-
ysis. In vitro cultured healthy donor and psoriatic patient
keratinocytes and fibroblasts were stained after trypsiniza-
tion with FITC anti-HLA-DR and with PE anti-HLA-A,B,C
(Becton Dickinson, San Jose, CA). FACS analysis was also
performed after exposure to cell supernatants derived from
allogeneic in vitro derived T1 lymphocytes. Nonspecific flu-
orescence was determined using the appropriate isotype
controls.

Primary Cultures of Human Keratinocytes and
Fibroblasts

Human keratinocytes and dermal fibroblasts were iso-
lated from donor/patient skin biopsies by enzymatic di-
gestion. The study was conducted according to the Dec-
laration of Helsinki Principles. Primary keratinocytes were
cultured on a feeder layer of lethally irradiated (X-ray; 50
Gy) 3T3-J2 cells (a gift from Dr J. Garlick, SUNY, Stony
Brook, NY) as previously described. The keratinocyte
seeding media was a 3:1 mixture of Dulbecco’s Modified
Eagle Medium (DMEM) (GIBCO-BRL, Gaithersburg, MD)
and HAM'S F12 (GIBCO-BRL) containing 10% fetal calf
serum, 0.1 nmol/L choleric toxin, 2 nmol/L T3, 5 ug per ml
insulin, and 0.4 g per ml hydrocortisone and 10 ng per
ml EGF (Sigma-Aldrich). Primary fibroblasts were cul-
tured on plastic in DMEM containing 10% fetal calf se-
rum. Cells were cultured at 37°C in a humid atmosphere
containing 5% CO,. The culture medium was changed
every 2 days.

Animals

Immunodeficient Rj: NMRI—Foxn1™ (NMRI nu) mice
(6—8 weeks old) were used (Elevage Janvier, Le Genest
Saint Isle, France). Mice were housed for the duration of
the experiment at the CIEMAT Laboratory Animals Facility
(Spanish registration number 28079-21A) in pathogen-
free conditions using microisolators, individually venti-
lated cages type lIL, at a maximum of six mice per cage,
with 25 air cage changes per hour and heat-treated soft
wood pellets as bedding. All experimental procedures
were carried out according to the European and Spanish
laws and were in keeping with regulations on the protec-
tion and use of animals in scientific research. Procedures
were approved by the Animal Experimentation Ethical

Committee of the CIEMAT according to all external and
internal biosafety and bioethics guidelines.

Bioengineered Human Skin Equivalents and
Grafting

The bioengineered human skin equivalent is based on
the use of fibrin containing live fibroblasts as a dermal
component. Briefly, 1.5 ml of fibrinogen solution (from
cryoprecipitated pig blood) were added to 5 ml of kera-
tinocyte growth medium containing 2.5 X 10° dermal
fibroblasts and 250 IU of bovine aprotinin (Trasylol;
Bayer, West Haven, Connecticut). Immediately after, 0.5
ml Cl,Ca 0.025 mmol/L with 5.5 |U of bovine thrombin
(Sigma-Aldrich) was added. The mixture was placed on a
6-well culture plate (Corning Costar Corp., Cambridge,
MA) and allowed to solidify at 37°C for 2 hours. Keratin-
ocytes were then seeded and grown submerged up to
confluence. Mice were aseptically cleansed and grafted
as previously described elsewhere.

Intradermal Injection of T Lymphocyte
Subpopulations and Recombinant Cytokines

Nine to 12 weeks after transplantation, when the matura-
tion of the regenerated human skin is complete, recom-
binant cytokines (200 ng/50 wl), and/or in vitro derived T
lymphocyte subpopulations (10%/50 ul) diluted in sterile
PBS were inoculated by intradermal injection into the
stable engrafted human skin every other day for two
weeks. Where indicated, the same skin area was tape
stripped 15 times before injection. Mice were sacrificed
by carbon dioxide asphyxiation two days after the last
intradermal injection and skin biopsies were taken and
processed for histological and immunohistochemical
analysis.

Histology, Immunohistochemistry, and
Immunofluorescence

Formalin-fixed paraffin sections (4—6 wm) were dewaxed
by melting for 30-60 minutes at 60°C, cleared in xylene
three times for 5 minutes, and rehydrated in water solu-
tions containing decreasing percentages of ethanol. To
determine tissue architecture, sections were stained with
hematoxylin—eosin (Gill 2 Hematoxylin and Eosin Y alco-
holic; Thermo Sandon, Cheshire, UK) following a stan-
dard procedure.

For the immunoperoxidase staining, sections were
then treated for endogenous peroxidase inactivation,
blocked, and incubated overnight at 4°C with specific
primary antibodies against human epidermal and granu-
locyte markers. The antibodies were used at final dilu-
tions of 1:500 and 1:300 for anti-keratin 1 and anti-
keratin 17 rabbit polyclonal antibodies (Sigma-Aldrich),
respectively, 1:1000 for anti—keratin 6 monoclonal anti-
body (clone LHK6B, Neomarkers, Fremont, CA), 1:2000
for loricrin rabbit polyclonal antibody (Babco, Richmond,
CA), 1:50 for anti-myeloperoxidase (MPO) (HyCult bio-



technology b.v., Uden, The Netherlands), and 1:500 for
anti-psoriasin/HID5/S100A7 rabbit polyclonal antibody
(Imgenex, San Diego, CA). T-cell subpopulations have
been characterized using anti-CD4 (clone 4B12, Dako,
Glostrup, Denmark) and anti-CD8 (clone SP16, Master
Diagnostica, Granada, Spain) specific antibodies. To es-
tablish the human origin of the regenerated skin, a hu-
man-specific antibody against involucrin (clone SY5;
Sigma-Aldrich) was used to label human keratinocytes.
Cell proliferation was assessed using the anti-Ki-67 rab-
bit monoclonal antibody purchased from Neomarkers
(clone SP6). Specific biotinylated secondary antibodies
were obtained from Jackson ImmunoResearch Laborato-
ries (West Grove, PA). All immunoperoxidase stainings
were performed with standard procedures using the Vec-
tastain ABC kit (Vector Laboratories Inc., Burlingame,
CA). For alkaline phosphatase staining, anti-human CD3e
rabbit polyclonal antibody (Dako, Glostrup, Denmark),
alkaline phosphatase-conjugated donkey anti-rabbit sec-
ondary antibody (Jackson ImmunoResearch Laborato-
ries), and alkaline phosphatase substrate kit | (Vector)
were used. Sections were counterstained with hematox-
ylin and dehydrated in water solution containing increas-
ing percentages of ethanol. Finally, the slides were
placed 15 minutes in histoclear (National diagnostic, At-
lanta, GA) and mounted. Images were taken using an
Olympus Bx41 microscope and digital camera.
Immunofluorescence was performed on 8- to 10-um
cryostat sections of tissue samples adjacent to those
used for the above mentioned immunohistochemical
evaluation, embedded in optimal cutting temperature
(OCT) (Tissue-Tek) medium. Vascular density was de-
termined in snap-frozen tissue sections fixed with cold
acetone. Slides were incubated with monoclonal anti-
body against mouse CD31 (PECAM-1) (clone MEC13.3,
PharMingen) diluted 1:100. Double immunofluorescence
was performed with anti-ICAM-1 goat polyclonal antibody
diluted 1:50 (Santa Cruz Biotechnology, Santa Clara, CA).

Results

Experimental Design for the Generation of
a Skin-Humanized Model with Psoriatic
Phenotype

The contribution of both epidermal and immune compo-
nents to the pathogenesis of the disease was considered
as a critical factor for the experimental design presented
here, to mimic the human condition as much as possible.
We took advantage of the skin-humanized mouse model
previously characterized in our laboratory, based on the
permanent engraftment of a bioengineered human skin
onto the back of immunodeficient mice.®” This system
yields large numbers of mice engrafted with a significant
area of single donor-derived human skin, an advantage
compared to other xenotransplantation models.** The
present model was generated using keratinocytes and
fibroblasts isolated by enzymatic digestion of skin biop-
sies from either healthy donors (Figure 1A) or psoriatic
patients (Figure 1B). Cells were amplified in culture, as-
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sembled in a fibrin-based organotypic culture, and
grafted to immunodeficient mice.

The T1 lymphocyte subset was obtained by in vitro
cytokine-directed polarization of peripheral blood iso-
lated T cells. These immune cells were reintroduced in
the regenerated mature human skin by intradermal injec-
tion. The Th17 cytokines IL-17 and IL-22 were coadmin-
istered as recombinant proteins. The epidermal barrier
was disrupted by using tape-stripping, a well-character-
ized method that removes the superficial layers of the
stratum corneum and leads to hyperproliferation without
severe inflammation.?®

In Vitro Differentiation of T1 Cell Subpopulations

We differentiated T cells toward a type 1 phenotype by in
vitro activation and cytokine-directed polarization. To this
end, PBLs obtained by density gradient separation either
from psoriatic patients or healthy donors were activated
using a combination of CD3/CD28 antibodies conjugated
to magnetic beads in the presence of IL-2. T1 and T2
differentiation is controlled by IL-12 (p35-p40) and IL-4,
respectively. Moreover, these cytokines are known to
inhibit the generation of the opposite T subset. Thus, we
used a well-established method to obtain cytokine-di-
rected T1 polarization, by culturing the activated T lym-
phocytes for 6 days in the presence of IL-12 and anti-
IL-4. TO cells correspond to activated T lymphocytes
cultured in the presence of IL-2 alone. At that time, the
proportion of CD3* cells varied from 70% to 90% de-
pending on the donor, with a CD4:CD8 ratio of 1.2-1.8.
The activation status was evaluated by cell surface ex-
pression of CD25 (IL-2R«), HLA-DR and CD69. FACs
profiles from a normal healthy donor are shown in Figure
2A. After 6 days of culture, a high percentage of CD4™"
cells also expressed CD25 (66.61% of CD4™" T1 cells vs.
73.61% of CD4™ TO cells). The proportion of CD8™ cells
coexpressing CD25 was lower (44.71% of CD8™" T1 cells
vs. 54.49% of CD8" TO cells). Both in the CD4™ and
CD8™ T cell population, a high proportion of cells ex-
pressed HLA-DR under TO or T1 polarizing conditions
(78.64% of CD8" T1 cells vs. 91.61% of CD8" T0 cells
and 71.82% of CD4* T1 cells vs. 74.06% of CD4* TO
cells). In contrast, the early activation marker showed low
expression levels, especially under T1 polarizing condi-
tion (6.61% of CD4™ and 2.60% of CD8™ in T1 cells vs.
14.52% of CD4* and 17.62% of CD8™" in TO cells). Sur-
face expression levels of CD44 and CD62L were also
analyzed on activated TO and T1 cells (see Supplemental
Figure 1A at http.//ajp.amjpathol.org). Almost all CD4*
(89.7%) and more than half of the CD8" (59.1%) T1 cells
expressed CD44. The expression levels of CD62L re-
vealed that 60.4% of CD4™" cells are effector T cells,
whereas 64.7% of CD8" T cells are CD62L-negative.
The cytokine profile of the in vitro differentiated T cells
analyzed in Figure 2A was also evaluated by flow cytom-
etry on CD4* and CD8™ T cell subsets after their stimu-
lation with phorbol myristate acetate (PMA) and ionomy-
cin. By day 6 of T1 differentiation a large percentage of
cells expressed IFN-y (42.9% compared to 21.69% ex-
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Figure 1. Schematic diagram of the experimental design for the generation of a skin-humanized mouse model with psoriatic phenotype. A: Allogeneic healthy

donors. B: Autologous psoriatic patients.

pressing TO cells at day 6) when activated. A reduced
proportion of cells expressed IL-2 (22.39% compared to
42.69% expressing TO cells) and only a small proportion
of T1 and TO cells expressed IL-4 and IL-10 (Figure 2B).
T1 cells also produced large amounts of GM-CSF as
assessed by a specific ELISA assay (data not shown).
Similar percentages were obtained in the activation and
cytokine profile analyses after in vitro cytokine-directed

T1 polarization of psoriatic lymphocytes, although certain
heterogeneity existed among patients (data not shown).

We also analyzed the surface levels of expression of
HLA class | and class Il on donor keratinocytes and
fibroblasts (see Supplemental Figure 1B at http://ajp.
amjpathol.org). In vitro cultured healthy donor and psori-
atic patient keratinocytes used to assemble skin equiva-
lents to regenerate human skin on nude mice were
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Figure 2. Flow cytometric analysis of in vitro differentiated T cell subpopulations. PBLs from a healthy donor were cultured with Dynabeads CD3/CD28 T Cell
Expander (ratio 1:1) and 50 U/ml human interleukin-2. Cells were cultured for 6 days under these conditions (T0), and IL-12 plus anti-IL-4 were also added to
the culture for T1 differentiation. Flow cytometric analysis was performed at day 6 of differentiation. A: Representative dot plots of cell-surface markers on in
vitro-differentiated TO and T1 cell populations. B: Dot plot pattern of intracellular cytokine staining. Percentages refer to the proportion of positive cells as defined
by the binding of the control antibodies. One of three independent experiments is shown.

stained with FITC anti-HLA-DR and with PE anti-HLA-
A,B,C. After exposure of these keratinocytes to 24 hour
supernatants from allogeneic in vitro derived T1 lympho-
cytes, HLA class Il expression was induced. However, a
large heterogeneity was found between samples (per-

centages of induction from 5% to 53%). Similarly, an
increase in HLA class | expression was found in keratin-
ocytes under the same experimental conditions [fold-
increase of Mean fluorescence intensity (MFI) from
1.8X to 2.2X]. HLA-DR and HLA class | expression
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Figure 3. Histological analysis in the allogeneic skin-humanized mouse
model. H&E staining was performed on formalin-fixed paraffin-embedded
sections of human skin grafts treated with PBS (A) or those injected intrad-
ermally with in vitro-differentiated lymphocyte subpopulations and/or re-
combinant IL-22 and IL-17 cytokines. Tape-stripping (TS) was applied where
indicated (B, C, D, and F). Arrowheads show focal areas of hypogranulosis
(HG) and paraketosis (PK) were observed when human grafted skin was
injected with recombinant cytokines plus T1 lymphocytes and tape-stripping
(TS) was applied (B, D, and F). Arrows show the presence of dilated blood
vessels (BV). Scale bar = 100 um. Images are representative of two inde-
pendent experiments with two to three mice per group.

was also induced at different levels in fibroblasts upon
incubation with T1 derived supernatants. Thus it can
be concluded that in vitro cultured fibroblasts and ker-
atinocytes from healthy donors or psoriatic patients do
not express substantial levels of HLA-DR after their
expansion. Exposure to cell supernatants derived from
allogeneic in vitro derived T1 lymphocytes induced the
expression of HLA class | and Il (see Supplemental
Figure 1B at http://ajp.amjpathol.org).

Intradermal Injection of T1 Differentiated
Lymphocytes and Recombinant Cytokines in
the Allogeneic Skin-Humanized Mouse Model
Histological analyses showed that injection of T1 lympho-

cytes together with recombinant IL-22 and tape stripping
(Figure 3B) induced the typical epidermal changes as-

sociated with psoriasis, including elongation and fusion
of rete ridges, focal acanthosis, parakeratosis, and partial
loss of the granular layer over treatment with PBS alone
(Figure 3A). The dermis was characterized by an influx of
inflammatory cells and increased vascularity with the
presence of dilated capillaries. A similar reaction was
also observed when recombinant IL-17 was also added
to the above-mentioned combination, but even a stronger
dermal inflammatory response was observed in the pres-
ence of this cytokine (Figure 3F). To exclude the possi-
bility of an adverse reaction due to allogeneic recogni-
tion, CD8™ cells were depleted using anti-CD8 magnetic
beads before each injection. In this case, the major char-
acteristics associated to a psoriatic phenotype were also
present (Figure 3, D and F). In contrast, T1 plus recom-
binant IL-22 injection did not induce the psoriatic pheno-
type in the absence of tape-stripping; only a slight in-
crease in epidermal thickness was observed (Figure 3E).
Injection of recombinant IL-17 concomitant with tape-
stripping did not induce hyperproliferation in epidermis
but induced an increase in dermal cellularity with high
numbers of MPO™ cells (see Supplemental Figure 2, A-J
at http.//ajp.amjpathol.org). Similarly, the result of tape-
stripping alone was far from resembling a psoriasiform
reaction (Figure 3C). Histological analyses showed that in
contrast to T1 lymphocytes, injection of TO lymphocytes
together with recombinant Th17 cytokines and tape strip-
ping did not induce epidermal changes associated with
psoriasis (Figure 4A). No epidermal changes were in-
duced by injection of T1 subpopulation and tape-strip-
ping (Figure 4B). Similarly, in the absence of injected
lymphocytes neither IL-22 nor IL-17 in combination with
tape stripping were able to cause noticeable epidermal
alterations (Figure 4, C-E). Proliferative activity in the epi-
dermis of the regenerated human skin injected with IL-22
plus tape-stripping appears to be slightly increased (see
Supplemental Figure 2, F and H at http.//ajp.amjpathol.org).
T1 cells plus IL-22 (data not shown) or tape-stripping alone
did not induce a significant increase in proliferation (Figure
5). However, when T1 cells were coadministered with [L-22
and IL-17 concurrently with tape-stripping a visible increase
in Ki-67 immunostaining was observed. In this case, posi-
tive cells were not only restricted to the basal layer but
included also suprabasal keratinocytes (Figure 5).

Epidermal and Dermal Changes Observed in
the Allogeneic Skin-Humanized Mouse Model

Some of the anomalies found in psoriatic lesions were
identified by immunohistochemical analyses of several
markers of keratinocyte differentiation (involucrin, loricrin
and keratin 1 expression) and proliferation (keratin 6,
keratin 17 and S100A7). The coinjection of T1 cells plus
recombinant IL-22 and/or IL-17 in skin grafts together
with tape-stripping showed some of the most represen-
tative immunohistochemical features of human psoriatic
epidermis. Involucrin appeared to be up-regulated,
whereas loricrin expression was reduced in areas where
the generation of a well differentiated granular layer was
impaired. Keratin expression was also disrupted with
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Figure 4. Histological analysis of controls in the allogeneic skin-humanized
mouse model. H&E staining was performed on formalin-fixed paraffin-
embedded sections of human skin grafts that were injected intradermally
with (A) in vitro nondifferentiated lymphocyte subpopulations (T0) together
with recombinant IL-22 and IL-17 cytokines. B: In vitro differentiated lym-
phocyte subpopulations (T1). C: Recombinant IL-17. D: Recombinant IL-22.
E: In vitro differentiated lymphocyte subpopulations (T1) together with
recombinant IL-17. Tape-stripping (TS) was applied where indicated. Scale
bar = 100 pwm.

focal down-regulation of K1 (Figure 6A). A clear up-
regulation of K6 and K17 expression was coincident with
the presence of a hyperproliferative epidermis. In these
cases, the antimicrobial protein S100A7 (psoriasin) was
also induced (Figure 6B).

Despite the lack of obvious alterations at the histolog-
ical level (H&E staining) slight changes in the differenti-
ation program were observed. In fact, we found deregu-
lation of loricrin expression in conditions which include
the presence of the recombinant IL-22 cytokine such as
T1 coadministered with IL-22 together with tape stripping
(Figure 6A), IL-22 concomitantly with tape stripping (see
Supplemental Figure 2D at http.//ajp.amjpathol.org) and
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Figure 6. Tmmunohistochemical analysis of epidermal markers in the allo-
geneic skin-humanized mouse model. A: Consecutive formalin-fixed paraf-
fin-embedded sections used in Figure 3 were stained for involucrin, keratin
1, and loricrin differentiation markers. Scale bar = 100 um. B: K6, K17, and
psoriasin (hS100A7; markers of hyperproliferation in psoriasis) staining was
also performed in serial sections. Scale bar = 100 pm.

TO coadministered with IL-22 and IL-17 accompanied by
tape stripping (data not shown).

A more prominent inflammatory infiltrate was observed
in the upper dermis when recombinant IL-17 was coad-
ministered with T1 cells and IL-22 to regenerated human
skin together with tape-stripping (Figure 3). Immunohis-
tochemical analyses to assess the cellular composition of
the infiltrate revealed an increased influx of granulocytes.
In fact, we showed that concomitant injection of IL-17 and
tape-stripping resulted in a noticeable recruitment of
MPO™ cells to the dermis of humanized skin (see Sup-

—  mm

PBS 1x PBS+TS

Th1+IL22+IL17+TS

Figure 5. Epidermal proliferative response in the allogeneic skin-humanized mouse model. For immunohistochemical analysis of cell proliferation, immuno-
staining with anti-Ki-67 antibody was used. Arrowheads indicate the presence of positive nuclei. Scale bar = 100 wm. A proliferation index was calculated from

the formula: (number of Ki-67—positive nuclei/total nuclei) X100.
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Figure 7. Immunohistochemical analysis of dermal inflammatory cells in the
allogeneic skin-humanized mouse model. The composition of the inflamma-
tory infiltrate was analyzed by immunohistochemical analysis of consecutive
formalin-fixed paraffin-embedded tissue sections using specific antibodies
against anti-myeloperoxidase (MPO) to detect cells of the granulocyte series
(B, D and F) and anti—-CD3-¢ T cell specific antigen, to localize the injected
human T cells in the tissue (A, C and E). The insets show a X40 magnifi-
cation. The arrowheads indicate positive cell staining. Black Scale bar = 100
pm; red scale bar = 30 pwm.

plemental Figure 2, | and J at http.//ajp.amjpathol.org).
The use of an anti-CD3-¢ specific antibody revealed the
localization near the epidermis of the injected T cells in
the regenerated human skin (Figure 7, A-F). The majority
of T cells present in the epidermis of grafts injected with
T1 cells were of CD8 origin. However, elevated numbers
of both CD4" and CD8" T cells were found predomi-
nantly in the dermis (see Supplemental Figure 3, A and B
at http://ajp.amjpathol.org). In addition, some of the in-
flammatory cells of the infiltrate showed positive staining
for specific dendritic cell markers (data not shown). CD31

CD31 ICAM-1

PBS1x
+TS

Th1 +IL-22 + IL-17
+TS

staining showed the presence of dilated capillaries in
the dermis of IL-22 and IL-17 plus T1 coinjected tape-
stripped regenerated human skin and correlated with
an augmented ICAM-1 expression in dermal vessels
(Figure 8).

Autologous Skin-Humanized Mouse Model for
Psoriasis

The skin-humanized mouse model for psoriasis was also
reproduced when keratinocytes and fibroblasts were ob-
tained from a psoriatic plaque (Figure 1B). When skin
equivalents generated using these cells were grafted
onto the back of immunodeficient mice, the histological
and immunohistochemical analyses showed that the re-
generated human skin (Figure 9) was similar to that ob-
tained using keratinocytes and fibroblasts from healthy
donors, even when mild tape-stripping was applied (Fig-
ures 3 and 6). In vitro cytokine-directed polarization was
used to obtain T1 lymphocyte subpopulations from the
same psoriatic patients that were intradermally injected
together with recombinant IL-22 and IL-17 cytokines. Af-
ter barrier disruption by mild tape-stripping (Figure 9), the
same changes in the epidermal compartment that were
observed in the allogeneic model (Figures 3 and 6) were
reproduced and constitute the typical histopathological
features of psoriatic lesions: elongation and fusion of rete
ridges, focal acanthosis, parakeratosis, and partial loss
of the granular layer with focal down-regulation of keratin
1 and loricrin expression and up-regulation of keratin 17
and psoriasin (Figure 9). Findings included a strong an-
giogenic response and an inflammatory infiltrate that was
very similar in composition to that obtained in the alloge-
neic model [ie, granulocytes (Figure 9) distributed in the
upper dermis], together with the injected T1 lymphocytes
that were found infiltrating the epidermis. We also dem-
onstrated that the same changes associated with a pso-
riatic phenotype were observed when the injected T1
lymphocytes derived from unrelated healthy donors (data
not shown).

merge

Figure 8. Immunofluorescence analysis of the
angiogenic tissue reaction in the allogeneic skin-
humanized mouse model. Double-labeling im-
munofluorescence analyses for endothelial cell-
specific antigen CD31 and the intercellular
adhesion molecule-1 (ICAM-1) is shown in cry-
ostat sections that were obtained from tissue
samples adjacent to those obtained for the im-
munohistochemical analyses. White lines indi-
cate the basal membrane of the tissue. White
scale bar = 100 pm.
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Figure 9. Histological and immunohistochemi-
cal analyses in the autologous skin-humanized
mouse model. As schematized in Figure 1B, ker-
atinocytes and fibroblasts from a psoriatic skin
biopsy were used to generate skin equivalents
that were grafted on nude mice. Regenerated
human skin was intradermally injected with in
vitro—differentiated T1 lymphocyte subpopula-
tions derived from the same psoriatic patient in
the presence of recombinant IL-22 and IL-17
cytokines and tape-stripping (TS). H&E staining
was performed on formalin-fixed paraffin-em-
bedded sections. Focal areas of hypogranulosis
(HG) and paraketosis (PK) are indicated by
arrowheads, and arrows show the presence of
dilated blood vessels (BV). Consecutive sections
were stained for differentiation markers keratin 1
and loricrin and for proliferation markers K17
and psoriasin (hS100A7). Immunohistochemical
analyses of the dermal inflammatory infiltrate
were also performed in serial sections using spe-
cific antibodies anti-myeloperoxidase (MPO), to
detect cells of the granulocyte series, and anti—
CD3-g T cell-specific antigen that indicate the
localization of the injected T cells. Black scale
bar = 100 wm; red scale bar = 30 wm. The
insets show a X40 magnification. Images are
representative of one psoriatic patient of three
analyzed, with two to three mice per group.
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Discussion

Our laboratory has previously described the skin-human-
ized mouse model based on the permanent engraftment
of ex vivo bioengineered human skin onto the back of
immunodeficient mice.®” After transplantation, a chimer-
ical model is generated with a skin of human origin that is
vascularized and innervated by the mouse vessels and
nerves. The fibrin-based skin equivalent developed by
our team presents unique characteristics and allows the
generation of large bioengineered skin surfaces, which
on engraftment result in a regenerated skin that retains
the main anatomical and physiological features of native
interfolicular human skin. In addition, the long term per-
sistence of a healthy regenerated skin reveals the correct
epidermal stem-cell preservation®® and performance
even after all of the ex vivo manipulations including gene
transfer.®72” Regenerated normal human skin responded
effectively to stimuli such as wound healing and UV-light
irradiation.?®2° We were also able to deconstruct-recon-
struct several inherited skin disorders using patient derived
cells.® 192930 Finally, it is also important to mention that this
bioengineered skin equivalent has been widely used for

permanent skin regeneration in patients suffering severe
skin losses.”""

In the present study, we move another step forward by
introducing in this well-characterized skin humanized
mouse model specific cytokine-producing lymphocytes
to model a complex skin disease, such as psoriasis, in
which the immune component plays a central role.

Previous valuable psoriasis models were based on
patient-derived whole human skin transplantation on im-
munodeficient mice.3273* However, in addition to difficul-
ties in sourcing, a major concern for this type of approach
is the large heterogeneity of the grafting material. Con-
versely, the model developed in the present study is
based on human skin regeneration on transplantation of a
cultured bioengineered skin. This strategy enables the
generation of a large number of engrafted mice with a
significant and homogeneous area of single donor—de-
rived human skin.

Using the whole skin xenotransplantation model, it has
been shown that the psoriatic lesion only develops when
in culture activated immunocytes (ie, general stimulus
such as PHA + IL2) from patients are intradermally in-
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jected in the engrafted skin. It was proposed that the
injection of such activated immune cells acts as a stim-
ulus to drive, in turn, the activation of resident immuno-
cytes in the xenograft.®23% In our model, during the iso-
lation and expansion of keratinocytes and fibroblasts,
resident immune cells present in the original skin biopsy
are lost. This constitutes a major difference with the whole
skin transplantation model. The isolation of resident T
cells from skin biopsies to reintroduce them in the regen-
erated human skin represents an additional limiting step
to inject an elevated number of animals. This problem has
been circumvented by injection of in vitro derived specific
T cell subpopulations from peripheral blood.

We decided to study the contribution of specific T cell
subpopulations and/or cytokines shown before to be crit-
ical for the development of a psoriatic plaque. It has been
demonstrated that a cascade of events is initiated in
psoriasis that leads to the specific activation of Th1 and
Th17 immune responses, with IFN-gamma and IL-22 cy-
tokines playing a key central role in the epidermal in-
duced changes.®® IL-22 has been shown to inhibit kera-
tinocyte terminal differentiation in a three-dimensional
human epidermis model. Moreover, some of the major
features of psoriatic skin are also observed in the epider-
mis of IL-22 transgenic mice (acanthosis, loss of the
granular layer and hyperkeratosis).®” IFN-gamma in-
duced the expression of Th1-cells attracting chemokines
in keratinocytes. The Th17 IL-17 cytokine has been
shown to induce activation events in keratinocytes lead-
ing to the recruitment of a characteristic inflammatory
infiltrate into lesional skin.®® This cytokine has been
shown to induce dendritic cell (CCL20) and granulocyte-
attracting (CXCL1, CXCL2, CXCL5, CXCL8) chemo-
kines.®” In view of this complex scenario, we considered
Th1 and Th17-derived cytokines as key factors to estab-
lish our novel experimental model.

In this study we also evaluated the possibility of gen-
erating a skin-humanized model of psoriasis that allows
the use of skin biopsies and peripheral blood from either
normal volunteers, (allogenic model) or psoriatic patients
(autologous model). Because samples from healthy do-
nors are easier to obtain, modeling the disease in an
allogeneic context would yield higher number of homo-
geneous skin-humanized animals. Therefore, it would
provide a novel platform to study the contribution of indi-
vidual components (cells, cytokines, growth factors, or
biochemical pathways) to the pathogenesis of the dis-
ease. In an attempt to achieve this objective, human skin
was regenerated onto the back of immunodeficient mice
using keratinocytes and fibroblasts from skin biopsies
obtained from healthy donors. In vitro differentiated T1
cells obtained from an allogeneic healthy donor together
with the Th17 recombinant IL-22 and IL-17 cytokines
provided the immune component. We also applied tape-
stripping to provoke a barrier defect as several genetic
studies have clearly demonstrated that a compromised
barrier function may contribute to the progression of the
disease.23’24’39’4o

Histological and immunohistochemical analyses re-
vealed the main hallmarks of psoriasis lesions when the
above mentioned combination of factors was used. A

considerable hyperproliferative reaction in the epidermis
was observed, with a clear induction of rete ridge elon-
gation. In some cases, focal hypogranulosis and parak-
eratosis were observed. In the presence of T1 cells and
both cytokines, there was a prominent inflammatory infil-
trate, mainly composed of granulocytes, and CD31 stain-
ing revealed the presence of dilated capillaries in the
dermis. The majority of T cells present in epidermis of
samples injected with T1 cells are of CD8 origin. How-
ever, elevated numbers of both CD4* and CD8™" T cells
were found predominantly in the dermis of allogeneic
(see Supplemental Figure 3 at http://ajp.amjpathol.org)
samples. To exclude the possibility of a cytotoxic reaction
in the allogeneic model, the in vitro T1 differentiated sub-
population was depleted of CD8™ cells, and coinjected
with recombinant IL-17/IL-22 cytokines in the presence of
tape-stripping. In this case a similar psoriatic reaction
pattern was also obtained. The same combination of
factors was proven to be effective in the autologous
skin-humanized mouse model, where keratinocytes, fi-
broblasts, and T1 subpopulations were obtained from a
psoriatic patient. More importantly, the same changes
associated with a psoriatic phenotype could be observed
when T1 lymphocytes from unrelated healthy donors
were injected in a human skin regenerated from keratin-
ocytes and fibroblasts obtained from a skin biopsy of a
psoriatic patient (data not shown). Thus, using this skin-
humanized mouse model, a scenario could be envi-
sioned in which the adequate combination of T cell sub-
sets and/or cytokines interacts with an epidermal
compartment with a barrier defect to develop the pheno-
typic changes associated to human psoriasis. In the au-
tologous and allogenic models the T1 subpopulation
and/or the combination of factors produced by these
cells in conjunction with Th17-derived cytokines is critical
for the acquisition of a fully developed psoriatic pheno-
type. This process appears to occur independently of the
lymphocyte source (psoriatic patients or unrelated
healthy donors). However, it has been demonstrated that
many factors confer predisposition for psoriasis and
might contribute not only to the genesis of the lesion but
also to the severity of the disease. Among them, barrier
function disturbance appears as a key factor contributing
to the pathogenesis. It seems that the phenotypic con-
version is more evident in certain donors/patients using
this system. It would thus be relevant to undertake an
exhaustive analysis to assess the genetic background of
every donor/patient. This could reveal whether the sys-
tem is capable of gauging differences associated with
genetic background and explain differences in the phe-
notype observed (severity of the lesion).

The possibility of generating a humanized psoriatic
model by using keratinocytes, fibroblasts, and immune
cells isolated from single psoriatic patients represents a
realistic opportunity to address interindividual differences
in treatment efficacy.

Mature subpopulations of human lymphocytes are in-
troduced in the system to mimic, as closely as possible,
the phenotype of a completely developed human psori-
atic plaque. Admittedly, within this context the model
precludes the study of the initial stages of the patholog-



ical process (ie, lymphocyte extravasation and in vivo
lymphocyte differentiation). However, it emerges as a
powerful tool to further characterize the established le-
sion and to test novel therapeutic approaches. In addi-
tion, the possibility of introducing modifications and/or
combinations of components allows us to study each one
of them separately. Furthermore, the use of gene modi-
fied cells (keratinocytes and fibroblasts) has been shown
to be feasible.®?830:41:42 Thyg  generating skin-human-
ized mice either overexpressing or repressing specific
genes will be very useful to unravel the key pathways
contributing to the pathogenesis of psoriasis. In a similar
fashion, lymphocyte subpopulations may also be genet-
ically manipulated, to evaluate the cross-interacting path-
ways between keratinocytes and immune cells that take
place in the development of the psoriatic plaque.
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