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Abstract

Psoriasis is a chronic skin condition whose pathogenesis is reported to be due to the activation of the interleukin-23/inter-
leukin-17 (IL-23/IL-17) pathway. Here, we report that indoleamine 2,3-dioxygenase (IDO)-expressing fibroblasts reduce the
activity of this pathway in activated immune cells. The findings showed that intralesional injection of IDO-expressing fibro-
blasts in imiquimod-induced psoriasis-like dermatitis on the back and ear (Pso. ear group) in mice significantly improves the
clinical lesional appearance by reducing the number of skin-infiltrated IL-17+ CD4+ T cells (1.9% + 0.3% vs. 6.9% + 0.6%, n
=3, Pvalue <0.01), IL-17+ y6+ T cells (2.8% + 0.3% vs. | 1.6% + 1.2%, n = 3, P value <0.01), IL-23+ activated dendritic cells
(7.6% + 0.9% vs. 14.0% + 0.5%, n = 3, P <0.01), macrophages (4.3% + 0.1% vs. 11.3% + 1.0%, n = 3, P value < 0.01), and
granulocytes (2.5% + 0.4% vs. 4.5% + 0.3%, n = 3, P value < 0.01) as compared to untreated psoriatic mice. This finding
suggests that IDO-expressing fibroblasts, and to a lesser extent, non-IDO primary fibroblasts suppress the psoriatic-like

symptoms by inhibiting the infiltration of key immune cells involved in the development of psoriasis.
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Introduction

Psoriasis is one of the most common recurrent chronic inflam-
matory skin diseases, affecting 2% to 3% of the general pop-
ulation'. Recent studies demonstrated that interleukin-23
(IL-23) T helper 17 (Th17) pathway is linked to psoriasis?. It
is reported that inflammatory myeloid dendritic cells expres-
sing IL-23 initiate a set of signals that are crucial for the devel-
opment and maintenance of Th17°. The activated Th17 cells
further secrete IL-17 and IL-22, which promote further recruit-
ment of immune cells, keratinocyte proliferation, and sustained
chronic inflammation®>. There are several commercially
available biological monoclonal antibodies (LY-2439821,
AMG-827, and AZ17) at different phases of human clinical-
trials, which target the IL-23/IL-17 axis®’. Although the use of
these injectable biologics is far more effective than other treat-
ments, the cost and high risk of side effects make them still less
desirable. This is because patients treated with anti-IL-12 and/
or IL-23 cytokine showed potential opportunistic infections
such as salmonellosis and mycobacterial. These reports
showed that immunity against these microorganisms depends
onthe expression of IL-12 and/or IL-23%°. As such, there is still

a need to find a new strategy through which psoriasis can be
treated without compromising the functionality of the immune
system and any potential side effects.

Indoleamine 2,3-dioxygenase (IDO), which is a cytosolic
rate-limiting enzyme and is mainly expressed by macro-
phages, dendritic cells, and trophoblasts, breaks down
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tryptophan (Trp)'®. The expression of IDO by antigen-pre-
senting cells (APCs) in vivo allows them to suppress
unwanted T cell responses''. Our studies found that IDO-
expressing primary dermal fibroblasts suppress inflamma-
tory cell proliferation and induce apoptotic death in some
subsets of T lymphocytes, but not skin cells'®. These find-
ings let us ask the question of whether intralesional injection
of IDO-expressing fibroblasts in a previously used imiqui-
mod (IMQ; Aldara cream) psoriatic mouse model'?
improves the psoriatic clinical appearance by modulating the
IL-23/Th17 pathway activity. Our findings revealed that the
critical factors associated with psoriasis, such as clinical
appearance, skin erythema and scaling score, skin thickness,
the number of infiltrated IL-17-producing T cells, and IL-23-
producing dendritic cells, are significantly improved upon
injecting IDO-expressing fibroblasts.

Materials and Methods
Preparation of IDO-expressing Fibroblasts

As previously reported'®, primary dermal fibroblasts from
allogeneic B6 mice were isolated from skin biopsies and
transduced with a lentiviral vector that contained IDO and
Red Cherry gene. Following verification of IDO expression
and enzyme activity, these cells were used for intralesional
injection of psoriatic affected areas.

Induction of Psoriasis-like Condition

Eight- to 10-wk female BALB/c mice were purchased from
the Jackson Laboratory (Bar Harbor, ME, USA). Mice
received a daily topical dose of 55 mg of IMQ cream (5%;
Aldara; 3M Pharmaceuticals, London, Ontario, Canada) on
the shaved areas of the mouse back and 5 mg on the right ear
for 6 d to generate localized and generalized psoriasis. This
dose was determined to induce psoriasis-like skin inflamma-
tion on day 3. On day 3, mice were divided into 5 groups, no
IMQ treatment (normal), IMQ-treated (Pso.), IMQ plus
either medium (Sham), 4 x 10° non-IDO fibroblast (Pso.
+ Fib), or 4 x 10° IDO-Red Cherry-expressing fibroblast
injected (Pso. + IDOFib). Mice were intralesionally injected
with either 4 x 10° cells or control fibroblasts/100 uL of
medium/spot on dorsal areas (4 spots/mouse).

The lesions were photographed every other day. The pres-
ence of erythema and scaling on the back and ears were
scored on a scale from 0 to 4 by an unbiased observer (0,
none; 1, slight; 2, moderate; 3, marked; and 4, very marked).
Skin and ear thickness were measured every other day using
the digital caliper. Upon euthanizing the mice on day 9, the
size and weight of the auxiliary and inguinal lymph nodes
and spleen were taken and evaluated.

Flow Cytometry

Mice were euthanized on day 9, and dorsal skins, right ears,
and lymph nodes were collected and minced and digested

with collagenase D (Sigma-Aldrich, Oakville, Ontario,
Canada) (1 mg/mL) for 30 min. Samples were then gently
pressed against 40-um nylon mesh to pass through and release
cells into a culture medium. Cell suspensions from the skin of
the lesion, right ears, and lymph nodes were used, and the
number of the granulocytes and macrophages were deter-
mined by their surface markers using fluorescein isothiocya-
nate (FITC)-conjugated anti-Gr-1 (eBiosciences, San Diego,
CA, USA) for granulocytes, APC-conjugated anti-F4-80
(eBiosciences), and phycoerythrin (PE)-conjugated anti-
CDL11b for macrophages in 1% fetal bovine serum + phos-
phate buffered saline (FBS + PBS). In order to characterize
IL-17-producing T cells and IL-23-producing Dendritic Cells
(DCs), cell suspensions from the skin, right ears, and lymph
nodes were cultured and stimulated with stimulating Cocktail
(plus protein transport inhibitors; eBiosciences) overnight. To
perform surface staining, 1 x 10° cells were stained for 30
min at room temperature in 1% FBS + PBS containing the
PE-conjugated anti-CD4 (eBiosciences) for T cells and FITC-
conjugated anti-yd (eBiosciences) for T cells or FITC-
conjugated anti-CD11c (eBiosciences) and PE-conjugated
anti-CD86 (eBiosciences) for dendritic cells. In the next step,
the cells were fixed and permeabilized using a fixation—per-
meabilization buffer (eBioscience) and incubated for 45 min
at 4 °C. Cells were then washed once with permeabilization
buffer (eBioscience) followed by intracellular staining using
eFleur-conjugated anti-mouse IL-17 (0.5 pg per 100 puL) and
eFleur-conjugated anti-mouse IL-23 (0.5 pg per 100 upL;
eBioscience). Cells were analyzed using a BD Accuri™ C6
Flow Cytometer, gates on physical parameters. A total of
20,000 events were recorded for each assay.

Immunohistochemical Staining

Lesional areas were harvested at the end point of experiments,
fixed in 10% buffered formalin solution, and embedded in
paraffin. Tissue sections 5 pm thick were prepared and stained
with hematoxylin and eosin (H&E) to evaluate the epidermal
thickness. Sections were rehydrated, and nonspecific binding
was blocked. In another set of experiments, upon blocking
nonspecific binding, sections were incubated overnight at
4 °C with rabbit anti-CD3 primary antibodies (1:50 dilution;
Abcam, Cambridge, MA, USA). Sections were then washed
and incubated with rhodamine goat anti-rat immunoglobulin
G secondary antibody (Jackson ImmunoResearch, West
Grove, PA, USA) for 45 min. Finally, the slides were dehy-
drated and mounted in Permount (Fisherbrand, Pittsburgh,
PA, USA).

Statistical Analysis

Data are reported as a mean + standard deviation of 3 or
more independent set of experiments. The statistical differ-
ences of mean value among treated and control groups were

tested with one-way analysis of variance followed by post
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hoc comparisons using Bonferroni correction. A P value less
than 0.05 was considered statistically significant.

Ethics Statement

All methods and procedures as well as the use of animals
and tissue specimens derived from animals were approved
by the Animal Ethics Committee of the University of
British Columbia. Care and maintenance of all animals
used in this study were in accordance with the principles
of laboratory animal care and the guidelines of the insti-
tutional Animal Policy and Welfare Committee at The
University of British Columbia.

Results

Intralesional Injection of IDO-expressing Fibroblasts
Improves Clinical Appearance of Psoriatic-like Lesion

Daily topical application of IMQ caused skin erythema as
early as day 3 and remained high up to day 9 tested (Fig. 1a).
However, intralesional injection of IDO-expressing fibro-
blasts, and to a lesser extent, non-IDO-expressing fibroblast
significantly improved psoriatic-induced erythema (Fig. 1a).
Using fluorescence confocal microscopy, the IDO- and Red
Cherry-expressing fibroblasts remained in the dermis
(Fig. 1b) and some of them migrated to local auxiliary lymph
nodes (Fig. 1c). The size and weight of the auxiliary lymph
nodes (numbers 1 to 3, Fig. 1d), taken from psoriatic mice
treated with intralesional injection of IDO (6.2 + 0.8 vs.
15.3 + 0.6 mg, n =3, P value <0.01) and, to a lesser extent,
non-IDO-expressing cells (11.7 + 1.6 vs. 15.3 + 0.6 mg,
n =3, P value < 0.01), were markedly less than those taken
from the psoriatic mice (Fig. 1d and e). No significant
change has been detected in the weight of inguinal lymph
nodes (data not shown). Our data revealed that significantly
less erythema and silver scales scoring skin and ears of mice
received intralesional injection of IDO-expressing fibro-
blasts than nontreated positive controls (Fig. 1f and g).

Skin Thickness Is Reduced in Psoriatic Animals that
Received IDO-expressing Fibroblasts

As shown in Fig. 2a, upon daily application of IMQ cream,
skin thickness significantly increased on day 4 as compared
to day 0 (0.69 + 0.0 vs. 0.53 + 0.03 mm, » = 12, P value <
0.01). This thickness remained the same for sham and Pso.
groups on day 6 compared to day 4 (0.68 + 0.02 vs. 0.70 +
0.03 mm and 0.66 + 0.0 mm vs. 0.68 + 0.07, n = 3, P value
>0.05). However, this increase was abrogated upon injection
of IDO-expressing fibroblasts (0.6 + 0.05 vs. 0.69 +
0.07 mm, n = 3, P value > 0.05). This further reduced up
to day 9 (0.54 + 0.05vs. 0.69 + 0.07 mm, n = 3, P value <
0.01) tested (Fig. 2a). Similarly, daily application of IMQ
cream increased the ear thickness at day 4 as compared to
day 0 (11.1 £+ 0.63 vs. 8.8 + 0.43 mm, n = 12, P value <
0.01; Fig. 2b). Our data showed no significant changes in ear

thickness in mice with the injection of IDO-expressing
fibroblasts on day 6 (10.30 + 0.58 vs. 11.00 £+ 0.58 mm,
n = 3, P value > 0.05) and day 9 (10.30 + 0.58 vs.
11.00 + 0.58 mm, n = 3, P value > 0.05) as compared to
that of day 4 (Fig. 2b). However, there was a marked
increase in ear thickness in mice left untreated (Pso.; 14.33
+ 0.58 vs. 10.50 + 0.00 mm, n = 3, P value <0.01), treated
with injecting medium (sham; 14.7 + 0.58 vs. 12.0 +
1.00 mm, » = 3, P value < 0.01), or non-IDO fibroblast
(12.70 + 1.1 vs. 11.00 + 0.58 mm, n = 3, P value <
0.01) on day 9 compared to day 4 (Fig. 2b). The result of
H&E staining of psoriatic lesion showed a significant
increase in the thickness of epidermal layer of skin of Pso.
group (86.7 + 16.82 vs. 11.61 + 2.84 um, n = 3, P value <
0.01), sham (61.72 + 6.82 vs. 11.61 + 2.84 pm, n = 3,
P value < 0.01), or non-IDO fibroblast (69.19 + 9.65 vs.
11.61 + 2.84 um, n = 3, P value <0.01) compared to that of
normal mice and markedly reduced in injected IDO-
expressing fibroblasts compared to that of normal mice
(34.34 + 1042 vs. 11.61 + 2.84 um, n = 3, P value <
0.01; Fig. 2¢ and d).

Intralesional Injection of IDO-expressing Fibroblasts
Reduces Infiltration of Granulocytes and Macrophages

Granulocytes and macrophages in psoriatic lesions were
identified as CD11b+ Gr-14 and CD11b+ F4-80+ cells,
respectively. Granulocytes were gated by their characteristic
forward and side-scatter profiles that represent size and gran-
ularity of cells. The total population of cells within the
CD11b gate was distributed as a scatterplot of fluorescence
intensity versus side scatter. Gate for Gr-1 antigen was
applied to CD11b—+ granulocyte population to determine the
mean fluorescence intensity (MFI) and relative expression of
Gr-1 in skin and ear (Fig. 3a). The frequency of CD11b+
Gr-14 cells in psoriatic-like lesions significantly increased
in those of medium injected (sham; 4.2% + 0.3% vs. 0.9%
+ 0.5%, n = 3, P value < 0.01), Pso. group (4.5% + 0.3%
vs. 0.9% + 0.5%, n = 3, P value < 0.01), and non-IDO
fibroblasts injected (3.9% =+ 0.3% vs. 0.9% + 0.5%, n =
3, P value <0.01) as compared to normal group (Fig. 3b and
¢). This increase significantly decreased in psoriatic IDO-
expressing fibroblast-treated mice compared to Pso. group
2.5% + 0.4% vs. 4.5% 4+ 0.3%, n = 3, P value < 0.01).
Moreover, the MFI of Gr-1 molecule significantly increased
in sham (107,857.2 £+ 7,050.9435 vs. 65,780.9 + 1,260.6,
n = 3, P value < 0.01), Pso. (108,011.3 + 6,288.48 vs.
65,780.9 + 1,260.6, n = 3, P value < 0.01), and Pso. + Fib
groups (93,587.9 + 3,310.87 vs. 65,780.9 + 1,260.6,n = 3,
P value < 0.01) compared to normal mice. However, the
levels of Gr-1 decreased in the IDO-expressing fibroblast-
treated mice as compared to Pso. group (72,885.4 + 716.06
vs. 108,011.3 + 6,288.48, n = 3, P value < 0.01; Fig. 3e).
Further, our results revealed that the number of granulocytes
in IMQ-treated mouse ears significantly increased in Pso.
group (6.1% + 0.8% vs. 3.1% + 0.2%, n = 3, P value <
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Fig. |. Psoriatic-like lesions before and after treatment. Psoriasis-like skin inflammation induced in BALB/c mice by daily topical
application of 5% imiquimod (IMQ) cream. On day 3, mice were either untreated or treated with intralesionally-injecting medium,
4 x 10° fibroblasts or 4 x 10° indoleamine 2,3-dioxygenase (IDO)-expressing fibroblasts. The presence of erythema and scaling of
the back skin and ear were scored on a scale from 0 to 4 (0, none; I, slight; 2, moderate; 3, marked; and 4, very marked). (a) Clinical
appearance of IMQ-induced psoriatic-like lesions treated and untreated on days 3 and 9. (b) Presence of IDO-expressing fibroblasts in
the dermis of injected lesions on day 9. (c) Presence of IDO-Red Cherry—expressing cells in regional lymph nodes. (d and e) The size
and weight of auxiliary (numbers | to 3), inguinal lymph nodes (numbers 4 and 5) and spleen in treated and control mice. (f and g)
Back skin and ear erythema and silver scale scoring in mice received different treatments as a function of time. The significant
differences have been indicated by asterisks (*; P < 0.01; n = 3).
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Fig. 2. Epidermal thickness following cell therapy. Skin and ear thickness were measured every other day using a digital caliper. On day 9 of
the experiment, mice were sacrificed and back skin was harvested, fixed in 10% buffered formalin solution and embedded in paraffin. Tissue
sections of 5 um thickness were stained with hematoxylin and eosin (H&E). (a and b) Skin and ear thickness in control and treated psoriatic
lesions were measured every other day using a digital caliper. (c and d) H&E-stained psoriatic skin lesion showing epidermal thickness and its
quantitative analysis, respectively. The significant differences have been indicated by asterisks (*; P < 0.0l; n = 3).

0.01), sham (5.6% + 1.0% vs.3.1% + 0.2%, n =3, P value
< 0.01), and non-IDO fibroblast-treated lesions (4.3% =+
0.3% vs. 3.1% + 0.2%, n = 3, P value < 0.01) as compared
to normal group. This increase significantly decreased upon
injection of IDO-expressing fibroblasts (3.2% + 0.4% vs.
6.1% + 0.8%, n = 3, P value < 0.01; Fig. 3b and d). The
MFT of Gr-1 was significantly decreased in the ear of IDO-
expressing fibroblast-treated mice as compared to Pso. group
(71,613.6 + 327.4 vs. 114,562.1 + 309.2, n = 3, P value <
0.01; Fig. 3f).

Monocytes were gated by their characteristic forward and
side-scatter profiles that represent size and granularity of
cells. The total population of cells within the CD11b gate
was distributed as a scatterplot of fluorescence intensity ver-
sus side scatter. Gate for F4-80 antigen was applied to
CD11b+ monocyte population to determine the MFI and
relative expression of F4-80 in skin and ear (Fig. 4a). The
number of CD11b+ F4-80+ macrophages is also increased
in the skin of Pso. mice (11.3% + 1.0% vs. 1.7% + 0.8%,
n = 3, P value < 0.01), sham (9.1% + 0.4% vs. 1.7% +
0.8%, n = 3, P value < 0.01), and non-IDO fibroblast
injected groups (6.0% + 0.8% vs. 1.7% + 0.8%, n = 3,
P value <0.01) compared to normal mice (Fig. 4b and c). In
contrast, there was a considerable reduction in the number of
these cells in IDO-expressing fibroblast-treated mice

compared to Pso. mice (4.3% + 0.1% vs. 11.3% + 1.0%,
n = 3, P value < 0.01; Fig. 4b and c). The frequency of
macrophages also significantly increased in the psoriatic ear
lesions of Pso. (2.8% + 0.1% vs. 0.7% + 0.1%, n = 3,
P value < 0.01), sham (2.5% + 0.2% vs. 0.7% + 0.1%,
n = 3, P value < 0.01), and non-IDO fibroblast-treated
lesions (2.6% + 0.2% vs. 0.7% + 0.1%, n = 3, P value <
0.01; Fig. 4b and d). IDO cell therapy reduced the number of
these cells in the ear compared to Pso. mice (0.8% + 0.2%
vs. 2.7% + 0.1%, n = 3, P value < 0.01; Fig. 4b and d). MFI
of F4-80 was significantly decreased in the skin (37,254.4 +
358.0vs. 93,444.1 + 1,732.1,n =3, P value <0.01) and ear
(30,344.1 + 176.4 vs. 65,677.8 + 1,347.0, n = 3, P value <
0.01) of IDO-expressing fibroblast-treated mice as compared
to the Pso. group (Fig. 4e and f).

Intralesional Injection of IDO-expressing Fibroblasts
Reduces Infiltration of Other Key Immune Cells

We also asked whether intralesional injection of IDO-
expressing fibroblasts influences the number of the infil-
trated CD3+ T cells. The results showed a marked reduction
in the number of these cells in IDO-expressing fibroblast-
treated lesions as compared to either none (Pso.) or non-
IDO-expressing cell treated mice (Fig. 5). As IL-23/IL-17
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Fig. 3. The frequency of CDIIb* Gr-17 cells in the skin, ear, and lymph nodes after cell therapy. Upon euthanizing mice on day 9, the dorsal
skins and right ears were collected. After obtaining single-cell suspensions, cells were stimulated in Cell Stimulation Cocktail overnight.
Granulocytes were stained for specific surface markers for 30 min at room temperature in 1% fetal bovine serum + phosphate buffered
saline—containing fluorescein isothiocyanate-conjugated anti-Gr-| and phycoerythrin-conjugated anti-CD | |b. (a) Representative flow cyto-
metry plots of gating. (b) Representative flow cytometry plots of Gr-14+ CD1Ib+ cells in skin and ear. (c and d) Quantitative analysis of
granulocytes in skin and ear, respectively. (e and f) Mean fluorescence intensity (MFl) of Gr-1 in skin and ear, respectively. Pso. ear, right ear
which has received 5 mg imiquimod cream. The significant differences have been indicated by asterisks (*; P < 0.01; n = 3).
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Fig. 4. The frequency of CD1Ib* F4-80" cells in the skin and ear after cell therapy. Upon euthanizing mice on day 9, the dorsal skins and
right ears were collected. After obtaining single-cell suspensions, cells were stimulated in Cell Stimulation Cocktail overnight. Monocytes
were stained for specific surface markers for 30 min at room temperature in 1% fetal bovine serum + phosphate buffered saline—containing
adenomatous polyposis coli—conjugated anti-F4-80 and phycoerythrin-conjugated anti-CD | Ib. (a) Representative flow cytometry plots of
gating. (b) Representative flow cytometry plots of F4-80+ CD | | b+ cells in skin and ear. (c and d) Quantitative analysis of monocytes in skin
and ear, respectively. (e and f) Mean fluorescence intensity (MFl) of F4-80 in skin and ear, respectively. Pso. ear, right ear which has received
5 mg imiquimod cream. The significant differences have been indicated by asterisks (*; P < 0.01; n = 3).
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Fig. 5. Indoleamine 2,3-dioxygenase—expressing fibroblasts reduce infiltration of T cells in the skin. The presence of CD3 T cells in skin
sections. Single immunofluorescence staining for CD3 was done for 5-um thick sections of skin taken on day 9 using rabbit anti-CD3 primary
antibodies and rhodamine goat anti-rat immunoglobulin G as the secondary antibody.

axis is a key psoriasis treatment target and infiltrated IL-174
vo+ T cells, IL-174+ CD4+ T cells, and IL-23+ CDI11c+
dendritic cells are associated with psoriatic development;
here, we evaluated the presence of these cells in the psoriatic
affected skin, ear, and lymph nodes. Lymphocytes were
gated by their characteristic forward and side-scatter profiles
that represent size and granularity of cells. The total popu-
lation of cells within the Y6 and CD4 gates were distributed
as a scatterplot of fluorescence intensity versus side scatter.
Gate for IL-17 antigen was applied to Y0+ and CD4+ popu-
lations to determine the MFI and relative expression of IL-17
in skin, ear, and lymph nodes (Figs. 6a and 7a). As shown in
Figs. 6b to 4e, the number of Y6+ T cells—expressing IL-17
dramatically increased in Pso. mouse skin (11.6% + 1.2%
vs. 1.3% + 0.3%, n =3, P value <0.01), ear (4.6% + 0.6%
vs. 1.3% + 0.5%, n = 3, P value < 0.01), and lymph nodes
91% + 2.4% vs. 24% + 0.6%, n = 3, P value < 0.01)
compared to normal mice. Intralesional injection of neither
medium (8.7% + 0.6% vs. 1.3% + 0.3%, n = 3, P value <
0.01) nor non-IDO fibroblasts (11.2% + 0.6% vs. 1.3% +
0.3%, n = 3, P value < 0.01) reversed the frequency of these
cells in psoriatic skin (Fig. 6b and c). However, intralesional
injection of IDO-expressing fibroblasts significantly reduced
the number of these inflammatory cells in skin compared to
untreated psoriatic mice (2.8% + 0.3% vs. 11.6% + 1.2%,
n = 3, P value < 0.01; Fig. 6b and c). No significant
improvement has been detected in the number of IL-17-
producing 8+ T cells in psoriatic ear of medium treated
(sham) mice compared to Pso. ears (3.6% + 0.5% vs. 4.6%
+ 0.6%, n = 3, P value > 0.05). However, intralesional

injection of IDO-expressing fibroblasts (0.7% + 0.2% vs.
4.6% + 0.6%, n =3, P value < 0.01) and, to a lesser extent,
non-IDO fibroblast (1.3% + 0.4% vs. 4.6% + 0.6%,n =3,
P value < 0.01) significantly decreased the frequency of
IL-17+ yd+ T cells in psoriatic ear as compared to Pso.
mice (Fig. 6b and d). We further found that injection of
IDO-expressing fibroblasts (3.7% + 0.6% vs. 9.1% =+
2.4%, n = 3, P value < 0.01), but neither sham (8.5% =+
0.9% vs. 9.1% + 2.4%, n = 3, P value > 0.05) nor non-IDO
fibroblasts (6.1% + 0.2% vs. 9.1% + 2.4%, n = 3, P value
> 0.05) decreased the frequency of lymph node IL-17-
producing v+ T cells compared to psoriatic untreated mice
(Fig. 6b and e). MFI of IL-17 was significantly increased in
Pso. mouse skin (55,974.2 + 1,594.3 vs. 17,134.5 + 126.6,
n = 3, P value < 0.01), ear (31,639.9 + 598.6 vs.
16,818.4 + 416.6, n = 3, P value < 0.01), and lymph
node (46,005.2 + 1,325.3 vs. 21,454.0 + 349.7, n = 3,
P value <0.01) as compared to the normal group. However,
it was significantly decreased in IDO-expressing fibroblast-
treated mice (skin: 23,804.9 + 460.8 vs. 55,974.2 +
1,594.3; ear: 12,438.3 4+ 353.1 vs. 31,639.9 + 598.6; and
lymph nodes: 28,160.4 + 1,120.7 vs. 46,005.2 + 1,325.3,
n = 3, P value < 0.01) as compared to the Pso. mice
(Fig. 6f to h).

Our data in Fig. 7b to e revealed that daily application of
IMQ cream markedly increased the number of IL-17-
producing CD4+ T cells in the Pso. skin (6.9% + 0.6%
vs. 1.4% + 0.2%, n = 3, P value < 0.01), ear (3.7% =+
0.3% vs. 1.2% + 0.4%, n = 3, P value < 0.01), and lymph
nodes (8.2% + 1.7% vs. 2.0% + 0.1%, n = 3, P value <
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Fig. 6. Indoleamine 2,3-dioxygenase—expressing fibroblasts suppress infiltration of IL-174 y3+ T cells in skin, ear, and lymph
node of psoriatic mice. Upon euthanizing mice on day 9, the dorsal skins, right ears, and lymph nodes were collected. After
obtaining single-cell suspensions, cells were stimulated in Cell Stimulation Cocktail overnight. T cells were stained for their
surface and intracellular markers in 1% fetal bovine serum + phosphate buffered saline—containing fluorescein isothiocyanate—
conjugated anti-yd and eFleur-conjugated anti-IL-17. (a) Representative flow cytometry plots of gating. (b) Representative flow
cytometry plots of IL-17+ y+ T cells in skin, ear, and lymph nodes. (c to e) Quantitative analysis of IL-17+ y3+ T cells in skin,
ear, and lymph nodes, respectively. (f to h) Mean fluorescence intensity (MFI) of IL-17 in skin, ear, and lymph nodes, respectively.
Pso. ear, right ear which has received 5 mg imiquimod cream. The significant differences have been indicated by asterisks (*; P < 0.01;

n = 3).
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Fig. 7. Indoleamine 2,3-dioxygenase—expressing fibroblasts suppress infiltration of IL-17+ CD4+ T cells in skin, ear, and lymph node of
psoriatic mice. Upon euthanizing mice on day 9, the dorsal skins, right ears, and lymph nodes were collected. After obtaining single-cell
suspensions, cells were stimulated in Cell Stimulation Cocktail overnight. T cells were stained for their surface and intracellular markers in
1% fetal bovine serum + phosphate buffered saline—containing phycoerythrin-conjugated anti-CD4 and eFleur-conjugated anti-IL-17.
(2) Representative flow cytometry plots of gating. (b) Representative flow cytometry plots of IL-17+ CD4+ T cells in skin, ear, and lymph
nodes. (c to e) Quantitative analysis of IL-17+ CD4+ T cells in skin, ear, and lymph nodes, respectively. (f to h) Mean fluorescence intensity
(MFI) of IL-17 in skin, ear, and lymph nodes, respectively. Pso. ear, right ear which has received 5 mg imiquimod cream. The significant
differences have been indicated by asterisks (*; P < 0.01; n = 3).

0.01) compared to normal mice. The results further showed 6.9% + 0.6%, n = 3, P value > 0.05), ear (3.8% + 0.4%
no significant changes in the frequency of these cells in  vs. 3.7% + 0.3%, n = 3, P value > 0.05), and lymph nodes
sham groups compared to Pso. skin (6.1% + 1.0% vs.  (8.2% + 1.7% vs. 6.8% + 0.5%, n =3, P value > 0.05). The
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number of these cells significantly decreased in IDO-
expressing fibroblast-treated groups compared to Pso. mice
both in skin (1.9% + 0.3% vs. 6.9% + 0.6%, n = 3, P value
< 0.01) and ear (0.5% + 0.2% vs. 3.7% + 0.3%, n = 3,
P value <0.01). Similarly, non-IDO fibroblast injection sig-
nificantly decreased the frequency of IL-174 CD4+ T cells
in skin (2.8% + 0.4% vs. 6.9% + 0.6%, n = 3, P value <
0.01) and ear (1.1% + 03% vs. 3.7% + 03%,n =3, P
value < 0.01; Fig. 7b to d). While IL-174+ CD4+ T cells
frequency in lymph nodes were decreased to 3.3% + 0.3%
following IDO-expressing fibroblasts injection compared to
Pso. mice (8.2% + 1.7%, n = 3, P < 0.01), no significant
change was found in the number of these cells in non-IDO
fibroblast injected mice compared to Pso. mice (5.2% =+
0.3% vs. 82% + 1.7%, n = 3, P value > 0.05; Fig. 7b and
e). IDO-expressing fibroblasts significantly decreased the
MFI of IL-17 of mouse skin (12,364.8 + 270.7 vs.
18,128.3 + 932.3 n = 3, P value < 0.01), ear (6,717.3 +
188.1 vs. 14,280.5 + 268.6, n = 3, P value < 0.01), and
lymph node (14,738.0 + 84.2 vs. 21,454.0 + 349.7,n =3,
P value < 0.01) compared to Pso. group (Fig. 7f to h).

IDO Cell Therapy Suppressed Infiltration of IL-17+
T Cells and IL-23+ DCs

As IL-23 plays a central role in the Th17 cell expansion, we
tested the effect of IDO cell therapy on the number of IL-23-
producing DCs. Monocytes were gated by their characteris-
tic forward and side-scatter profiles that represent size and
granularity of cells. Gate for IL-23 antigen was applied to
CDl1c+ CD86+ populations to determine the MFI and
relative expression of IL-23 in skin, ear, and lymph nodes
(Fig. 8a). The frequency of IL-23+ CD11c+ DCs showed a
dramatic increase in skin of the Pso. mice (14.0% + 0.5%
vs. 0.6% + 0.1%,n =3, P<0.01), ear (14.9% + 2.6% vs.
1.1% + 0.2%, n = 3, P <0.01), and lymph nodes (2.4% =+
0.1% vs. 0.7% + 0.2%, n = 3, P < 0.01) compared to the
normal values (Fig. 8b to ¢). While medium injection in
psoriatic skin had no considerable effect on reduction of the
frequency of IL-23+ CD11c+ DCs in skin (11.5% + 0.5%
vs. 14.0% + 0.5%, n = 3, P < 0.01), the number of these
cells significantly decreased in non-IDO (11.0% + 0.4% vs.
14.0% + 0.5%, n = 3, P value < 0.01) and IDO fibroblast-
injected mice (7.6% + 0.9% vs. 14.0% + 0.5%, n = 3,
P value < 0.01) compared to Pso. mice (Fig. 8b and c). Our
data in Fig. 8b and d revealed that only IDO-expressing
fibroblast injection markedly reduced the number of 1L-23-
producing DCs in ear compared to Pso. mice (9.2% + 0.5%
vs. 14.9% =+ 2.6%, n =3, P <0.01). No significant changes
were found in sham (11.2% 4+ 0.8% vs. 14.9% + 2.6%,
n = 3, P> 0.05) and non-IDO fibroblast-treated groups
(14.4% + 1.0% vs. 14.9% + 2.6%, n = 3, P > 0.05).
Further, injection of IDO-expressing fibroblasts (0.7% =+
03% vs. 24% + 0.1%, n = 3, P < 0.01) and, to a lesser
extent, non-IDO fibroblasts (1.3% =+ 0.3% vs. 2.4% +
0.1%, n =3, P <0.01) significantly decreased the frequency

of IL-234 CDl1l1c+ DCs in lymph nodes compared to
untreated mice (Fig. 8b and e). Moreover, the MFI of IL-
23 molecule significantly increased in skin, ear, and lymph
node of sham (skin: 98,842.3 + 849.3 vs. 11,461.1 +
1,243.5; ear: 92,239.0 + 101.7 vs. 20,564.7 + 406.0; and
lymph nodes: 23,253.1 + 281.7 vs. 16,667.1 + 437.2,n =
3, P value < 0.01) and Pso. groups (skin: 152,781.3 + 288.7
vs. 1,1461.1 + 1,243.5; ear:154,110.0 + 883.0 vs. 20,564.7
+ 406.0; and lymph nodes:25,926.6 + 568.0 vs. 16,667.1
+ 437.2, n = 3, P value < 0.01) compared to normal mice.
The levels of IL-23 decreased in the IDO-expressing
fibroblast-treated mice (skin: 44,547.9 + 647.6 vs.
152,781.3 + 288.7; ear: 57,727.3 + 1,226.8 vs. 154,110.0
+ 883.0; and lymph nodes: 16,225.0 + 127.4 vs. 25,926.6
+ 568.0, n = 3, P value < 0.01), and to a lesser extent, in
skin (91,466.3 + 584.2 vs. 152,781.3 + 288.7, n =3, P
value <0.01) and lymph node (21,772.8 + 40.3 vs. 25,926.6
+ 568.0, n = 3, P value < 0.01) of non-IDO fibroblast-
injected mice (Fig. 8f to h).

Discussion

To study pathophysiology and therapeutic efficacy of psor-
iasis a relatively large number of psoriatic animal models
have been developed, most of which are murine genetically
engineered models. However, there are advantages and dis-
advantages for each of these models'>'®. Recent studies
showed that topical application of 5% IMQ, a TLR7 and
TLRS ligand, causes a psoriasis-like skin inflammation'?.
There is now compelling evidence that IMQ-induced psor-
iatic features are similar to those seen in humans including
clinically hyperkeratosis, erythema, and scaling and immu-
nologically neutrophil microabscesses and infiltration of yd
T cells and Th17 cells to the skin. In fact, not only the lesions
phenotypically resemble those seen in humans, the histolo-
gical characteristics and the mechanism of the IL-17/IL-23
axis of being involved are similar to that in psoriatic
patients'>!”. Here, we provided evidence that IDO cell ther-
apy improves psoriasis condition as intralesional injection of
IDO, and to a lesser extent, non-IDO-expressing cells sig-
nificantly improve psoriatic-induced erythema and skin
thickness scoring. The result of skin thickness measured by
digital caliper and H&E staining of the psoriatic skin lesion
showed a significant reduction in thickness of the epidermal
layer in intralesional injected IDO-expressing cells. As
lymph nodes become inflamed and enlarged in various
infections and autoimmune diseases, we evaluated the size
and weights of the lymph nodes taken from psoriatic and
control mice and showed that intralesional injection of IDO
markedly reduces the size of the regional lymph nodes
taken from the psoriatic mice.

As interactions between T cells and antigen-presenting
cells in lymph nodes are crucial for initiating cell-mediated
adaptive immune responses'®, many studies confirmed the
capacity of fibroblasts as nonprofessional APCs when
migrated to lymph node'®. In our study, we found that
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Fig. 8. Flow cytometry analysis of the percentage of IL-23+ dendritic cells in skin, ear, and lymph nodes. Upon euthanizing mice on day 9, the
dorsal skins, right ears, and lymph nodes were collected. After obtaining single-cell suspensions, cells were stimulated in Cell Stimulation
Cocktail overnight. Dendritic cells were stained for their surface and intracellular markers in 1% fetal bovine serum + phosphate buffered
saline—containing fluorescein isothiocyanate-conjugated anti-CD| I ¢, phycoerythrin-conjugated anti-CD86, and eFleur-conjugated anti-IL-
23. (a) Representative flow cytometry plots of gating. (b) Representative flow cytometry plots of IL-23+ CDI Ic + DCs in skin, ear, and
lymph nodes, respectively. (c to e) Quantitative analysis of IL-23+ CD| Ic + DCs in skin, ear, and lymph nodes, respectively. (f to h) Mean
fluorescence intensity (MFl) of IL-23 in skin, ear, and lymph nodes, respectively. Pso. ear, right ear which has received 5 mg imiquimod cream.
The significant differences have been indicated by asterisks (¥; P < 0.01; n = 3).
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IDO-Red Cherry-expressing cells are present in regional
lymph nodes, though their interaction with naive T cells
needs further study. Having said that we confirmed that the
number of infiltrated CD3+ cells into psoriatic lesions that
received the intralesional injection of IDO-expressing fibro-
blasts was significantly less than those that received either
none or non-IDO fibroblasts. This might, at least in part, be
due to the suppression of IL-23/IL-17. This is because the
previous study®® showed a significant decrease in CD3+ T
cells mainly in the epidermis of mice treated with anti-
human IL-23 Monoclonal Antibody (mAB) in comparison
to control mice.

In psoriatic patients, Y6 T cells were greatly increased
in affected skin and produced large amounts of IL-17%'.
Here, we found that the number of Y6+ T cells—expres-
sing IL-17 in psoriatic affected skin, ear lesions, and
lymph nodes significantly reduced upon intralesional
injection of IDO-expressing cells. Under the same experi-
mental condition, the number of CD4+ IL-17+ cells
slightly increased in skin, ear, and regional lymph nodes
in psoriatic lesions compared to untreated control and that
moderately reduced upon IDO-expressing cell injection.
Consistent with these findings, the number of CDI1lc+
DCs-expressing IL-23+ and APCs (F4-80+ CDI11b+)
within psoriatic skin samples significantly increased in
IMQ-treated mice and that markedly suppressed in mice
treated with IDO-expressing cells. Interestingly, the num-
ber of granulocytes that are normally high in psoriatic
lesions significantly reduced in response to intralesional
injection of IDO-expressing cells. We further showed
that non-IDO fibroblasts also reduce the infiltration of
macrophages, CD4+ IL-17+ cells, and IL-23+ DCs but
to a lesser extent than IDO-expressing fibroblasts.

This can be due the fact that fibroblasts have weak
antigen presenting properties in immunomodulation®*?>.
Our research group'® found that priming with fibroblasts
has a tolerogenic impact on DCs. Fibroblast-primed DCs
express coinhibitory molecules programmed cell death
ligand 1 and 2 (PD-L1, PD-L1) that play a major role
in suppressing the immune responses in cancer’?, allo-
transplantation®’, and autoimmune disease®®. Our previ-
ous study has shown that upon coinhibitory activation,
not only DCs lose their capacity to stimulate the prolif-
eration of CD4 and CD8 T cells, the expression of IL-10
and IDO were increased that can suppresses T cell
responses>’. Further, it has been shown that Trp break-
down is necessary for inducing immune tolerance''. Two
theories have been proposed to explain how Trp catabo-
lism facilitates tolerance. One posits that Trp breakdown
suppresses immune cell proliferation by dramatically
reducing the supply of this critical essential amino acid.
The other postulates that downstream metabolites of Trp
catabolism (such as KynA) act to suppress certain
immune cells, probably by proapoptotic mechanisms?®.
As such, one mechanism by which the IDO-expressing
fibroblasts significantly improve the clinical appearance

and immunological profile of IMQ-induced psoriasis is
likely to be due to the release of Kynurenin (Kyn)/
Kynurenic acid (KynA). In fact, we have previously
demonstrated that KynA suppresses the production and
gene expression of IL-17 and IL-23 through GPCR35
activation (data not shown here).

Conclusion

Here, we report for the first time that IDO primary fibro-
blast therapy improves IMQ-induced psoriasis-like derma-
titis in mice. Our data and those previously reported suggest
that the immunosuppressive effects of fibroblasts plus Trp
metabolites released from IDO-expressing cells are likely
to be the mechanism by which IDO-expressing cells improve
the clinical appearance of IMQ-induced psoriatic-like
lesions through modulating the key immune cells seen in
psoriatic lesions.
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