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ABSTRACT

Pellinol-dependent regulatory mechanisms of dendritic cell

in Candida albicans-induced interleukin-17 immune response

Jeyun Park

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Min-Geol Lee)

Dendritic cells (DCs) are strong antigen-presenting cells that are
pivotal for the differentiation of naive CD4" T cells into diverse
effector T cells. Among T helper (Th) cells, Th17 cells, which produce
members of the interleukin-17 (IL-17), are functionally involved in the
host defense against extracellular pathogens and play a pathogenic role
in various disorders. The pathogenesis of these disorders is closely
linked with the defects in ubiquitination regulation. Pellino-1 (Pelil) is
an E3 ubiquitin ligase which is the most specific enzyme in the
ubiquitination system; this enzyme regulates various immune responses
via ubiquitin-dependent mechanism. Although several studies have
been performed using systemic Pelil-deficient mouse models, the

functional role of Pelil in DCs is not completely clear. Accordingly,



investigating the role of Pelil in a cell-specific context may reveal its
role in regulation of the immune responses. Thus, this study was
conducted to determine the role of Pelil within DCs by focusing on the
Th17/1L-17 immune response. As a representative Th17 skin infection
model, we used Candida albicans-mediated delayed type
hypersensitivity (hereafter referred as the C. albicans-DTH model)
induced by footpad injection.

By sensitizing C. albicans, immunological alterations in the form of
elevated numbers of Th17 cells and IL-17 production were observed.
Most importantly, the C. albicans-DTH model displayed an
antigen-specific IL-17 DTH response following re-exposure to antigen.
By using DC-specific Pelil conditional knockout (cKO) mouse, we
found that Pelil in specific DC subsets controls the C. albicans-specific
IL-17-producing CD4" T cell response. Additionally, analysis of
Pelil-deficient bone marrow-derived DCs suggested that Pelil in DCs
regulates the production of cytokines critical for the differentiation of
Th17 cells.

We revealed that Pelil within DCs other than Langerin® DCs is
critically involved in controlling C. albicans-induced Th17/IL-17
immune response in a cytokine-dependent manner. Thus, targeting
Pelil in certain DCs, which regulates Th17 cell differentiation, can be

used to treat invasive C. albicans infections.

Key words: pellino-1, dendritic cell, interleukin-17, CD4* T cell, Candida albicans



Pellino-1-dependent regulatory mechanisms of dendritic cell

in Candida albicans-induced interleukin-17 immune response

Jeyun Park

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Min-Geol Lee)

I. INTRODUCTION

Skin dendritic cells (DCs) are the first line of defense in protecting a host
against foreign pathogens. In the skin, there are at least three subsets of DCs
including epidermal Langerhans cell (LC), type 1 conventional DC (cDC1) and
type 2 conventional DC (cDC2) in the dermis®2. After exposure to antigens, DCs
mature and migrate to draining lymph nodes (LNs) where they present antigens
to T cells*%. Among the antigen-presenting cells, DCs are the most effective at
presenting antigens to nawe T cells and priming them to initiate the T
cell-mediated adaptive immune response®®. Na've CD4" T cells are activated by
stimulation of T cell receptor with antigen-major histocompatibility complex
(MHC) molecules (Signal 1) and through interactions between costimulatory
molecules on DCs and their ligands on T cells (Signal 2). Additionally,
depending largely on the cytokine milieu secreted by DCs (Signal 3), CD4* T
cells differentiate into specific T helper (Th) cells, including Thl, Th2, and Th17



cells, which show differences in cytokine production and function profiles®’.

Among Th cells, Th1l7 cells are characterized by the production of
interleukin-17 (IL-17) family members. Th17 cells contribute to the host defense
against extracellular pathogens and are functionally linked with several
autoimmune diseases’. In addition, recent studies suggested that Th17 cells play
a critical role in the pathogenesis of diverse diseases, including psoriasis,
rheumatoid arthritis, cancer, inflammatory bowel disease, multiple sclerosis,
asthma, bacterial infections, and fungal infections®®. Particularly, there is
increasing evidence that Th17-mediated immune disorders are associated with
deregulation of ubiquitination®!!,

Ubiquitination, defined as the attachment of ubiquitin (Ub) moieties to
substrate proteins, is an important post-translational modification that
modulates diverse biological processes such as cell cycle, proliferation,
apoptosis, transcription, differentiation, gene expression, signal transmission,
damage repair, and immune responses. It involves the sequential activity of
various enzymes including activating (E1), conjugating (E2), and ligating
(E3) enzymes®2. As targeting E3 ubiquitin ligases is the most effective and
specific therapeutic intervention in the ubiquitination system, several
compounds targeting E3 ligases have been developed®*'4. As E3 ubiquitin
ligases, the Pellino (Peli) family was initially discovered to interact with
Drosophila Pelle, an IL-1 receptor-associated kinase homolog. Members of
the mammalian Peli family, namely Pelil, Peli2, and Peli3, have structural
similarities, a conserved pattern of C-terminal RING-like domain, which are
characteristic feature of E3 ubiquitin ligase®™'". However, unlike Peli2 and

Peli3, Pelil is highly expressed in lymphocytes including microglia, B cells,



and T cells!®°, Several studies of Pelil revealed its regulatory role in
microglial cells, B cells, and T cells using systemic Pelil-deficent mouse.

Using a lupus-like disease model, Pelil was found to play a role in regulating
non-canonical nuclear factor-xB signaling pathway through lysine-linked
ubiquitination in B cells?®®. Recent studies showed that Pelil negatively
regulates the activation of T cells through lysine 48-linked ubiquitination and
Pelil-deficient mouse showed hyperactivation of T cells!®, However, the
results of previous functional studies are rather limited to understanding of
the exact role of cell-specific Pelil, as systemic Pelil-deficient mouse
models were used. Accordingly, additional investigations into the cellular
function of Pelil using conditional deletion of Pelil in specific cell-type are
strongly needed to further understand its function. Moreover, the effects of
Pelil within DCs in the context of helper T cell immunity are poorly
understood, although various Th17/IL-17 immune-mediated diseases are
known to be closely associated with deregulation of ubiquitination.

As a preliminary study, the capability of Pelil-deficient DCs for
differentiating T cells was screened. The capacity of Pelil-deficient DCs
towards IL-17-producing CD4* T cells was increased, which is consistent
with the results of another study showing that Pelil plays a role in the
Thi17-dependent experimental autoimmune encephalomyelitis model using
systemic Pelil-deficient mouse®. Taken together, these results strongly
suggest that Pelil is involved in Thl7-dependent immune response.
Therefore, to identify the role of Pelil in DCs during the Th17/IL-17 immune
response, we used a Candida albicans model which is a representative model

of Th17 skin infection.



Footpad injections are a convenient, relatively objective, sensitive, and
simple method for assessing immune responses?. In this study, a C.
albicans-mediated delayed type hypersensitivity (DTH) model (hereafter
referred as the C. albicans-DTH model) was established by footpad injection.
Candida albicans is a commensal yeast species in humans causing
opportunistic fungal infections known as candidiasis in the vagina,
oropharynx, and skin. Many different C. albicans infection models
commonly exhibit IL-17 immunity, and IL-17 is a key cytokine in the host
defense against candidiasis?*%. Similarly, in the C. albicans-DTH model
used in the current study, markedly increased Th17/IL-17 immunity was
observed. Thus, we examined how Pelil in DCs functions during C.
albicans-induced Th17 immune response using cell-specific Pelil
conditional knockout (cKO) mouse. This study would highlight the
possibility of manipulating Pelil a promising therapeutic approach for
controlling Th17/IL-17 immunity against severe invasive C. albicans

infection.



Il. MATERIALS AND METHODS

1. Mice

Wild-type (WT) C57BL/6 mouse was purchased from Orient Bio (Seongnam,
Korea). Langerin-DTR mouse was a gift from Heung Kyu Lee at Korea
Advanced Institute of Science and Technology (KAIST). CD301b-DTR mice
was kindly provided by Akiko Iwasaki at Yale University. TEa mouse
expressing a rearranged T cell receptor, specific for a short peptide derived from
the H2-Ea gene (Ea52-68), was purchased from Jackson Laboratory (Bar Harbor,
ME, USA). Mouse carrying the targeted Pellino-1 (Pelil) allele,
Peli1tmaEUCOMMWS - \was  purchased from the Knockout Mouse Project
Repository. To delete the neomycin-resistance cassette and generate mouse with
a Pelil-null allele (Pelil”, Peli1™®), Peli1™aEVCOMMWS mayse was bred with
CMV-Cre C57BL/6 mouse which was a gift from Chul Hoon Kim at Yonsei
University. Mouse with a loxP-flanked Pelil allele (Pelil™ Pelil™°) was
generated by crossing Pelil™@aEVCOMMWS mase with ACT-FLPe C57BL/6
mouse, which was a gift from Chul Hoon Kim at Yonsei University. To generate
the systemic Pelil-deficienct mouse (Pelil™<, Pelil KO), Pelil” (Peli1™?")
mouse was bred with Pelil™ (Pelil™) mouse because decreased survival

during neonatal period was observed in the Peli"™®

mice possibly due to reduced
care behaviors of Peli™® mother. CD11c-Cre mouse was gifted from Heung
Kyu Lee at KAIST. To generate the DC-specific Pelil-deficienct mouse
(CD11c-cKO), CD11c-Cre mouse was bred with Pelil™ (Peli1™) mouse. To

generate the LC-specific Pelil-deficienct mouse (huLang-cKO), human



Langerin-iCre mouse (huLangerin-iCre), which was a gift from Hyoung-Pyo
Kim at Yonsei University, was crossed with Pelil™ (Pelil™¢) mouse.
Six-8-week-old mice, bred and housed under pathogen-free conditions in the
animal facilities of the Yonsei University College of Medicine, were used for all
experiments. This study was approved by the Institutional Animal Care and Use

Committee (IACUC, Approval ID: 2019-0164).

2. Preparation of C. albicans

An isolated colony of C. albicans strain SC5314 on an agar plate was grown in
YPAD medium overnight at 30°C. After washing in sterile phosphate buffered
saline (PBS), the C. albicans was prepared at a final concentration of 1 x 107 in
40 uL PBS per footpad. For preparation of heat-killed (HK) C. albicans, C.
albicans was grown in YPAD medium at 30°C and then, C. albicans were killed

by heating at 65°C for 60 min.

3. Model establishment of C. albicans-induced delayed type

hpersensitivity

To establish C. albicans-DTH model, mice were sensitized with C. albicans
at a final concentration of 1 x 107 in 40 yL PBS per footpad. Seven days later,
the mice were challenged with HK C. albicans at a final concentration of 1 x
107 in 40 uL PBS per footpad (Figure 2A). Mice were euthanized and

skin-draining popliteal LNs were harvested on day 7 after the sensitization. For



clinical evaluation of DTH response, footpad thickness was measured using a
dial thickness gauge (Peacock, Ozaki MFG Co. Ltd., Tokyo, Japan) and
lesional footpad tissues were harvested at 24 hr after the challenge for further

analysis.

4. Diphtheria toxin-induced DC depletion in vivo

Both Langerin-DTR and CD301b-DTR mice were treated intraperitoneally
with 1 pg diphtheria toxin (DT, Sigma, St. Louis, MO, USA) dissolved in PBS
at 1 day prior to and 1 day after C. albicans sensitization to deplete specific DC
subsets. Specific subsets of DC were confirmed to be depleted from the

epidermal and dermal cell suspensions at 24 hr after DT treatment.

5. Histological analysis

For histological examination, mouse footpad tissues and feet under the tarsus,
including the foot bones, were harvested. After fixing these samples in 4%
formalin solution (T&I, Chuncheon, Korea) for 24 hr, the tissues were
embedded in paraffin, sectioned and stained with hematoxylin and eosin
according to the manufacturer's protocol. Specimens were decalcified as needed
with 0.1 M pH 7.4 EDTA solution (Invitrogen, Carlsbad, CA, USA) for 2 weeks
after fixation and then fixed again in 4% formalin solution for 24 hr. The stained

sections were analyzed by optical microscope for assessment.



6. Bone marrow-derived DC culture and stimulation

Whole bone marrow (BM) cells from the femurs and tibias of WT and
CD11c-cKO mice were cultured in complete RPMI medium, which consisted of
RPMI 1640 (Gibco, Grand Island, NY, USA) that was supplemented with 10%
heat-inactivated fetal bovine serum (FBS, Welgene, Gyeongsan, korea),
hydroxyethyl piperazine ethane sulfonic acid (HEPES, Gibco), and penicillin
(Gibco), with granulocyte macrophage colony-stimulating factor (GM-CSF, JW
CreaGene, Seongnam, Korea) and 2-mercaptoethanol (Gibco), for 7 days to
generate BM-derived DCs (BMDCs). Half of the culture medium was removed
and replenished with fresh medium containing GM-CSF and 2-mercaptoethanol
every other day. On day 7, BMDCs were purified with beads-conjugated
anti-CD11c mAb, a specific marker of BMDCs (Miltenyi Biotec, Bergisch
Gladbach, Germany). The BMDCs were stimulated with 1 x 10" HK C. albicans

/ml for 1-24 hr. The cells were then harvested for further analysis.

7. Invivo T cell proliferation and polarization assay

The transgenic T cell receptor of CD4* T cells in TEo mouse recognizes the Ea
peptide. Splenic CD4" T cells from TEa mouse were purified using
beads-conjugated anti-CD4 mAb (Miltenyi Biotec) and these cells were stained
with 0.5 mM CellTrace™ Violet (CTV) for 10 min at 37°C. Isolated CD11c*
BMDCs from WT and CD11c-cKO mice were stimulated with Ea peptide for 1

hr as described above. CTV-labeled CD4* T cells were co-cultured with WT or

10



Pelil-deficient stimulators with cytokines and neutralizing antibodies for 7 days
at a DC: T cell ratio of 1: 5. For Thl polarization, IL-2, IL-12 and olIL-4 were
additionally added; For Th2 polarization, IL-4, oIFN-y and oIL-12 were
additionally added; IL-6, human transforming growth factor-1 (hTGF-p1),
IL-1B, aIFN-y and oIL-4 were added for Th17 polarization. For flow cytometric

analysis, cells were stimulated and stained as described below.

8. Quantitative real-time polymerase chain reaction

Total RNA from lesional footpad tissues and BMDCs non-stimulated or
stimulated with HK C. albicans was isolated with a Hybrid-R total RNA kit
(GeneAll Biotechnology, Seoul, Korea). cDNA was synthesized using
PrimeScript™ RT Master Mix (Takara Bio, Shiga, Japan). Quantitative
real-time polymerase chain reaction (real-time qPCR) was performed with the
ABI StepOnePlus real-time PCR system (Applied Biosystems, Foster City, CA,
USA) by monitoring the synthesis of double-stranded DNA during PCR cycles
using SYBR Green (Takara Bio). The results were normalized to the level of

Hprt mRNA. Primer sequences are listed in Table 1.

11



Table 1. Primer sequences used for real-time gPCR

Genes Forward Reverse
Hprt TCAGTCAACGGGGGACATAAA GGGGCTGTACTGCTTAACCAG
l11b TGACGGACCCCAAAAGATGA GCTCTTGTTGATGTGCTGCT
114 AGATCATCGGCATTTTGAACG TTTGGCACATCCATCTCCG
lI23a  GACCCACACAAGGACTCAAGGA CAYGGGGCTATCAGGGAGTA
116 GCCAGAGTCCTTCAGAGAGA GGAGAGCATTGGAAATTGGGG

1117a CAGCAGCGATCATCCCTCAAAG CAGGACCAGGATCTCTTGCTG

Ifng GATGCATTCATGAGTATTGCCAAGT GTGGACCACTCGGATGAGCTC

Tgfb CGCAACAACGCCATCTATGA ACTGCTTCCCGAATGTCTGA

12



9. Cell isolation and flow cytometric analysis

Popliteal LNs were obtained on day 7 after C. albicans sensitization, and
single-cell suspensions were obtained by passing total cells through a 70 ym
nylon mesh filter. The cells were washed with PBS and erythrocytes were
removed using red blood cell lysis buffer. For stimulation, cells were incubated
with 50 ng/ml phorbol 12-myristate 13-acetate (PMA , Sigma), and 500 ng/ml
ionomycin (Sigma). After 1 hr, 10 pg/ml brefeldin A (BD Biosciences, San Jose,
California, USA) and monensin (BD Biosciences) were added to the mixture
and cultured for 5 hr. Cells were stained with the following
fluorochrome-conjugated antibodies: CD3 (17A2), CD4 (GK1.5), TCRp
(H57-597), TCR Va2 (B20.1), IFN-y (PE-Cy7), IL-17A (TC11-18H10.1),
MHCII (M5/114.15.2) from BioLegend (San Diego, California, USA); CD11c
(N418), CD44 (IM7), 1L-4 (11B11) from eBioscience (San Diego, California,
USA); CD8a (53.6.7), CD80 (16-10A1) from BD Biosciences. The stained cells
were analyzed using the FACS Verse or LSR Fortessa flow cytometer (BD
Biosciences). All flow cytometry data were analyzed using the FlowJo software

(Treestar, Ashland, Oregon, USA).

10.  Enzyme-linked immunosorbent assay

Isolated CD11c* BMDCs were stimulated with 1 x 107 of HK C. albicans /ml

for 24 hr as described above. IL-1B, IL-6 and TGF-f levels from the

supernatant of BMDCs were measured with an enzyme-linked immunosorbent

13



assay (ELISA) according to the manufacturer’s instructions (Mouse IL-1p and
Human/Mouse TGF-B1 from eBioscience; Mouse IL-6 from BD Biosciences;

IL-23 from Invitrogen).

11.  Statistical analysis

Data were analyzed using an unpaired Student’s two-tailed t-test or
Mann-Whitney test and one-way analysis of variance (ANOVA) with Tukey's

post-hoc test using Prism software (GraphPad Software Inc., San Diego, CA,

USA). Differences were considered statistically significant with p < 0.05.

14



I1l. RESULTS

1. Pelil-deficient DCs exhibited Th17-skewed immune response

Preferentially, the ability of WT and Pelil-deficient DCs for T cell
differentiation was analyzed. For screening of T cell polarization, CD4* T cells
of TEa mice after CTV labeling were co-cultured with WT or Pelil-deficient
BMDCs, stimulated with Ea peptide, with cytokines for Thl, Th2, or Th17 cell
differentiation. After 7 days, CD4" T cells were fully proliferated following
co-culture with stimulators treated with Ea peptide (Figure 1A). Importantly, a
skewed Th17 cell differentiation, but not the Thl or Th2 cell differentiation,
by co-culture with Pelil-deficient DCs was observed (Figure 1B). These
findings suggested that Pelil plays a role in Th17-dependent immune response,

and therefore we focused on Th17/IL-17 immunity in the present study.
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Figure 1. The polarizing capability of WT and Pelil-deficient BMDCs. (A)
In vitro T cell polarization assay was performed using WT and Pelil-deficient
BMDCs. CTV-labeled CD4* T cells of TEa mice were co-cultured with WT or
Pelil-deficient BMDCs, stimulated with Ea peptide, with cytokines.
Proliferation and polarization of CD4" T cells were analyzed by flow cytometry
on day 7. Proliferation of CD4* T cells after 7 days marked with dilution of
CTV is shown. (B) The numbers of IFN-y-, IL-4-, and IL-17A-producing cells
were analyzed in fully proliferated CD4* T cells. Error bars indicate mean

standard error of the mean.
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2. The C. albicans-DTH model was established by footpad injection of C.

albicans

To study Th17/IL-17 immunity, a C. albicans-DTH model, which is a
representative model of Thl7 skin infections, was established via footpad
injection. Specifically, the footpads of WT mice were sensitized with 2 x 107 C.
albicans. After 7 days, the mice were challenged with 2 x 107 HK C. albicans.
To examine local inflammation, the popliteal LNs, known as foot-draining LNSs,
were analyzed on day 7 after C. albicans sensitization. Twenty-four hours after
C. albicans challenge, the antigen-specific DTH response in the footpad skin

was analyzed (Figure 2).
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Figure 2. Establishment of the C. albicans-delayed type hypersensitivity
model by footpad injection. The protocol for establishment of the C.
albicans-DTH model is shown. The footpad skin of mice was sensitized with
2 x 107 C. albicans. After 7 days, mice were challenged with 2 x 107 HK C.
albicans and DTH response was measured 24 hr after the challenge. HK,

heat-killed.
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3. The number of IL-17-producing CD4" T cells were increased in popliteal
LNs following C. albicans sensitization

After C. albicans sensitization of footpad, the popliteal LNs, which were small
in nave mice, were enlarged (Figure 3A). In these popliteal LNs, the number of
effector CD4* T cells notably increased whereas the number of effector CD8* T
cells decreased 7 days after C. albicans sensitization. These immunological
changes also increased the ratio of CD4* to CD8* T cells (Figure 3B, C). In the
steady state, IL-17A was rarely observed in effector CD4* and effector CD8* T
cells. Following C. albicans sensitization, effector CD4* T cells abundantly
produced IL-17A whereas effector CD8" T cells still produced low amounts of
IL-17A at day 7 (Figure 3C, D). These results demonstrated that
IL-17-producing-CD4* T cells, not CD8" T cells, mainly function in the C.

albicans-DTH model.
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Figure 3. Increased numbers of IL-17-producing CD4* T cells in popliteal
LNs after C. albicans sensitization. (A) Images of popliteal LNs of naive and
C. albicans-sensitized WT mice 7 days after the sensitization are shown. (B)
Immunological changes in T cells of nave and C. albicans-sensitized WT mice
were examined using flow cytometry after 7 days. Gating strategies for the
effector T cells of popliteal LNs are shown. Live cells were gated on

CD3e"TCRB'T cells and CD44" to identify effector T cells. (C) The population
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frequencies of CD4" and CD8" T cells following C. albicans sensitization are
shown. The proportion of effector CD4* and CD8* T cells and the ratios of
CD4" to CD8" T cells were also assessed. (D) The intracellular 1L-17A
production among effector CD4* and CD8* T cells was analyzed in naive and
C. albicans-sensitized WT mice. The proportion and frequencies of
IL-17A-producing cells among CD4" and CD8" T cells are shown. (E) The
absolute numbers of IL-17A-producing cells among effector CD4* T cells and
CD8* T cells in naive and C. albicans-sensitized WT mice are shown. Data
were from at least two independent experiments with three to four mice per
group. Error bars indicate mean + standard error of the mean. ***, p<0.001; ns,

not significant.
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4. The C. albicans-DTH model displayed an antigen-specific I1L-17 DTH

response

C. albicans challenge after the sensitization led to local inflammation
compared with nave mice. At 24 hr after C. albicans challenge, mice exhibited
intense footpad swelling (Figure 4A, B) Hematoxylin and eosin images of the
foot region under the tarsus showed increased inflammatory cellular infiltration

(Figure 4C).
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Figure 4. Local inflammation in the C. albicans-induced delayed type
hypersensitivity model following C. albicans challenge. (A) Images of
footpads of nawe and C. albicans-challenged WT mice and (B) changes in
footpad swelling response 24 hr after C. albicans challenge are shown. (C)
Representative hematoxylin and eosin images of the region under the tarsus of
natve and C. albicans-challenged mice are shown. Scale bar=1 mm (left), 100
um (right). Data were from at least two independent experiments with three to
four mice per group. Error bars indicate mean + standard error of the mean. ***

p<0.001.
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When the immunological pattern of local inflammation was examined, the
expression of 1117a as well as Ifng and 114 was observed in the footpad skin of
the C. albicans-DTH model. Candida albicans sensitization led to an increased
level of Ifng and 114 at day 7. Importantly, the mice showed a marked increase in
1117a expression only after C. albicans challenge, but no increase in 1117a 7 days
after C. albicans sensitization (Figure 5). These results suggest the presence of a
C. albicans-specific IL-17 DTH response in the C. albicans-DTH model and this

model could be suitable for investigating antigen-specific Th17/IL-17 immunity.
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Figure 5. Antigen-specific IL-17 DTH response following C. albicans
challenge. mMRNA expression levels of Ifng, 114, and 1117 in the lesional footpad
skin were analyzed by qPCR 7 days after C. albicans sensitization or 24 hr after
C. albicans challenge on day 8. Data were from at least two independent
experiments with three to four mice per group. Error bars indicate mean

standard error of the mean. ***, p<0.001; ns, not significant.
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5. Expression of Pelil was observed in the footpad skin at steady state

In mouse skin, the expression level of Pelil at steady state and how it changed
in C. albicans-DTH model was evaluated. At the steady state, Pelil was more
highly expressed than other Peli family members, Peli2 or Peli3 in the footpad
skin (Figure 6A). And, only the expression of Pelil, but not Peli2 or Peli3, was
significantly reduced although it showed the highest expression following C.
albicans challenge (Figure 6B). These results suggest that Pelil was abundantly
present in the steady state and that Pelil might be involved in

immunopathogenesis in the C. albicans-DTH model.
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Figure 6. Expression of Pelil, Peli2, and Peli3 in mouse footpad skin. (A) At
steady state, mRNA expression levels of Pelil, Peli2, and Peli3, in the footpad
skin of mice were analyzed by gPCR. (B) Changes in mRNA expression of Peli
family members in lesional footpad skin following C. albicans challenge are
shown. Data were from at least two independent experiments with two to three
mice per group Error bars indicate mean + standard error of the mean. **,

p<0.005; ns, not significant; Pelil, Pellino-1; Peli2, Pellino-2; Peli3, Pellino-3.
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6. Pelil deficiency led to increased numbers of IL-17-producing CD4* T
cells in popliteal LNs in vivo

To determine the effect of Pelil on C. albicans-induced IL-17 immunity in vivo,

systemic Pelil KO mouse was generated (Figure 7A). Depletion of Pelil in the
back skin was confirmed by qPCR (Figure 7B).
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Figure 7. Schematic diagram depicting Pelil KO mouse generation. (A)
Mouse carrying the targeted Pelil allele was bred with CMV-Cre mouse to
remove the NeoR cassette. Mouse with the loxP-flanked Pelil allele (Pelil™",
Peli1™*) was generated by crossing Pelil™? mice with ACT-FLPe mouse.
Peli1™® were bred to Pelil™* to generate systemic Pelil KO mouse, Peli1™,
(B) The mRNA levels of Pelil in WT and Pelil KO mice were confirmed by
gPCR in back skin. Error bars indicate mean + standard error of the mean. Pelil,

Pellino-1.
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To determine whether Pelil-deficiency influences IL-17A production from
CD4* cells, we compared the IL-17A production from popliteal LNs in WT and
Pelil KO mice during C. albicans sensitization. CD4* T cells (Figure 8A,
Live'CD3e*TCRpB* gated), from Pelil KO mice produced markedly higher
IL-17A than those from WT mice, whose IL-17A production was increased
compared with that of natwe mice (Figure 8B, C). These findings suggest that
Pelil might play a suppressive role in Th17 cell priming during C. albicans

sensitization.
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Figure 8. Enhanced Th17 response in popliteal LNs of Pelil KO mice after
C. albicans sensitization. (A) The popliteal LNs of naive, WT, and Pelil KO
mice were analyzed by flow cytometry on day 7 after C. albicans sensitization.
Gating strategies for CD4* T cells (Live*CD3e*TCRp *CD4* gated) are shown.
(B) Population frequencies of CD44*IL-17A" cells among CD4" T cells were
assessed and the frequencies among IL-17* cells of CD4* T cells are shown. (C)
The absolute numbers of IL-17* CD44* cells among CD4* T cells in naive, WT,

and Pelil KO mice are shown. Data were from at least two independent

31



experiments with four to five mice per group. Error bars indicate mean *

standard error of the mean. ***, p<0.001; Pelil, Pellino-1.
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7. Severe inflammation was developed in the footpad of Pelil KO mice after
C. albicans challenge

To examine the changes in the DTH response caused by increased
IL-17-producing-CD4" T cells during C. albicans sensitization in Pelil KO
mice, local inflammation was investigated 24 hr after C. albicans challenge
(Figure 9A). Quantitative analysis of the hematoxylin and eosin images of the
footpad skin showed that Pelil KO mice had greater numbers of infiltrated
inflammatory cells (Figure 9B) and increased epidermal thickness (Figure 9C).
These results indicate that Pelil deficiency drives the severe inflammatory
phenotype, along with enhanced Th17 cell differentiation in the C.
albicans-DTH model, and implicate that Pelil-dependent regulatory role for

Th17 immunity induced by C. albicans.
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Figure 9. Increased severity of inflammation in the footpad skin of Pelil KO
mice after C. albicans challenge. (A) Representative hematoxylin and eosin
images of lesional footpad skin showing inflammatory cell infiltration in WT
and Pelil KO mice 24 hr after C. albicans challenge are shown. Scale bar=100
pum. (B) The number of infiltrated inflammatory cells in two random HPF was
counted using Image J. (C) Thickness of epidermis was measured using Image J
from three random epidermis. Data were from at least two independent
experiments with two to three mice per group. Error bars indicate mean *
standard error of the mean. *** p<0.001; Pelil, Pellino-1; HPF, high-power
field.
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8. Specific DC populations were depleted by treatment of mice with
diphtheria toxin

Next, because DCs are important in initiating Th17 response, the DC subsets
involved in C. albicans-induced Th17/IL-17 pathogenesis were determined
using DT-induced DC depleted mice (Figure 10A). Steady state skin of WT
mouse contains LCs in the epidermis (CD45*CD11c*MHCII* gated) and cDC1
and cDC2 in the dermis (CD45*CD11c*MHCII*CD64™ gated, Figure 10B). DT
administration led to the ablation of cDC1 in the dermis and LCs in the
epidermis in Langerin-DTR mouse (Figure 10C). In CD301b-DTR mouse, only
the CD301b* dermal DCs, were ablated from the ¢cDC2 population (Figure
10D).
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Figure 10. Diphtheria toxin-induced depletion of specific DC subsets in
mice. (A) Treatment protocol for DT-induced DC depletion: Langerin-DTR
and CD301b-DTR mice were treated intraperitoneally with 1 ug DT 1 day
before and 1 day after C. albicans sensitization for depletion of specific DC
subsets (CD301b* or Langerin® DCs). (B) DC subsets in the epidermis (LCs,
CD45*CD11c*MHCII*) and in the dermis (cDCl1 and cDC2,
CD45'CD11c*MHCII*CD64  gated) of WT mouse were analyzed by flow
cytometry in the skin at steady state. (C) Depletion of LCs in the epidermis and
cDC1 in the dermis of Langerin-DTR mouse and (D) depletion of CD301b*
DCs from the cDC2 population in the dermis of CD301b-DTR mouse was

confirmed by flow cytometry 24 hr after DT treatment.
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9. Langerin* DCs were not involved in mediating Th17 response induced by

C. albicans in vivo

Upon Langerin® DC (LCs and cDC1) depletion, WT and DT-treated
Langerin-DTR mice had equal ratios of CD4* T cells to CD8* T cells, which C.
albicans sensitization increased significantly (Figure 11A). Additionally,
IL-17A expression in CD4* T cells was comparable with that seen in WT mice
after C. albicans sensitization (Figure 11B, C). These results indicate that
Langerin® DCs are not necessary in C. albicans-induced Th17/IL-17 immunity.
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Figure 11. Dispensable role of Langerin® DCs in C. albicans-induced Th17
response in vivo. (A) The popliteal LN cells of naive, WT, and DT-treated
Langerin-DTR mice were analyzed by flow cytometry 7 days after C. albicans
sensitization. The ratios of CD4* to CD8* T cells were assessed by flow
cytometry. (B) Population frequencies of intracellular IL-17A among CD4* T
cells are shown. (C) The absolute numbers of IL-17*CD44*CD4* T cells in
naive, WT and Langerin-DTR mice are shown. Data were from at least two
independent experiments with two to three mice per group. Error bars indicate

mean + standard error of the mean. ns, not significant.
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10. CD301b* dermal DCs drove Th17 immunity in the sensitization phase of
C. albicans-DTH model in vivo

Next, when CD301b* dermal DCs were depleted, the ratio of CD4* to CD8* T
cells decreased as much as that of naive mice after C. albicans sensitization
(Figure 12A). Along with the relative decline of CD4* T cells, depletion of
CD301b* dermal DCs led to a significant decrease in IL-17A expression of
CD4* T cells by half compared with that of WT mice (Figure 12B, C). These
findings demonstrate that CD301b" dermal DCs drive C. albicans-induced
Th17/IL-17 immunity during the priming of CD4* T cells.
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Figure 12. Attenuated Th17 immunity induced by C. albicans sensitization
after depletion of CD301b* dermal DCs in vivo. (A) The popliteal LNs of
nawve, WT, and DT-treated CD301b-DTR mice were analyzed by flow
cytometry 7 days after C. albicans sensitization. The ratios of CD4* to CD8" T
cells were assessed by flow cytometry. (B) Population frequencies of
CD44*1L-17" cells among CD4* T cells are shown. (C) The absolute numbers
of CD44*IL-17* cells of CD4* T cells in nave, WT, and CD301b-DTR mice
are shown. Data were from at least two independent experiments with two to
three mice per group. Error bars indicate mean + standard error of the mean.

*%<0,005.

40



11. DC-specific Pelil deficiency resulted in elevated IL-17-production of
CD4* T cells from popliteal LNs in vivo

Systemic deficiency of Pelil increased the Th17/IL-17-mediated immunity to
C. albicans, therefore, the effect of Pelil-deficient DCs in C. albicans-induced
Th17/IL-17 response was investigated using CD11c-cKO mouse (Figure 13A).
Pelil was confirmed to be depleted in DCs by performing gPCR on purified
CD11c* BMDCs (Figure 13B). CD4* T cells were significantly higher in
CD11c-cKO mice than in WT mice, after C. albicans sensitization (Figure 13C).
Additionally, IL-17A expression significantly increased in CD4* T cells (Figure
13D-E). These findings indicate that Pelil plays a critical role in DCs by
regulating the differentiation of IL-17-producing CD4" T cells.
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Figure 13. Elevated Th17/IL-17 response in CD11c-cKO mice caused by C.
albicans sensitization. (A) To generate DC-specific Pelil-deficient mouse,
mouse with loxP-flanked Pelil allele (Peli1"", Peli1™) was bred to CD11c-Cre
mouse. (B) Pelil was determined to have been deleted from DC by conducting
gPCR on the CD11c* BMDCs of CD11c-cKO mouse. (C) The ratios of CD4* to
CD8" T cells and frequencies of CD4" T cells are shown. (D) Population
frequencies of intracellular IL-17A cells among CD44*CD4" T cells in popliteal
LNs after C. albicans sensitization were examined in naie, WT, and

CD11c-cKO mice. The frequencies of IL-17A of CD4" T cells are shown. (E)
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The absolute numbers of IL-17A of CD44*CD4* T cells in naive, WT and
CD11c-cKO mice are shown. Data were from at least two independent
experiments with two to four mice per group. Error bars indicate mean =

standard error of the mean. ***, p<0.001.
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12. C. albicans-induced Th17 response was elevated in the footpad of
CD11c-cKO mice

After CD11c-cKO mice received the C. albicans challenge, hematoxylin and
eosin images of the footpad skin showed that CD11c-cKO mice experienced
greater inflammation than did WT mice, as measured by epidermal thickness
and inflammatory cellular infiltration (Figure 14A-C). Interestingly, qPCR
analysis of 1l17a, Ifng and 114 showed that C. albicans-induced 1l17a level
selectively increased in CD11c-cKO mice. However, there were no significant
differences in Ifng and 114 levels between WT and CD11c-cKO mice (Figure
14D). These results implicate that Pelil in DCs is involved in C. albicans
pathogenesis regulation and that plays a characteristic role only in C.
albicans-induced specific IL-17 immunity, not Th1- or Th2-associated immune

response.
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Figure 14. Intensified inflammation in the footpad skin of CD11c-cKO mice
caused by C. albicans challenge. (A) Hematoxylin and eosin images of the
footpad skin 24 hr after C. albicans challenge are shown. Scale bar=100 um. (B)
Degree of inflammatory response measured by inflammatory cell infiltration and
(C) epidermal thickness, both of which were assessed using Image J. (D) mRNA
expression levels of Ifng, 114 and 1117a were analyzed by gPCR of the lesional
footpad skin of WT and CD11c-cKO mice. Data were from at least two
independent experiments with two to three mice per group. Error bars indicate

mean + standard error of the mean. **, p<0.05; ***, p<0.001.
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13. LC-specific Pelil deficiency resulted in comparable Th17 immunity in
popliteal LNs compared with WT mice in vivo

Because Pelil deficiency in DCs amplified the Th17/IL-17 immune response,
experiments were performed to explore whether Pelil deficiency within LCs is
responsible for enhanced Th17 immunity. To this end, huLang-cKO mouse was
generated (Figure 15A). The increased IL-17A in CD4* T cells after C. albicans
sensitization was unchanged in huLang-cKO mice, indicating that Pelil
deficiency in LCs does not contribute to the increase in Th17 immune response
to C. albicans (Figure 15B, C). Collectively, these findings demonstrate that
Pelil in DCs except LCs, is critical to the pathogenesis of the C. albicans-DTH

model via negative regulation of Th17/IL-17 immunity.
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Figure 15. Comparable Thl7 response in popliteal LNs of WT and
huLang-cKO mice after C. albicans sensitization. (A) To generate
huLang-cKO mouse, mouse with the loxP-flanked Pelil allele (Pelil™™,
Peli1"™*) was bred with huLang-Cre mouse. (B) After WT and huLang-cKO
mice were sensitized with C. albicans, intracellular CD44*IL-17A" expression
in CD4* T cells from popliteal LNs was analyzed after 7 days using flow
cytometry. Population frequencies of CD44*IL-17A* cells are shown

(Live*CD3e*TCRpP'CD4" gated). The frequencies of IL-17A" of CD4* T cells
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are shown. (C) Absolute numbers of CD44*IL-17A* cells in naive, WT, and
huLang-cKO mice were analyzed. Data were from at least two independent
experiments with two to four mice per group. Error bars indicate mean *

standard error of the mean. ns, not significant.
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14, Pelil-deficient BMDCs augmented TGF-p and IL-1§ in response to HK

C. albicans in vitro

Results to date with in vivo experiments demonstrate that Pelil in dermal DCs
is an important part of regulating the C. albicans-specific IL-17 DTH response.
Thus, to identify how the Pelil in dermal DCs controls Th17 immunity, the
ability of DCs to prime T cells was investigated using BMDCs of WT and
CD11c-cKO mice (Figure 16A, B). Analysis of the DC surface molecules
showed that the expression of MHCII and CD80, which increased by HK C.
albicans, were not different considerably with or without the presence of Pelil

24 hr after HK C. albicans stimulation (Figure 16C).
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Figure 16. Similar expression in surface molecules between WT and

Pelil-deficient BMDCs. (A) BM cells of WT and CD11c-cKO mice were

cultured with GM-CSF for 7 days. The purified BMDCs were then stimulated

with HK C. albicans for the indicated times. (B) Before and after enrichment of

BMDCs were analyzed by flow cytometry. (C) Representative histograms

showing expression levels of MHCII and CD80 24 hr after the stimulation in

WT and Pelil-deficient BMDCs, were analyzed by flow cytometry. MFI

(mean fluorescent intensity) of MHCII and CD80 are also shown. Data were

from at least two independent experiments. Error bars indicate mean + standard

error of the mean. HK; heat-killed.
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TGF-B, IL-6, IL-1p and IL-23 produced from DCs are critical for the
differentiation of natve T cells into Th17. It was noted that HK C. albicans
markedly increased IL-6 and IL-1 mRNA and protein in BMDCs in vitro. The
expression of Tgfb and I11b in the early stages of stimulation was slightly higher
in Pelil-deficient BMDCs; Tgfb and 1l1b levels were significantly higher, in
particular, 1 hr after the stimulation (Figure 17A). Consistent with their
corresponding  mMRNA levels, protein levels of IL-6 and TGF-B were
significantly higher in Pelil-deficient BMDCs (Figure 17B). Taken together,
these results indicate that Pelil in dermal DCs may regulate Th17 immunity to C.
albicans by controlling cytokine production of DC during the differentiation of

nawve T cells into Th17 cells.
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Figure 17. Increased cytokine levels in Pelil-deficient BMDCs in vitro. (A)
After in vitro stimulation with HK C. albicans, the expression levels of 1l1b, 116,
Tgfb and 1123 mRNA in the BMDCs of WT and CD11c-cKO mice were
analyzed by gPCR at the indicated times. (B) IL-1B, IL-6, TGF-B and IL-23
protein levels were analyzed by ELISA 24 hr after the stimulation. Data were
from at least three independent experiments. Error bars indicate mean + standard

error of the mean. *, p<0.05; **, p<0.005; ***, p<0.001; HK, heat-killed.
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IV. DISCUSSION

From among the E3 ubiquitin ligases, members of Peli family have been
identified as critical moderators of diverse immune responses'®*?. Since the
role of Pelil in DCs under cell-specific contexts has not been the subject of
investigations to date, this study is, to our knowledge, the first to determine
that Pelil in DCs plays a crucial role in modulating Th17/IL-17 immune

response using a C. albicans-DTH model.

IL-17 immunity is commonly involved in different infection models of C.
albicans, including cutaneous, mucosal, and, oral candidiasis?*?®. Of the
IL-17-producing cells including innate lymphoid cells, yd T cells, neutrophils,
and Thl17 cells, Thl7 cells are important for adaptive immune system to C.
albicans?24, Distinctly, Th17 cells provide protection against secondary
cutaneous infection, whereas Thl cells protect against secondary systemic
infections?2%, In this study, Ifng and 1117a levels were considerably increased in
the C. albicans-DTH model. Although gene expression of Ifng was already
increased during the sensitization phase, 1117a was markedly increased only
after challenge with antigen, indicating that IL-17 immune response is a C.
albicans-specific DTH response. Although the DTH model is suitable to study T
cell-mediated immune responses, the cellular and molecular regulation of
IL-17-mediated DTH response has been poorly understood yet.

Pelil-deficient mouse had a stronger Th17/IL-17 response than WT mouse,
suggesting a Pelil-dependent regulation of Th17 immunity induced by C.

albicans. These results were consistent with those of previous studies showing a
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negative regulatory role for Pelil in T cell activation. Additionally, Pelil had a
protective role of systemic lupus erythematosus through inhibiting
noncanonical nuclear factor-«B activation and B cell antibody production®.

In DC-specific Pelil-deficient mouse, C. albicans-induced Th17 response, not
Thl-associated response, was markedly exaggerated. This increase in Thl7
response was similar to the observed results when Pelil was systemically
depleted. These findings indicate that Pelil in DCs crucially functions to
regulate Th17 DTH response in this model and highlight the importance of
studying the cell-specific role of Pelil in future.

Th17 response to C. albicans in DT-treated Langerin-DTR mouse, depleted all
Langerin® DCs, including LCs and Langerin® cDC1, was comparable to WT
mouse. These findings are somewhat inconsistent with those of the previous
studies demonstrating that Thl7 response to the epicutaneous C. albicans
infection is mainly mediated by LCs while CD103* dermal DCs are required for
differentiation of Th1l cells?*?, To mediate antigen-specifc Th17 cell priming,
LCs produce IL-6, which is required for Th17 cell differentiation, by interacting
with C. albicans yeast in a dectin-1-dependent manner. During the epicutaneous
infection of the yeast form of C. albicans, C. albicans yeast undergoes
morphological changes to the pseudo-hyphae form during dermal invasion,
making it impossible to dectin-1 ligation®®. Meanwhile, it was reported that LCs
are not involved in intradermal injection of C. albicans infection models that
largely bypass the interaction with epidermal LCs?. Rather, our study showed
that depletion of CD301b* dermal DCs in DT-treated CD301b-DTR mouse,
significantly attenuated Th17 response to C. albicans. An involvement of

CD301b* dermal DCs is not much appreciated in Thl7 response during C.
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albicans epicutaneous application and dermal injection models. However, the
difference of induction method between epicutaneous application and
intradermal injection C. albicans infection models may explain the crucial role
of CD301b* dermal DCs to induce Th17 immunity in C. albicans-DTH model®.

Notably, it has been reported that cDC2 including CD301b* DCs also expresses
dectin-1 which would sense and initiate innate immunity to C. albicans®?%.
Therefore, CD301b* dermal DCs could facilitate dectin-1-dependent Thl7
response to C. albicans yeast exposed via dermal or subcutaneous injection
route. Besides, CD301b* dermal DCs induce IL-17 production from yd T cells
through cutaneous sensory nerves-derived calcitonin gene-related peptide which
stimulates CD301b* dermal DCs to produce IL-23%. It has also been reported
that CD301b* dermal DCs are involved in Th17 cell differentiation in response
to pyogenic streptococcal infection in the nasal mucosa®. In line with these
results, CD301b* dermal DCs have the capacity to induce Th17 reaction in a
dectin-1-dependent manner under specific conditions.

It is well-documented that the combined actions of IL-23, IL-6, IL-1p, and
TGF-B are required for Th17 cell differentiation?. Still, the importance of
individual cytokines in generating Th17 cells remains controversial. Many
studies reported that both IL-18 and IL-6 are required for Thl7 cell
differentiation in peripheral tissues including skin®. In particular, recent studies
have highlighted a critical role for IL-1/IL-1 receptor signaling in early Th17
cell differentiation was reported®-*. Consistent with these findings, we
observed that in vitro stimulation with HK C. albicans rapidly increased IL-1
and IL-6 with a slight increase of TGF-f and IL-23 from BMDCs. Interestingly,
the level of IL-1B and TGF- were much highly increased in Pelil-deficient

55



BMDCs compared to WT BMDCs by HK C. albicans stimulation. Therefore, it
is possible that Pelil in DCs regulates Th17 cell differentiation by modulating
the expression of IL-1p and TGF-p in DCs.

Many Th17/1L-17 immune-mediated diseases are known to be associated
with the deregulation of ubiquitin signaling; these diseases include psoriasis,
cancer, inflammatory bowel disease, rheumatoid arthritis, and asthma®®. Indeed,
recent reports suggested that Pelil is important for inducing psoriatic
inflammation by activating the hyperproliferation of keratinocytes®. In addition,
Pelil has been reported to be strongly related to carcinogenesis®. Moreover,
dysregulation in the nuclear factor-kB pathway was typically observed in
inflammatory bowel disease including Crohn's disease and ulcerative colitis, and
Pelil activates nuclear factor-kxB pathways®. A gastrointestinal tract-targeting
Pelil inhibitor for the treatment of ulcerative colitis is now under development
(Bridge Biotherapeutics, Seongnam, Korea).

However, in the view of that Pelil has not been studied in C. albicans-induced
Th17 immunity, this study suggests that Pelil would be a promising therapeutic
target for controlling the response to C. albicans infection via regulation of
Th17/1L-17 immunity. Moreover, we identified that Pelil in DCs regulates
Th17 cell priming in the deep dermal C. albicans infection, which implies that
Pelil in DCs could be targeted for the management of deep dermal C. albicans

infection.
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V. CONCLUSION

This study highlights the crucial role of Pelil, an E3 ubiquitin ligase, in DCs
during C. albicans-induced Th17/IL-17 immune reaction. To the best of our
knowledge, this is the first study to show how Pelil within DCs regulates
Th17/IL-17 immunity using DC-specific Pelil-deficient mouse. In the present
study, the C. albicans-DTH model exhibited an increase in Th17 cell counts and
a remarkable antigen-specific IL-17 DTH response upon C. albicans challenge.
Th1l7 immune response was attenuated in DT-treated CD301b-DTR mouse,
demonstrating that CD301b* dermal DCs are an important part of inducing
Th17/IL-17 immunity during the priming of CD4* T cells following C. albicans
sensitization. Moreover, DC-specific Pelil-deficiency significantly increased the
C. albicans-specific Th17/IL-17 DTH response in vivo, and Pelil-deficient
BMDCs produced higher levels of TGF-p and IL-1p than WT BMDCs after in
vitro stimulation with HK C. albicans. In brief, the results of this study
demonstrate that Pelil in CD301b" dermal DCs exerts an important role in the
regulation of Th17 cell priming via IL-1B- and TGF-p-dependent pathways in C.
albicans-DTH model. These findings suggest that targeting Pelil in certain DC
subsets is a feasible method for controlling Th17/IL-17 immunity against severe

invasive C. albicans infection.
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