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DEFINITIONS

In this dissertation, the following terms are used with the corresponding
definitions:

1. Regulatory T cells are subsets of lymphocytes, which are responsible for
modulation of immune responses and provide tolerance to self-antigens.

2. Chimeric antigen receptor (CAR) is an engineered chimeric receptor, which
1s derived from the part of T cell that is responsible for activation, and from variable
region of a monoclonal antibody particularly designed for a specific antigen.

3. Retroviral transduction — is a method to introduce external DNA via using
retroviruses into cell of interest.



NOTATIONS AND ABBREVIATIONS

GD3 — ganglioside D3

CAR — chimeric antigen receptor

uv — ultraviolet

DLQI — dermatology life quality index

ROS — reactive oxygen species

HSP70 — heat shock protein 70

DCs — dendritic cells

LN — lymph nodes

MHC — major histocompatibility complex

HLA — human leucocyte antigen

GWAS — genome-wide association

CTLA-4 — cytotoxic T-lymphocyte-associated protein 4
IL-2 — interleukin 2

FOXP3 — Forkhead box P3

GITR — glucocorticoid-induced tumor necrosis factor
LAP — latency-associated peptide

GARP — glycoprotein A repetitions predominant
DNA — deoxyribonucleic acid

RNA — ribonucleic acid

FBS — fetal bovine serum

FITC — fluorescein isothiocyanate

PBS — phosphate-buffered saline

RPMI 1640 — Roswell Park Memorial Institute medium 1640
PE — phycoerythrin

DAPI —4',6-diamidino-2-phenylindole

MBEH — monobenzyl ether of hydroquinone
TCR — T cell receptor

TGF-B — transforming growth factor B

IL-5 — interleukin 5

IL-6 — interleukin 6

IL-12 — interleukin 12

IL-15 — interleukin 15

HSCT — hematopoietic stem cell transplantation
TNP — 2,4,6-trinitrophenyl

scFv — single-chain fragment variable

ITAM — immunoreceptor tyrosine-based activation motif
PBMCs — peripheral blood mononuclear cells
APC — antigen presenting cells

GMP — good manufacturing practices

GDP — good distribution practices

ATMP — advanced therapy medicinal product
CTMP — gene therapy medicinal product

GMO — genetically modified organism
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ELISA — enzyme-linked immunosorbent assay
TIL — tumor infiltrating lymphocytes
HBSS — Hank’s balanced salt solution



INTRODUCTION

General description of the research. This Ph.D. dissertation is dedicated to
studying the phenotypical characteristics of peripheral blood T regulatory cells (Tregs)
and develop the approaches to stimulate and generate antigen-specific Tregs with
chimeric antigen receptor (CAR) as a cell-based immunotherapy of vitiligo, and the
effect of antibiotics to control depigmentation in a mouse model.

Significance of the research. Vitiligo is an incurable and not fully understood
autoimmune skin disease affecting 0.5-1% of the world population [1]. According to
the official statistics of the RSE on REJ “Kazakh Scientific Center of Dermatology and
Infectious Diseases” of the Ministry of Health of the Republic of Kazakhstan for 2018,
the prevalence of vitiligo is 9.6 per hundred thousand people [2]. To date, there are no
existing targeted treatments for vitiligo due to the limited funding for research on the
disease, since vitiligo is not a fatal or a life-threatening disease. Commonly prescribed
treatments include topically applied corticosteroids, UVB phototherapy, and for rare
cases surgical melanocyte transplantation, and complete depigmentation in the case if
the patient has more than 70%-80% vitiligo lesions. These approaches to treating
vitiligo are not effective and have serious side effects, and melanocyte transplantation
is an extreme surgical technique [3-6]. In terms of quality of life, vitiligo negatively
affects the quality of life and well-being of patients. Stigmatization varies in different
cultures, and many patients experience psychological stress, low self-esteem, and
depression, which can lead to suicide attempts [7].

The etiology of vitiligo is complex and not fully understood yet, but this condition
is considered to be a result of the interplay among multiple factors, including stress,
genetic  predisposition, environmental triggers, and a melanocyte-specific
autoimmunity. According to recent studies, disruption of immune tolerance is
considered as a main cause of the development of a disease in which cytotoxic T cells
attack the patient's own melanocytes. Most autoimmune diseases have a similar
etiology associated with impaired regulation of the immune response, including
deficiency or impaired activity of T-regulatory cells (Tregs) [8-10]. When recognizing
self or non-self-antigens disrupted, the immune system non-specifically destroys cells
and tissues of the body and as a result causes autoimmune diseases. The role of Tregs
in this case is to actively suppress activation of the immune system and prevent
pathological self-reactivity. With vitiligo, there is a systemic decrease in the proportion
of CD39" and CD44" Tregs which defines phenotypical characteristics and functional
activity, as well as a decrease in the migration of Tregs to the lesions of vitiligo, which
correlates with the area of depigmentation. It was also previously shown that the
adaptive transfer of Tregs to mice with vitiligo led to a temporary stop of
depigmentation. Thus, it has been suggested that the use of antigen-specific Tregs as a
cell immunotherapy of vitiligo can be highly effective, restoring local immune
tolerance and preventing undesired autoimmune reactions.

To restore the immunosuppressive activity of Tregs and increase their homing at
the area of autoimmune inflammation, and thus, it was proposed to obtain Tregs with
a chimeric antigenic receptor (CAR) specific for antigens of cells undergoing
autoimmune attack. Currently, CAR T cells based therapies are widely used to treat
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various types of cancer. This approach is based on the administration of autologous
CAR-modified T cells to patients that recognize specific cancer cell antigens. Some
CAR-T cell cancer therapies have been shown to be highly effective in treating patients
compared to traditional therapies and some have been approved for use in the clinic. It
has been suggested that using this approach for Tregs can be used to treat autoimmune
diseases. Thus, we developed a method for producing CAR Tregs specific for
ganglioside D3 antigen (GD3) expressed by melanocytes, and investigated the
effectiveness of their application to increase their migration to vitiligo lesions and to
provide local immune tolerance to melanocytes.

Another promising area of therapy for vitiligo and for other autoimmune diseases
is skewing of the microbiome using antibiotics. The importance of the microbiome is
currently gaining an increased attention of researchers in connection with its influence
on the development of diseases. It was previously reported that the systemic and local
effect of antibiotics on microbial diversity affects the progression of diseases in several
diseases including acne, psoriasis and atopic dermatitis. While microbial diversity
support immune homeostasis, some species may induce pathogenic responses via
producing Ro60-producing commensal bacteria in lupus. Another example includes
increased abundance of B. adolescentis correlates with human autoimmune arthritis.
Some microbial peptides might trigger CD8 T cell response; however, these responses
are recently not well understood. Thus, a better understanding of bacteria impacting T-
cell activation may reveal the influence of gut health to the vitiligo development. To
study this, antibiotics were used on vitiligo-prone FH-A2D mouse model to assess the
changes in the microbiome and the effect on Treg accumulation in the skin.

Thus, this study aimed at studying the phenotypic characteristics of peripheral
blood Tregs in vitiligo patients and developing a method for producing ganglioside D3
(GD3)-specific CAR-Tregs (GD3-specific CAR-Tregs) and studying its effectiveness
for treating vitiligo in vitro and in vivo, as well as a study of the effect of the use of
antibiotics that alter microbiomes, which redistributes T cells and accumulate Tregs in
vitiligo, 1s novel and relevant for the development of new approaches to
immunotherapy of vitiligo, and other serious autoimmune diseases.

The purpose of the research. The purpose of the research is to study the
phenotypical characteristics of peripheral blood Tregs of patients with vitiligo and to
develop approaches for stimulating and generating antigen-specific Tregs based on
CAR, and assessing them in vitro and in vivo for a potential immunotherapy of vitiligo,
as well as evaluating the effect of antibiotics to control depigmentation in a mouse
model.

The main tasks of the research to accomplish purpose are as following:

1. To study the phenotypical characteristics of Tregs from peripheral blood of
patients with vitiligo.

2. To develop approaches for maintaining immunosuppressive Treg phenotype ex
VIVo.

3. To develop a method for generating antigen-specific Tregs for a cell-based
immunotherapy for vitiligo.

4. To study the immunosuppressive activity of GD3-specific CAR-Tregs in vitro.

5. To study the effectiveness of GD3-specific CAR-Tregs in vivo using vitiligo-
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prone mouse model.

6. To study the effect of antibiotics for microbial diversity to control
depigmentation in vitiligo.

The research objects and materials. Regulatory T cells of the peripheral blood
of vitiligo patients, CD3" T cells, naive CD4" cells, CD4" CD25" Mouse Tregs, human
HLA-A2-positive and -negative melanocytes, TCR-transgenic mice (h3TA2), FH-
A2D transgenic mice.

Research Methods. Cell culture, transfection, viral transduction, flow cytometry,
immunohistochemistry, immunofluorescence staining, fluorescence microscopy,
enzyme-linked immunosorbent assay (ELISA), fluorescence imaging of live cells,
caspase-3/7 mediated apoptosis assay, adoptive cell transfer, flat-bed mouse scanning,
Adobe Photoshop image analysis, and GraphPad Prism and R statistical analysis tools.

The scientific novelty of the research. During the study, it was first discovered
that the proportion of CD39" and CD44" Tregs in peripheral blood was significantly
reduced in vitiligo. It was also found that in patients with vitiligo who are in remission,
the proportion of Tregs with the phenotype CD39" and CD44" FoxP3" is also reduced
in comparison with the control. The obtained data indicate the dysfunction of Treg cells
in vitiligo may indicate a decrease in their immunosuppressive properties and ability
to migrate efficiently to the lesion site of depigmentation, which may lead to
uncontrolled activity of melanocyte-specific T cells and disease progression. The
results contribute to an understanding of the mechanisms of impaired immune
regulation in vitiligo and can serve as the basis for the development of new approaches
to vitiligo treatment based on increased suppressor activity of Tregs and their
recruitment into affected vitiligo skin areas.

Overexpression of GD3 was first detected in the epithelial cells and melanocytes,
in the vitiligo-affected areas of the skin of humans and mice. Increased expression of
the surface antigen GD3 has been identified as a target antigen for vitiligo.

This dissertation also describes a method for generating antigen-specific Tregs
that carry CAR to the antigen expressed by melanocytes, and investigated the
effectiveness of the use of GD3-specific CAR-Tregs for restoration of immune
tolerance in vitro and in vivo. In particular, a viral transduction method has been
developed that provides Treg with high expression of CAR — specific to GD3. Also, a
new approach was developed and optimized for polarizing naive CD4" T cells into
CD4" FoxP3" Tregs and expanding the Treg pool in vitro while maintaining their
phenotype. For the first time, the GD3-encoded CAR construct was used to generate
highly transduced antigen-specific Tregs ex vivo using an optimized transduction
protocol using retroviruses. /n vitro studies have shown that the obtained GD3-specific
CAR Tregs have antigenic specificity and a high level of production of the
immunosuppressive cytokine IL-10. /n vitro melanocyte viability assay was also
conducted for the first time using a new live cell imaging system to evaluate the
immunosuppressive activity of GD3-specific CAR Tregs. Moreover, the introduction
of GD3-specific CAR Tregs into the co-culture of human melanocytes and
melanocyte-reactive cytotoxic T cells led to an increase in the level of viable
melanocytes. It was also found that GD3-specific CAR Tregs have greater
immunosuppressive activity against melanocyte-reactive cytotoxic T cells compared
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to untransduced Tregs.

When studying the effectiveness of using GD3-specific CAR Tregs in vivo, it was
found that the adoptive transfer of the obtained Tregs to transgenic mice from vitiligo
provides a more effective restoration of immune tolerance in the lesions and a decrease
in the area of depigmentation. Compared to untransduced Tregs, GD3-specific CAR
Tregs have better melanocyte homing ability and greater immunosuppressive activity
in relation to proliferation of melanocyte-specific cytotoxic T cells.

Microbial diversity was first investigated after the administration of antibiotics
such as ampicillin and neomycin, and its effect on the development of vitiligo in an
experimental mouse model (FH-A2D mice). It was found that ampicillin leads to
increased depigmentation, while neomycin inhibits the development of the disease by
indirectly affecting skin Treg infiltration.

The data obtained reveal the mechanisms of development of vitiligo and can be
used to create approaches to cell immunotherapy for vitiligo, based on the use of
antigen-specific Tregs.

Theoretical and practical significance of the research. The dissertation
contributes to the fundamental aspects of autoimmunity. Studying the phenotypical
characteristics of Tregs provides the understanding of the role of different subsets of
Tregs that mediate different autoimmune disorders. Studying of the
immunosuppressive ability of GD3-specific CAR Tregs enlightens the field of
bystander effect of Tregs in vivo, and, helps to get one step closer to reveal the full
mechanism immunosuppression defects in autoimmune diseases.

The practical significance of the obtained results lies in the development of new
approaches to the treatment of autoimmune diseases using transgenic CAR based Tregs
with antigen specificity. The data obtained suggest that GD3-specific CAR Tregs can
efficiently recognize the antigen and provide local immune tolerance towards
melanocytes in vivo. The data obtained in the course of the dissertation indicate the
effectiveness of adoptive transfer of GD3-specific CAR Tregs for the treatment of
vitiligo, which indicates that this method is promising for further clinical trials.
Moreover, the data obtained and the developed methods can serve as the basis for the
development of immunotherapy of other autoimmune diseases, such as pemphigus
vulgaris, pemphigus bullous, psoriasis, multiple sclerosis, celiac disease, Crohn’s
disease, lupus, etc.

Another practical significance of the obtained results is to identify the indirect
effect of neomycin on the increase in infiltration of skin areas by Tregs and the halt in
depigmentation in the experimental model of vitiligo (FH-A2D mice). The data
obtained can also be used to develop approaches for the treatment of vitiligo.

In the course of the study, a detailed transduction protocol was also prepared and
optimized, which provides Tregs with high expression of antigen-specific CAR.
Experimental protocols have been developed to study the level of immunosuppression
in vitro using human melanocytes expressing GD3 as target cells, cytotoxic T cells
specific for h3T, as effector cells, as well as GD3-specific CAR Tregs or untransduced
Tregs, expressing eGFP linked to FoxP3 as suppressor cells. Also, to analyze the level
of viability of melanocytes, the approach was optimized using the new IncuCyte live
cell imaging system, which allows it to take several images over time and using
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caspase-3/7 Red reagent, which detects cells undergoing apoptosis mediated by
caspase-3/7. The developed experimental methods can be used in research in the field
of molecular and cellular immunology.

Thus, the thesis has theoretical and practical significance.

The main provisions for the defense:

1. The proportion of CD39" and CD44" Tregs of peripheral blood is significantly
reduced in vitiligo.

2. The expression of ganglioside D3 is increased by human and mouse epithelial
cells and melanocytes in vitiligo.

3. A protocol has been developed for expanding the pool of Tregs that preserve
the immunosuppressive phenotype in vitro.

4. Tregs can be transduced with high efficiency using the CAR construct encoding
GD3 by retroviral transduction.

5. GD3-specific CAR Tregs are highly specific for GD3 antigen and have
enhanced immunosuppressive activity in vitro.

6. Adoptive transfer of GD3-specific CAR Tregs halts depigmentation in vitiligo-
prone transgenic h3TA2 mice

7. GD3-specific CAR Tregs efficiently recognize antigen on affected epithelial
cells and melanocytes, and provide local immune tolerance towards melanocytes in
mice.

8. Neomycin causes an increase in Treg infiltration on skin samples by indirectly
affecting microbial diversity and helps control depigmentation in vitiligo in mice.

The levels of research organization. The research described in this dissertation
performed on molecular, cellular, tissue, organ, and organism level.

Relationship of the research with the scientific project. This Ph.D. research on
developing approaches for vitiligo immunotherapy using antigen-specific Tregs was
supported by the National Institute of Health grant RO1 AR057643 to Dr. 1. Caroline
Le Poole. The majority of the research has been performed at Dr. Le Poole’s laboratory,
which specializes in immunology and dermatology. This research also was supported
by Dr. Le Poole’s initiative, which had provided a Ph.D. level stipend, and she also
advised this research throughout a Ph.D. time period. In Kazakhstan, a local scientific
advisor, Ostapchuk Yekaterina. O. supported this Ph.D. research via advising from the
first year of the research and providing advice at every point. The study of phenotypical
characteristics of Tregs of vitiligo patients was supported by grant AP05131691
"Molecular mechanisms of the influence of T-regulatory cells on the activity of tumor
cells" provided by Committee of Science, Ministry of Education and Science of the
Republic of Kazakhstan, to Ostapchuk Yekaterina O., and was performed at the
Aitkhozhin Institute of Molecular Biology and Biochemistry.

The contribution of the author for the results described in this dissertation.
All the main results described here are performed and collected by the author. In
addition, main research results, analyses, tables, data, and figures are generated by the
author, and all the new observations and conclusions are made from the results derived
from Ph.D. candidate’s work and research.

Research approbation. The main results and observations are presented and
discussed at international conferences and symposiums:
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— at international scientific conference, Oral Presentation: Awardee of Society for
Investigative Dermatology Eugene M. Farber Travel Awards for Young Investigators
“ The Joint Montagna Symposium on the Biology of Skin/Pan American Society for
Pigment Cell Research Annual Meeting “Melanoma to Vitiligo: The Melanocyte in
Biology and Medicine” (2018, Salishan Resort, Oregon);

— at international scientific summit “2nd Antigen-Specific Immune Tolerance
Drug Development Summit 2019 (2019, Boston, USA);

— at scientific conference “Northwestern Research Day 2019” (2019, Chicago,
USA);

— at International scientific conference for students and young scientists “Farabi
Alemi” (2018, Almaty, Kazakhstan);

— at international scientific conference “Society for Investigative Dermatology
(SID) Annual Meeting” (2019, Chicago, USA);

— at international scientific conference “The Society for Immunotherapy of
Cancer (SITC), 34th Annual Meeting & Pre-Conference Programs, Nov. 6-10,
(National Harbor, 2019, Chicago, USA);

— at the International Scientific Conference of Young Scientists ‘“Fundamental
Research and Innovation in Molecular Biology, Biotechnology, Biochemistry” on the
occasion of the 80th birthday of Academician Murat Abenovich Aitkhozhin November
28-29 (2019, Almaty, Kazakhstan);

— at international scientific conference ‘“PanAmerican Society for Pigment Cell
Research (PASPCR), Oct 02 - 04, 2019 at The Jackson Laboratory, Bar Harbor, Maine,
USA”.

Publications. The majority of this dissertation content was published in 13
scientific works, including 1 research article with impact factor (IF)=6.29, and 3
abstracts published in journals with impact factor (IF=8.728; 1F=6.29; 1F=4.172)
according to SCOPUS database, 4 articles in scientific journals recommended by
Education and Science Monitoring Committee of the Ministry of Education and
Science of the Republic of Kazakhstan (CCESF MES RK), and 5 abstracts in the
materials of international conferences, symposiums, and summits. The provisional US
Patent (serial No. 62/915,945 in USA) was filed on 10/16/2019 with the title of
“Materials and Methods for Treating Vitiligo”, followed with United States and PCT
international patent (Utility & PCT, serial No. 17/072,939 & PCT/US2020/056104)
filed as “MATERIALS AND METHODS FOR TREATING VITILIGO” on
10/16/2020 (internal reference: NU2019-172-02 &-03) .

Dissertation structure. This dissertation is written in 122 pages, and contains
notations and abbreviations, introduction, literature review, materials and methods,
results and discussions, conclusions, references and appendices from 215 sources
where 207 are in English, contains 3 tables, and 50 figures.
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1 LITERATURE REVIEW

1.1 Vitiligo

Vitiligo is an autoimmune skin disorder characterized by the loss of functional
melanocytes and by the appearance of white pale lesions on the skin [8, p. 227]. The
prevalence of vitiligo lies between 0.5-1% worldwide, and the exact etiology is not
characterized yet [1, p. 1206]. To date, vitiligo is classified mainly into two types: non-
segmental and segmental vitiligo. The most widespread type is non-segmental, which
i1s distributed symmetrically or in an acrofacial pattern, and characterized by
unpredictable spread over time. Segmental vitiligo is the second most common type,
and lesions show unilateral patterns also affecting follicular melanocyte reservoir that
results in hair whitening [11].

1.1.1 Signs, symptoms and diagnosis

The visible signs of vitiligo are depigmented white milky lesions on the skin
(Figure 1) [12, p. 39]. Initially, these pale lesions appear in small sizes, and then spread
around the skin and tend to expand through changing its shapes. The rate of progression
of the disease varies among patients, in some the depigmentation rapidly spreads while
in others the process is steady. The loss of pigmentation is most prominent and
noticeable on the face, hands, and feet which have a tendency to be exposed to the sun.
In addition, patients with vitiligo often struggle with early graying of the hair [13].
However, individuals with vitiligo do not report with a pain or life-threatening
symptoms. At this time, vitiligo lies under the “quality of life” category, and patients
are usually stigmatized within the society and reports with frequent depression and low
self-esteem [14].

Vitiligo can be diagnosed through the use of several methods. First, the physician
will do an eye exam. Then, an ultraviolet (UV) can be applied in an early stage of
vitiligo to determine and monitor the progression of the disease. When vitiligo skin is
checked with UV, it appears as a white milky spots while healthy skin does not show
similar skin color change. Final confirmation of vitiligo diagnosis is performing biopsy
[15]. A dermoscopy can be performed to reveal the presence of starburst appearance,
comet tail appearance, leukotrichia, telangiectasia and identify perifollicular or
perilesional changes and altered pigmentary network [16].

1.1.2 Quality of life disease

Vitiligo is identified as a quality of life disease and has a major impact on the
well-being of patients. The stigmatization can vary among the different cultures, and
many patients experience psychological stress, low-esteem, and depression, which may
lead to suicide attempts in extreme cases [17]. In some cultures, vitiligo can be
misidentified as leprosy, which is a severe infectious disease that can spread between
people. For instance, the first prime minister of India, Pt Jawaharal Nehru declared
vitiligo as one of the major diseases in India after leprosy and malaria. According to
Indian religious manuscripts, the person who committed “Guru Droh” (sin) in his
previous life will suffer from vitiligo in his current life. Therefore, vitiligo impacts the
quality of life of children, men, and particularly young women who have a little chance
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of getting married in Indian society [18]. Moreover, vitiligo affects more dark-skinned
individuals due to the strong contrast in colors. Due to the central role of skin in many
aspects of life, and any pathological defect or depigmentation may cause antagonism,
avoidance, and whispering comments [19].

China Zambia Spain Poland S. Africa

h

France

Argentina

B W]’l_Jrk

M

Figure 1 — Representation of vitiligo from around the world [12, p. 39]

Children and teenagers with vitiligo can be discriminated among their peers, and
lesions in visible parts of the body such a face, hands or legs may accelerate the
embarrassment and they usually avoid sport activities at the school [19, 20].
Humiliating comments from peers may devastate their moods, and eventually, children
with vitiligo usually grow in isolation and embarrassment. Currently available
treatments such as PUVA appointments and their complications cost a fortune for the
parent’s budget, and these children loss vital days from the school. When vitiligo
patients meet or start a new sexual relationship, they experienced rude remarks from
their partners which made them feel anxiety and embarrassment [21].

Dermatology life quality index (DLQI) is a questionnaire dedicated to patients
with skin diseases. Vitiligo lesions situated in the face, arms and legs correlate with a
lower DLQI. In most cases, stigmatization was the main factor in patient’s quality of
life that varies in different cultures with a DLQI f 6 in Malaysia and a DLQI of 1 in
Italy [22]. These above mentioned psychological stress, stigma and, low self-esteem
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can managed by self-help cognitive behavioral therapy to alleviate stress, which is a
precipitating factor for further vitiligo development [23]. To promote awareness of
vitiligo to the public, and more funding for research will provide hope and facilitate
the improvement of quality of life for the patients.

1.1.3 Treatment methods currently available for vitiligo

Effective treatment methods for vitiligo are still under development, and available
therapies cannot fully reverse depigmentation. However, standard treatment options
are being prescribed to patients with vitiligo worldwide [24]. These options include
glucocorticoids and calcineurin inhibitors, which are prescribed as first-line treatments
for vitiligo. Phototherapy is commonly prescribed as a second-line therapy for vitiligo.
The treatment procedure includes exposing the vitiligo skin to light from the UV-B
lamp at 2-3 times a week. This procedure can be performed by the patient at home or
in a clinic. Many studies revealed that a combination of UV-B phototherapy with
topical steroids moderately improves repigmentation. For example, combined UV with
Psoralen increases the sensitivity of the skin to high exposure of light, which promotes
melanocytes generation. Posing a high risk of melanoma or sunburns, UV
phototherapy is only should be considered when first line standard treatments are not
effective [25].

In mild cases, skin camouflage can hide white patches through the use of
cosmetics. In case vitiligo patient is pale-skinned, the patches are less visible if the
patient avoids tanning. If the vitiligo is widely spread on the skin and covers more parts
of the body, the option to full de-pigment may be considered to obtain an even color.
Topical drugs such as monobenzone, mequinol, and hydroquinone can permanently
remove the skin pigment [13, p. 85].

A study was published using transplantation of melanocytes to vitiligo lesions.
This study demonstrated a successful re-pigmentation of vitiligo patches. This
procedure involved taking a thin layer of pigmented skin from the gluteal region and
separation of melanocytes. These obtained melanocytes subsequently expanded
through the use of cell culture. The affected vitiligo skin was denuded with
dermabrader and melanocytes skin-graft was applied to those areas. As a result,
approximately 70%-85% of patients were experienced with a nearly complete
repigmentation which differed among individuals in terms of longevity. In addition, a
few transplantation techniques were developed at this point using melanocyte
precursors derived from hair follicles. These procedures often are applied for those
patients with segmental and stable vitiligo [26]. However, this melanocyte
transplantation technique is difficult and expensive surgical procedure with risky
consequences.

Recently a drug Afamelanotide is in Phase II clinical trials for vitiligo indication
and other derma related diseases. Moreover, a rheumatoid arthritis drug Tofacitinib
also has been tested for vitiligo treatment, but both this drugs are not effective in fully
treating vitiligo [27].

1.1.4 Mechanism of vitiligo pathogenesis
Decades of research revealed possible mechanisms of melanocyte loss and
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vitiligo development, though much remains to be studied. Many hypotheses have been
suggested as potential triggers that might be the cause of vitiligo. These triggers could
be genetic susceptibility, environmental factors, psychological stress or autoimmunity.
Currently leading theories for the cause of vitiligo could be impaired redox status or
autoimmunity. According to impaired redox theory, melanocytes die from increased
levels of intracellular oxidative stress during melanogenesis. Increased hydrogen
peroxide production is considered a cause of low catalase activity, and it has been
observed in lesional skin and cultured melanocytes. Moreover, vitiliginous
melanocytes have impaired calcium uptake, which is important for maintaining
antioxidant activity. As a result, treatment options such as pseudocatalase have been
developed to inhibit hydrogen peroxide or reactive oxygen species. However,
treatment efficacy with pseudocatalase was minimal where the majority of studies
showed no therapeutic effects. This increased sensitivity might be due to genetic or
cell abnormalities [28]. A genome-wide association study was performed and revealed
a list of loci linked to vitiligo shown in Table 1 [29, p. 312].

Table 1 — Vitiligo susceptibility loci derived from genome-wide association (GWAS)
and linkage studies [29, p. 312]

Locus Candidate gene Protein Function
1p13.2 PTPN22 LYP protein tyrosine  Regulates T-cell signaling
phosphatase
1p31.3 FOXD3 Forkhead box D3 Transcriptional regulator of
neural crest; melanoblast
differentiation
1p36.23 RERE Atrophin-1-like Lymphoid transcriptional co-
protein isoform b repressor; apoptotic regulator
2q24.2 IFIH1 Interferon-induced Regulates innate antiviral
RNA helicase immune responses
2q33.2 CTLA4 Cytotoxic T- Inhibits T cells via interaction
lymphocyte- with CD80 and CD86

associated-4
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Continued from Table 1

3p13 FOXP1 Forkhead box P1 Transcriptional regulator of B-
cell, T-cell, monocyte
development

3q13.33 CD80 B-cell activation T-cell priming by B cells, T cells,

antigen B7-1 dendritic cells; interacts with
CTLA-4

3q28 LPP LIM domain containing Transcriptional co-activator?

preferred translocation

4pl6.1 CLNK Mast cell Positive regulator of

immunoreceptor signal  immunoreceptor signaling
transducer

5q22.1 TSLP Thymic stromal Cytokine regulator of skin

lymphopoietin protein  dendritic (Langerhans) cell
maturation

6p22.1 HLA-A Leucocyte antigen A o- Presents peptide antigens

chain

6p22.1 HLA-B-C Leukocyte antigen B or  Presents peptide antigens

C a-chain
6p21.32 HLA-DRBI- Major Presents peptide antigens
DQA1 histocompatibility
complex class II region
6q15 BACH2 BTB and CNC B-cell transcriptional repressor
homology 1, basic
leucine zipper
6q27 CCR6 Chemokine (C-C motif) Regulates differentiation and
receptor 6 function of B cells, T cells,
dendritic cells

6q27 SMOC2 SPARC-related Regulate cell-extracellular matrix

modular calcium-
binding protein

interactions
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Continued from Table 1

8q24.22 TG/SLA Thyroglobulin, Src- Regulates antigen receptor
like adaptor isoform  signaling in T cells, B cells,
c dendritic cells
10p15.1 IL2RA Interleukin 2 receptor ~ Regulates interleukin 2-
a-chain mediated activation of T-cells,
regulatory T-cells
10g22.1 Gene desert - -
10g25.3 CASP7 Caspase 7 Apoptotic executioner protein
11p13 CD44 CD44 antigen T-cell regulator
11q143 TYR Tyrosinase Melanin biosynthetic enzyme
11q21 Gene desert  None TYR regulation?
11923.3  Gene desert - -
12q13.2 IKZF4 Ikaros zinc finger T-cell transcriptional regulator
protein, subfamily 1A,
4
12q24.12 SH2B3 LNK adaptor B-cell, T-cell developmental
regulator
14q12 GZMB Granzyme B Mediates CTL-induced target
cell apoptosis, helper T-cell
apoptosis
15q12- OCA2 Oculocutaneous Melanosomal membrane
13.1 albinism II transporter/pump
16q24.3 MCIR Melanocortin-1 Regulates melanogenesis
receptor
17p13.2 NLRPI1 NLR family, pyrin Regulates IL-1p innate immune

domain containing 1

response via NLRP1
inflammasome
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Continued from Table 1

19p13.3 TICAMI1 Toll-like receptor Mediates innate antiviral
adaptor molecule 1 immune responses
21q22.3 UBASH3A Ubiquitin Regulates T-cell signaling,
associated and SH3 apoptosis
domain containing
22q12.1 XBP1 ¢ X-box binding Transcriptional regulator
protein 1 of MHC class II
expression, plasma cells
22q12.3 C1QTNF6 Clqg and tumor Innate immune response to
necrosis factor light-induced apoptosis?
related protein 6
22q13.2 TOB2 Transducer of Inhibitor of cell cycle
ERBB2, 2 progression; involved in
T-cell tolerance
Xpl11.23 FOXP3 Forkhead box P3 Transcriptional regulator

of regulatory T-cell
function and development

It is widely accepted that vitiligo might be an autoimmune disease where the
immune system is responsible for the condition. Support for this theory is accompanied
by abundance of cytotoxic T cells and macrophages in the skin of patients with active
stage of the diseases. The first evidence of autoimmunity was the presence of
circulating antibodies generated to melanocytes in vitiligo patients, which was not
present in healthy people. It is suggested that antibody production is a result of vitiligo
pathogenesis rather than a direct cause. Moreover, the melanosomal transmembrane
protein MelanA, a melanocyte antigen recognized by T cells, induces cytotoxic T cells
but not humoral responses. Therefore, autoimmune melanocyte destruction is mediated
by cytotoxic T cells, but not by generated antibodies [29, p. 314]. The autoimmune
response against melanocytes was described in Figure 2. According to this study, stress
conditions and reactive oxygen species (ROS) cause melanocytes to secrete heat shock
protein 70 (HSP70). In part, chaperon acting HSP70 present melanocyte-specific
antigens to Dendritic cells (DCs) that subsequently recruit antigen-specific CD4 and
CDS8 T cells in draining lymph nodes (LN). These activated CD8 T cells, in particular,
are responsible for mediating the melanocyte death via the granzyme/perforin pathway
illustrated in Figure 2 [30, p. 568]. Vitiligo is has a comorbidity with other autoimmune
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diseases such as psoriasis, alopecia, systemic lupus erythematosus, and scleroderma
[24, p. 74].
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Figure 2 — Autoimmune melanocyte destruction in response to stress factors.
Under the stress condition (1), melanocytes lead to ROS generation (2) and secretion
of HSP70 (3). These HSP70, in part, chaperon melanocyte-specific antigens and
present to DCs, which subsequently recruit antigen-specific CD4 and CD8 T cells in
draining LN. These activated CD8 T cells, in particular, are responsible for mediating
the melanocyte death (6) via granzyme/perforin pathway [30, p. 568]

1.2 The potential role of microbiota in the development of vitiligo and Treg
involvement

Vitiligo progression has been associated with environmental triggers.
Autoimmune etiology was recently implicated with intake of antibiotics in some
patients, and H. pylori were implied in vitiligo [31]. This raised concerns whether
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disbalance in microbiome might trigger the vitiligo development. Previous studies
reinforce the hypothesis of the role of bacterial diversity in some skin conditions. For
example, P. acnes 1s directly associated with acne development [32], and S. aureus to
psoriasis [33] and to atopic dermatitis [34]. A skin damage provides an opportunity for
microbes to enter the organism, and thus, evoking innate, humoral, or T cell-mediated
immune responses [35]. In vitiligo skin, the disbalance in microbiome suggests the
impact of an intact skin in this condition [36]. Similarly, in a number of autoimmune
conditions, gut dysbiosis has a great influence on a systemic immunity, which
subsequently affects the disease progression [37]. Although diversity in microbiome
promotes the immune homoeostasis, some individual bacterial species can trigger
pathogenic responses [38]. As an example, in lupus, a Ro60-producing commensal
bacterium is associated with a disease progression [39].

Gut microbiome has an impact on melanoma progression by eliciting immune
responses against melanocytes. While enhancing immune response towards
melanocytes is essential, dampening the overreacting immune reaction is the objective
in vitiligo. Sivan et al reported that Bifidobacterium promoted anti-tumor immunity in
mice [40]. Thus, some individual bacterial strains can negatively trigger vitiligo, but
enhance the immune responses towards melanoma.

In microbiome, the association of some bacterial colonies has to be furtherly
investigated. Immunity as a humoral response might be initiated after bacterial
infection, and as a result, antibodies will be generated towards bacteria. Some reported
that antibody responses to particular bacterial strains have an impact on development
of autoimmune responses through molecular mimicry to host antigens due cross-
species homology [41]. For example, neomycin-induced segmented filamentous
bacteria (SFB) had contributed to arthritic ankle thickening in mice studies [42].
Similar study on autoimmune arthritis demonstrated that increased presence of B.
adolescentis within small intestine lamina propria has an implication with the disease
progression [43]. Thus, a better understanding of gut microbiota diversity and its
impact on T cell redistribution including Tregs might reveal whether gut health impacts
vitiligo development.

1.3 The role of regulatory T cells in vitiligo

Tregs are a subset of T cells responsible for maintaining immune tolerance to
foreign and to self-antigens. Tregs can prevent the development of autoimmune
disorders [44]. Tregs are generated from immature CD4 single positive cells receiving
TCR signals of intermediate strength to avoid deletion and are directed to differentiate
into thymus Tregs (tTregs) [45]. In addition to developing into tTreg, when in the
presence TGF-f and IL-2, naive CD4" T cells can also differentiate into induced Tregs
(iTregs) in the periphery. Some of identified receptors of iTregs further include
cytotoxic T lymphocyte-associated antigen (CTLA-4), IL-2 receptor CD25, Forkhead
box P3 transcription factor (FOXP3), glucocorticoid-induced tumor necrosis factor
(GITR), and neuropilin-1. However, FOXP3 is considered the main and defining
marker for Tregs [46]. Among iTregs, type 1 T regulatory (Trl) cells are the most
extensively studied type. Trl cells produce high levels of IL-10 and TGF-B, which
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played a key role in suppressing antigen-specific T cell responses. Trl cells are
generated in tolerogenic milieu containing high levels of IL-10 [47].

iTregs provide peripheral tolerance, regulate cytotoxic T cell responses in
autoimmune conditions and prevent organ rejection. Generation of ex vivo expanded
antigen-specific iTregs has potentially promoted their clinical application in
autoimmune disorders and Graft vs. Host Disease (GvHD). Tregs in circulation are
heterogeneous, and to their instabilities to acquire effector type features is important to
prevent and maintain Treg phenotype. Proinflammatory conditions might avert
FOXP3™" Tregs into Th17, therefore impairing immune tolerance and contributing to
the progression of autoimmune responses [48, 49]. Thus, FOXP3 stability is critical to
maintain to prevent the conversion to effector type [50]. The suppression mechanisms
of Tregs can be direct, by cell-to-cell contact, or indirect, through a bystander effect.
Examples of bystander mechanisms can be via secreting immunosuppressive cytokines
such IL-10, TGFB and IL35 [51], and also Tregs can uptake IL-2 and starve effector
cell in close proximity [52]. A local deficiency of Tregs in peripheral tissues or
impaired Tregs can be the cause for the development of autoimmune conditions
including rheumatoid arthritis, alopecia areata, multiple necrosis, and vitiligo [12, p.
38]. The paucity of Tregs were observed in lesional skin of vitiligo patients, thus
restoring of Tregs to the skin might halt depigmentation in vitiligo [53, 54].

1.3.1 Approaches to enhance Treg activity

Therapeutics to enhance Tregs function offers a potential tool for the treatment of
autoimmune diseases, and can serve to replace the chronic use of immunosuppressants
that can be associated with undesirable side effects. Clinical trials have been initiated
using polyclonal Tregs for autoimmune skin diseases; a phase I non-randomized, open-
label clinical study was conducted for active cutaneous lupus. Patients received a single
dose of 108 autologous, polyclonal Tregs (NCT02428309), but the study terminated
due to participant recruitment feasibility. In an ongoing Treg-based, phase I clinical
trial for pemphigus vulgaris and pemphigus foliaceus, patients have been administered
a single dose of 1-2.5x10® autologous Tregs, and results of this study are pending
(NCTO03239470). Numerous preclinical studies addressing the treatment of
autoimmune skin disorders hail the benefits of using antigen-specific Tregs expressing
either a transgenic T cell receptor (TCR) or a chimeric antigen receptor (CAR), and
await translation to clinical trial using genetically modified Tregs [55-60].

As an alternative to autologous Treg transfer, therapeutic agents can be used to
support Treg function. Drug-based treatment is usually considered more cost effective
and may come at a lower risk for adverse events compared to adoptive transfer of live
cells. A limited set of clinical trials of this kind is being conducted. This includes a
large-scale, ongoing clinical trial to test low-dose IL-2 for the treatment of multiple
autoimmune disorders, including skin conditions such as psoriasis, systemic sclerosis
and Systemic Lupus Erythematosus (SLE) (NCT01988506) [61, 62]. In animal studies,
rapamycin promoted Treg development via protein kinase B with subsequent mTOR
inhibition [63], and provided benefit by reducing the effector T cell: Treg ratio.
However, in clinical trials of rapamycin no significant benefit has been reported to date
[64-67].
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Supporting Treg skin homing can also be considered for the treatment of
autoimmune skin diseases. By cutaneous CCL22 overexpression in a mouse model of
vitiligo, Treg numbers were restored and continued treatment was able to suppress
vitiligo development [68]. Delivery of CCL22 might be achieved by local needle-free
jet injection to attract Treg to the injection site [69]. The same approach can support
anti-tumor responses to melanoma, by redirecting Tregs away from the tumor and
towards the skin [70].

Supporting microbial diversity or supplying particular microbes can also serve as
preventive or treatment measures to drive Treg activity and alleviating autoimmune
responses of the skin. This approach is gaining increased attention [71]. In one study,
oral administration of Bifidobacterium infantis was associated with increased IL-10
secretion and FOXP3 expression in patient blood [72], and in an increase in Tregs in a
mouse model of S. typhimurium disease [73]. It was found that neomycin treatment
can alter the microbiome of vitiligo-prone mice to significantly delay depigmentation
and promote the infiltration of Tregs to the skin [74].

1.3.2 The hypothesis of including antigen specificity in Tregs

In recent early-phase clinical trials, polyclonal Tregs have been used to prevent
autoimmunity after allogeneic hematopoietic stem cell transplantation (HSCT) and in
patients with type-1 diabetes, which demonstrated safety and efficacy [75]. However,
the use of polyclonal Tregs for autoimmune diseases might raise some questions. In
animal studies, up to 100 times greater numbers of polyclonal Tregs are necessary to
achieve the same efficacy as antigen-specific Tregs [76-85]. The risk of developing
non-specific immunosuppression is yet another consideration when using polyclonal
Tregs [86]. Thus, using antigen-specific Tregs might overcome the two primary
challenges with polyclonal Treg therapy: production of potent Tregs with relevant
specificity; and importantly, minimizing the risk of non-specific immunosuppression.

1.4 Chimeric antigen receptor (CAR) based cell therapy

Chimeric antigen receptor (CAR) is an artificially engineered chimeric receptor,
which combines both antigen-binding and T-cell activating function into a single
protein. The first time the term “CAR” was mentioned in 1989 by Gross et al. who
published an article where they reported the introduction of genetic code for an
antibody into cytotoxic T cells. These modified T cells acquired the ability to recognize
an antigen called hapten, 2,4,6-trinitrophenyl (TNP), and in vitro studies showed that
antigen-specific T cell activity included non-MHC-restricted cytotoxicity and IL-2
production [87].

Structural anatomy of CAR includes four regions: an antigen recognition domain,
a hinge region, a trans-membrane domain and an intracellular T-cell signaling domain.

The antigen recognition domain is an extracellular, antigen-binding portion of the
chimeric protein responsible to bind to surface antigen expressed on target cells. The
antigen recognition part of CAR is derived from the light and heavy chain portions of
a monoclonal antibody linked together as a single-chain variable fragment (scFv). This
scFv portion imparts to the T cells the ability to recognize and bind the antigen of
interest expressed on the cell to which an antibody can be generated [88]. This antigen
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recognition domain provides two advantages: potential target antigens can be any
proteins, glycoproteins and glycolipids; recognition is not MHC-restricted and no need
for antigen processing and presentation. However, one of the drawbacks of using this
CAR approach is that it can be only applied for extracellular antigens and solely
intracellular antigens cannot be targeted [89]. In addition for CAR antigen recognition
domains, there are other non-antibody based molecules including cytokines, innate
immune receptors, TNF receptors, growth factors, and structural proteins can also be
used as a target antigen [90].

Hinge region is a structural domain situated between the antigen recognition
domain and cell membrane. This region enhances the flexibility of the scFv receptor,
and reducing the dimensional constraints that promotes synapse formation between the
CAR and its target antigen. This hinge region is derived from membrane proximal
regions of immunoglobulin G (IgG), CD8 and CD28 [91].

Transmembrane domain is a portion of CAR, which is based on hydrophobic
alpha helix that spans the cell membrane. The main function of this transmembrane
domain is to anchor the extracellular part of the CAR to the plasma membrane, and to
connect the hinge and antigen recognition domain to the intracellular signaling region
[90]. The importance of this domain is crucial for the CAR stability, and CD28
transmembrane domain is currently considered as a highly expressed and stable
receptor, whereas using CD3-zeta transmembrane domain is not recommended due to
the possibility of artificial TCR to be incorporated into native TCR [92].

Intracellular T-cell signaling domain is a portion of CAR located inside the cell.
The main role of this signaling domain is to receive a signal from extracellular portion
of CAR and transmit to internal cytoplasmic end that initiate cascade of T cell
activation [90; 93, p. 37]. This T cell activation is initiated from the phosphorylation
of immunoreceptor tyrosine-based activation motifs (ITAMs), which is part of CD3-
zeta’s cytoplasmic domain. In order to mimic this activation, cytoplasmic domain of
the CD3-zeta is commonly used to construct the main CAR endodomain component,
and other ITAM-containing domains are considered and found to be not effective [94].
In addition to this CD3 signaling, T cell requires co-stimulatory proteins to retain the
prolonged activation. Thus, chimeric domains of co-stimulatory are also added to CAR
construct, and currently a variety of co-stimulatory proteins such as CD28, CD27,
CD134 (0X40), and CD137 (4-1BB) are being successfully evaluated [90, p. 45; 91,
p. 33].

1.4.1 The generations of currently available CARs

CARs are evolved through addition of co-stimulatory proteins and factors
including activating cytokines, and ligands to enhance the activity T cells. These
engineered CARs are referred as first, second, third, or fourth generations based on
their composition.

First generation CARs include an extracellular antigen recognition domain, a
hinge region, a transmembrane domain, and intracellular signaling domains. This
composition i1s engineered against to the target antigen with extracellular antigen
recognition scFv fragment. Other parts of CAR are responsible to transmit the signals
to activate T cells.
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Second generation CARs are composed through addition of a co-stimulatory
domain such as CD28 or 4-1BB. This addition promotes and enhances the activity of
T cells including proliferation, cytokine secretion, protection from apoptosis and
prolonged persistence in vivo.

Third generation CARs are engineered with multiple co-stimulatory domains, like
CD28-41BB or CD28-0X40, to enhance T cell activity. Several preclinical studies
report augmented effector activity from T cells transduced with the third generation
CARs, which demonstrate improved persistence in animal models compared to the
second-generation CARs [95].

Fourth generation CARs is an armored with additional properties that augment T
cell proliferation, persistence, improved activity, and also includes cytokines like IL-
2, IL-5, IL-12 and co-stimulatory ligands shown in Figure 3 [96; 97, p. 118].

First Generation Second Generation Third Generation Fourth Generation
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Figure 3 — The evolution of CARs: from basic to armored versions [97, p. 118]

1.4.2 The description of CAR T cell therapy

Adoptive transfer of CAR T cells begins with the 1solation of peripheral blood
mononuclear cells (PBMCs) through using the leukapheresis or phlebotomy from
patients. These obtained cells further are expanded and stimulated to become in state
to receive genetic material encoding the CAR of interest. The transduction of the CAR
is performed using viral or non-viral methods, which includes retroviruses or
lentiviruses. Retroviral vectors integrate only into the genome of the dividing cells,
whereas lentiviral vectors can also integrate into non-dividing cells and less susceptible
to silencing by host restriction factors, and can deliver larger DNA sequences [98].
After cells reach a sufficient transduction efficiency, they are stimulated for
amplification ex vivo (Figure 4) [99, p. 1]. The stage of T cell expansion includes the
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Figure 4 — CAR T-cell therapy diagram. Lymphocytes from patients are collected
from peripheral blood using leukapheresis. These derived cells are transduced with
CAR of interest, and expanded in vitro. Then, millions of the CAR T cells grown in

the laboratory are administered back to patients. In the ideal case, CAR T cells
migrate and bind to its antigen, and become activated: initiate apoptosis in case of the
cancer; suppress immune response in case of autoimmune diseases [99, p. 1]

combined stimulation using anti-CD3 antibodies with or without co-stimulatory anti-
CD28, and or cytokines like interleukin-2, -7, -12, and/or -15. Artificial antigen
presenting cells (APCs) can also be used for stimulation, and the examples include
irradiated K562 tumor cells or EBV-transformed cells. These T cell stimulation
methods may differ among the protocols and pre-clinical expertise of the center, which
develops an adoptive cell therapy. Available current approaches with different settings
include expansion of T cells from several hundred to several thousand-fold in culture
with a period ranging from 10 days to 6 weeks [98], p159]. However, using APCs can
be very costly and with a longer time in culture to generate sufficient number of T cells
for adoptive transfer. The important part is that the functionality of these generated T
cells, and their ability of further proliferation and persistence in vivo after infusion.
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To date, there are two possible ways to prepare the modified T cells with CAR.
The first way is to shorten the expansion time period and addition of cytokines, which
prevents T cells from exhaustion and excess differentiation. Another way is to choose
the defined and sorted population of T cells such as central memory CD8" T cells,
which provides uniform cellular composition, and this approach is being tested in a
clinical trial NCT01865617.

Upon adoptive transfer of CAR T cells, they have to traffic to their cognate
antigen, get activated, and proliferate. In case of cancer, these CAR T cells must locate
tumor and initiate the apoptosis of target cells. Homing molecular appears to be play a
crucial role to direct these CAR T cells to demonstrate the high therapeutic effect.

The monitoring of the patients after the CAR T infusion is essential to report any
safety issues including concern about insertional mutagenesis, or other unknown
complications. To exclude possible complications, non-viral approaches should be
considered as these methods are safer and less regulated by authorities. These
approaches include transposon/transposase systems (Sleeping Beauty), which can
deliver the larger DNA sequences, or gene transfer using RNA electroporation.

Thus, potential CAR T cell therapies have to meet following criteria: (1) sufficient
initial number of T cells must be collected; (2) CAR encoded construct has to be
transduced efficiently; (3) expansion of cell must be performed with less differentiation
and without an exhaustion; (4) upon infusion, CAR T cells has be functional and reach
their target; (5) in vivo persistence and proliferation; (6) with less toxicity and ideally
include suicide gene, which allows to terminate these CAR T cells upon non-desirable
outcomes [98, p. 163].

1.4.3 The manufacture and regulatory aspects of CAR T cells

CAR T cells lie under the cell therapy, gene therapy and immunotherapy
categories. In European regulations, CAR T cell therapy is classified in the advanced
therapy medicinal product (ATMP) and gene therapy medicinal product (GTMP)
category. The lack of well-defined regulations for CAR T cell manufacturing and
applications are the main obstacles that still require further investigations and
development. These drawbacks include lack of knowledge and data from using CAR
T cells, and its further ramifications [95, p. 1192].

The manufacture of CAR T cells is a critical part requiring well-defined
regulations and the facility with good manufacturing standards (GMPs) associated with
hospitals for an easy access to patients. These facilities also require high capacities in
generating vector stocks, and provide consistency in each batch with safe CAR T cells
with high quality (Table 2) [95, p. 1192].

The requirements for GMP-compliant and manufacture for CAR T cells might
delay the timely translation to the patients. First issue includes the source of the starting
material, which is highly variable in quality from patient to patient. Transduction
efficiency is another concern, which directly impacts the safety and efficacy of CAR
T cell therapy. In addition to transduction, the level of CAR expression and the copy
numbers per cell has to be evaluated and addressed. However, manufacturing under
the GMP standards fortify the safety profile of CAR T cells with harmonized guidance
that applies for all the facilities and hospitals providing the cell therapy. Another
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concern is due the nature of CAR T cells as they are classified as a genetically modified
organism (GMO), which raises an additional burden in terms of regulations.

A clinical design of CAR T cells are encouraged to initiated with scientific advice
and recommendation from competent regulatory agencies. This early actions will
prevent the hurdles raised in later stages of clinical development and review on
marketing authorization in the future [98, p. 164].

Table 2 — Hurdles and possible solutions for the clinical translations [95, p. 1192]

Hurdles Possible solutions
Infrastructure for efficient Support for establishing clinical centers that
translation missing combine basic research, GMP production, and

clinical research

CART cells are genetically modified Facilitate process by putting together a
organisms (GMOs) in certain EU universal documentation on the GMO
member states and therefore require characteristic of CAR T cells, which will then
a release certificate prior to clinical  be applicable to any CAR T cell product
evaluation

Different requirements among EU  Harmonize requirements between member
member states states. To improve the current situation, the

Voluntary Harmonization Procedure (VHP)
was established (regulation 536/2014 EC)

Set up databases for ATMP clinical trials and
products as well as technology transfer
networks

Lack of disseminated
knowledge/specific guidance

Preparation of CAR T cell-specific guidelines

Early contact with national competent
authorities or EMA
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Continue of Table 1

GMP compliance (high burden of
documentation already in early phase of
application even for clinical trials driven by
academia)

A GMP-specific guideline for ATMPs
including provisions for early clinical trial
material is currently under development by
the Commission in consultation with EMA

Product chain identity

Develop a general identifier encoding for all

relevant information for the hospital and
manufacturer to circumvent patient—product
mismatches

Toxicities in clinical trials Better animal models to predict the potential

toxicities of CARs

The transportation of CAR T cells from manufacturing sites to hospitals must be
highly regulated under good distribution practice (GDP) guidance with an indication
of the delivery to a different continent. The tracking of the CAR T cells and preventing
the patient—product mismatch is a critical part of the therapy. To address this concern,
a harmonized tracking process is currently being addressed by the “CARAT (Chimeric
Antigen Receptors for Advanced Therapies) consortium funded by HORIZON 2020
(http://www.carat-horizon2020.eu/).

Clinical development of CAR T cells are not currently conducted phase III trials
for any of these CAR T cell products dedicated for cancer therapy. To date, only a
conditional marketing authorization has been granted based on single-arm phase 11
studies for cancer therapies if they are defined under the “orphan disease category” or
life-threatening conditions after assessment of convincing efficacy with a positive
benefit-risk balance. Upon conditional approval, the CAR T cell provider have to
update the data from ongoing clinical trials, and the benefit-risk ratio of the product to
evaluate the long-term outcome from conducted clinical trials.

1.4.5 TCRs and CARs — a functional comparison

Antigen-specific Tregs can be generated using traditional methods such as
expansion with APCs and specific antigens, but few antigen-specific Tregs will be
among numerous polyclonal Tregs, which makes this method inefficient. Engineered
Tregs with specific T-cell receptors (TCRs) can be generated using viral constructs
with high efficiency, but these TCR-Tregs are limited by MHC-restriction, not
allowing all patients to benefit from the same therapy [100]. Tregs transduced with
genes encoding a chimeric antigen receptor will overcome this MHC-dependency. This
is because chimeric antigen receptors recognize their targets based on interaction with
an antibody variable domain, which can respond to epitopes presented on the cell
surface. Instead of employing a T cell receptor (lower affinity), these constructs are
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instead made of a single-chain variable fragment, scFv — the binding portion of a
monoclonal antibody, followed by an extracellular hinge, a transmembrane region, and
intracellular signaling domains. Resulting CAR-Tregs can be obtained by fusing the
variable domains of an antibody to the signaling portion of a TCR, enforced with
domains from costimulatory molecules to further enhance T cell function. In CAR-T
cell therapy, optimizing and selecting the correct CAR affinity and intracellular
signaling domains is crucial for the resulting therapeutic activity and cellular
persistence of the regulatory T cells. Since CARs are constructed using antibody
variable regions, they hold higher affinity to their cognate antigen compared to TCRs.
It was previously shown that high-affinity CAR stimulation in CD8 T cells can result
in reduced activity and loss of specificity of host T cells [56, p. 1232]. In contrast,
studies of thymic development showed distinct requirements for TCR affinity in Tregs,
which are typically higher in comparison to those leading to selection of conventional
T cells [101]. Therefore, the optimal affinity range for the domains responsible for
specificity of the CARs, and the effect of high affinities for the function of resulting
Tregs still needs to be studied.

1.4.6 Currently available TCRs and CARs of potential use for autoimmune skin
diseases

Current cancer immunotherapies involve using TCRs and CARs, and outcomes
from these treatments have reached clinical trials that could hold promise in the
treatment of autoimmune diseases. Ex vivo-expanded autologous polyclonal
CD4+CD25"e" CD127 regulatory T cells have been in clinical trials for Type 1
Diabetes and GvHD [102, 103]. The successful use of CARs for the generation of
alloantigen-specific Tregs has shown promises in preclinical studies in transplantation.
MacDonald K. ef al. generated Tregs expressing HLA-A2—specific CAR (A2-CAR),
which maintained stable phenotype, superior suppressive activity prior to, during, and
post A2-CAR—present stimulation in vitro and prevented xenogeneic GvHD caused by
HLA-A2" T cells in mice model [58, p. 1418] .

For autoimmune skin conditions, a chimeric autoantibody receptor (CAAR)
specific for pathogenic antibody-producing B cells has been developed for the
treatment of PV. This CAAR was generated by fusing an autoantigen (Dsg3) to a
CD137/CD3z signaling domain. Preclinical studies showed that these Dsg3-CAAR T
cells were reactive to human anti-Dsg3 BCR-expressing B cells by preventing
blistering, and demonstrated no major off-target toxicity.

Thus, CAAR T-cell therapy might be potential clinical route for deleterious PV
by eliminating self-reactive B cells and opening an avenue using CAR Tregs for other
autoimmune skin conditions [104, 105].

1.4.7 Opportunities for antigen-specificity in vitiligo

The primary dermatologic application of CAR T cells are currently dedicated to
treating tumors, including melanoma. In particular, engineered CAR T cells targeting
gp100 hold a promise as this antigen is expressed in more than 90% of melanomas
[106]. Melanocytes express several currently known melanosomal proteins such as
gpl100, MART-1, Tyrosinase, TRP-1 and TRP-2. GD3 meanwhile, is a surface
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glycoprotein that can be targeted by CAR T cells [107]. Similarly, the GD3 antigen
can serve as a target for CAR Tregs. GD3 is an antigen, expressed by neuroendocrine
cells including melanoma cells, and melanocytes. GD3 was markedly overexpressed
in perilesional skin from vitiligo patients. The concept is then, that GD3 can serve as a
target for antigen-specific Tregs to suppress autoreactive T cells in vitiligo without
eliciting non-specific immunosuppression [108, 109]. Especially with the local
deficiency of peripheral Tregs in vitiligo in mind, adoptive transfer of antigen-specific
Tregs responsive to perilesional epithelial cells might prevent general
immunosuppression and bring superior efficiency of the potential therapy [110].

Ex vivo generation of human CD4+CD25"8"CD127'°%/- can be a challenge due to
plasticity of Tregs and lack of proliferation, and sufficient numbers for clinical
application only can be generated in vitro. Moreover, lineage stability of such
peripheral human Tregs and prevention of antigen-specific Tregs from turning into
effector T cells can be a challenge. The risks of such Tregs might be mitigated by
including suicide genes and maintaining FOXP3 expression [111].

Applicability of antigen-specific Tregs can be limited if the autoimmune skin
diseases are not life threatening and cytokine release syndrome and non-specific
immunosuppression may raise safety concerns. Another challenge is the cost of
adoptive cell transfer for an individual patient which can be addressed via creating
universal Tregs by gene editing [112]. Several candidates for a potential target antigens
are known, and this provides a possibility to generate antigen-specific Tregs for vitiligo
[113]. However, infusion of Tregs periodically might pose a hurdle in terms of the cost
and risks with each administration, but local application of chemokines can promote
Treg accumulation in the skin to modulate disease progression in vitiligo. Based on
provided studies above, antigen-specific Tregs can potentially provide a promising
novel approach to treat vitiligo.

1.5 Literature review summary

Vitiligo is a cutaneous autoimmune disease resulting in melanocytes death that
leads to white lesions on the skin [24; 114, p. 12]. The prevalence of vitiligo comprises
0.5-1% worldwide, and patients experience psychological issues and social stigma
[115-117]. The available treatment options provide limited efficacy, and finding
effective therapies is still relevant to treat this quality of life skin disease [118]. Exact
etiology of vitiligo is currently unknown, and several factors have been associated with
the pathogenesis of vitiligo. One mechanism is via oxidative stress in melanocytes,
which in response secrete HSP70i1 [119]. This stress chaperone, in turn, can transport
melanosomal antigens to APCs that directly activates immune cells [120, 121]. As a
result, these APCs recruit cytotoxic T cells to mediate melanocyte-specific destruction
in vitiligo [122].

The impaired immune tolerance to self-antigens also involves infiltration of skin
resident Treg activity [123]. Tregs provide immune tolerance in periphery towards self-
reactive, cytotoxic T cells, and maintain immune homeostasis [124]. The deficiency
and impaired functions of Tregs have been reported in several autoimmune disorders
[125]. In vitiligo, Tregs were greatly reduced in lesional, non-lesional, and perilesional
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part of the skin. This suggests that reduced numbers of Tregs affects to provide limited
immune tolerance in periphery [68, p. 478].

To date, the infusion of polyclonal Tregs has been applied in clinical trials for
several autoimmune disorders, wherein autologous cells from patients were expanded
ex vivo and re-administered to patients, with limited success [126]. In a vitiligo mouse
model, the adoptive transfer of polyclonal Tregs provided a short-term benefits via
favoring Treg to effector T cell ratio in this setting [127]. However, administration of
polyclonal Tregs might result in systemic immunosuppression through dampening of
immune responses to infection or malignancies, which can be a serious clinical
consideration [128]. Furthermore, clinical application of Tregs require high numbers
of Tregs generated ex vivo, which can be challenging. The limitation with generic
immunosuppression can be overcome via adding antigen specificity to Tregs. In
transplant biology, recently, antigen-specific Tregs are demonstrating promising
results to provide local immunosuppression, where the disease is progressing by
targeting HL A discrepancies between donor and recipient [ 129]. Thus, antigen-specific
Tregs might offer a potential significant advantages for autoimmune diseases,
including vitiligo.

Several approached cane be used to generate antigen-specific Tregs, such as
incorporation of TCRs, or using CARs. The limitation of using TCRs is the MHC-
restriction, which do not allow for all patients to benefit from the treatment [130]. In
this study, antigen-specific Tregs were generated using transduction approach to insert
a CAR construct, which overcomes MHC-restriction. Selection of CAR with high
affinity to the cognate antigen with intracellular signaling domains is crucial in CAR-
T cell therapy. Since CARs are constructed from incorporating the variable part of the
monoclonal antibody, they hold higher towards their cognate antigen when compared
to TCRs [56, p. 1678]. The identification of the surface antigens is important, and their
relatively abundant expression on target cells or affected tissues provide CAR Tregs to
suppress the autoimmunity. In vitiligo, the expression of surface antigen on the
epithelial skin cells can be served as a target antigen for antigen-specific CAR-Tregs.
When these antigen-specific Tregs are infused, they might selectively suppress
melanocyte-specific, cytotoxic T cells in vitiligo [131]. These provided results can be
compared with reported studies on using a tyrosinase-reactive TCR. This tyrosinase-
reactive TCR was tested in an immunodeficient melanoma model, and this was the
first time to show the activity infused antigen specific Treg [132]. It has been reported
that both tyrosinase and HLA-A2 encoding-genes have an association with vitiligo
development, rendering relevance to tyrosinase-reactive T cells, and the association
with HLA-A*0201 restriction [133]. When the h3TA2 mouse model of vitiligo
generated, the same combination of TCR and MHC transgenes was used, and CAR
transgenic Tregs described in this dissertation were tested on this mouse model [55].
GD3 is an antigen expressed on stressed melanocytes and epithelial skin cells, and
holds relevance as a target antigen for vitiligo [108, p. 627]. This GD3 antigen has been
targeted for melanoma to prepare cell based immunotherapy due to its abundant
expression on cell membrane and easy access to antibodies [134, 135]. Another
contribution of GD3 includes melanogenesis, cell growth, and cell dendricity [136,
137].
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Adoptive transfer of antigen-specific Tregs potentially bring an exciting
opportunity to control depigmentation, and to complement up-and-coming therapeutics
such as modified inducible HSP70 to tolerize DCs and Janus kinase inhibitors to
mitigate T cell activation [69; 138, p. 18].
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2 MATERIALS AND METHODS

2.1 Research materials

2.1.1 Study subjects

Peripheral blood samples were derived from healthy donors (average age 34.5 +
9.6 years (26-51), n = 8; women: average age 42.3 + 12.5 years, n = 3; men: average
age 29.8 £ 3.0 years, n = 5), without autoimmune diseases or obvious signs of other
diseases, and people with active and stable forms of vitiligo (average age - 25.0 = 7.3
years (20- 31), n = 6; women: average age 21.0 £ 1.4 years, n = 2; men: average age
27.8 £2.5 years, n = 4), characteristics of patients with vitiligo donors are presented in
Table 3. The study was approved by the local ethics committee of the Aitkhozhin
Institute of Molecular Biology and Biochemistry. All donors provided informed
consent, and the study was conducted in accordance with the ethical principles of the
Helsinki Declaration.

Table 3 - Characteristics of vitiligo patients participating in the study

No. | Gende | Age | Duration of | Current status of | Clinical description
r disease disease
progression
Localized form (~4%
1 Male | 26 17 years Stable (8 year) of total skin area are
lesional)
Localized form (~5%
2 Male | 26 4 years Stable (5 years) of total skin area are
lesional)
Generalized form (~30-
3 |Female | 22 15 years Active 40% of total skin area)
is lesional
Localized form (~1%
4 Male | 31 1.5 month Active of total skin area are
lesional)
Localized form (~2%
5 |Female | 20 6 years Active of total skin area are
lesional)
Generalized form (~30-
6 Male 18 ~10 years Stable 40% of total skin area)
is lesional
2.1.2 Mice

FH-A2D transgenic mice are used as recipients for study of an impact of antibiotic
treatment in microbiome change and redistribution of Treg cells in vivo. This
transgenic mouse is generated by incorporating TCR reactive to tyrosinase, specifically
to the region of 369 to 377 in the amino acid sequence, which is derived from AAD"
albino mice.
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FoxP3 eGFP — (B6.Cg-Foxp3™ECtPIch/y  B6-Foxp3ES?) transgenic mice, is
used as a source for FoxP3 expressing CD4" T cells with co-expression of eGFP, are
purchased from the Jackson Laboratories, Maine, USA. These mice are homozygous,
viable and fertile with regular T cell and B cell development as of C57BL/6. Regulatory
T cell specific, transcription factor FoxP3 is designed to co-express with eGFP under
the endogenous promoter control. The expression of eGFP is directly and accurately
correlates with FoxP3 expression with more than 97% FoxP3 positive T cells, and
mRNA expression of FoxP3 strictly segregates with eGFP T cells. This strain targets
the GFP cassette downstream of the stop codon of endogenous FoxP3, and no defects
found in FoxP3 or regulatory function of these cells. One particular note is that in
female mice, the number of CD4" eGFP * T cells is approximately half of found in
hemizygote males, due to X-inactivation in females. These CD4" eGFP * T cells
demonstrate regular Treg activity through suppressing effector T cell proliferation in
the presence of anti-CD3/CD28 activator beads. In addition, some eGFP were
expressed on a small population of CD8" T cells. These transgenic mice can be useful
in several immunological studies including suppression assays, primary immune
response, antigen independence, autoimmunity research and in vivo cell tracing in
mice.

h3T — transgenic mice with human tyrosinase reactive epitope (TIL13831 TCR)
were developed using C57BL/6 as a background mice described in Mehrotra et al [55].
This mouse model was created using genomic DNA isolated from TIL13831, an HLA-
A2" human tyrosinasesss-376(YMDGTMSQV) specific CD4" T cell line. The steps of
development include cloning of fragments containing the genomic V-J and V-D-J
regions of the TCR a- and B-chains, sequencing, and sub-cloning these fragments to
TCR cassette described in the earlier study [139]. This TCR cassette then co-injected
to fertilized C57BL/6 embryos yielding transgenic founder lines (transgenic core
facility at the Medical University of South Carolina). Mice were bred and maintained
at Center for comparative medicine (CCM) under the approved animal study protocols
of the Institutional Animal Care and Use Committee at Northwestern University,
Feinberg School of Medicine.

h3TA2 — vitiligo-prone mice were obtained by crossing h3T mice with HLA-A2
mice (from Jackson laboratories, ME, USA) as T cells with TIL13831 TCR reactive
only to tyrosinase from HLA-A2 mice. Due to this properties of this mouse model,
TIL13831 TCR carrying T cells attacks melanocytes of h3TA2 heterozygous mice and
then they spontaneously develop depigmentation over the time. The depigmentation is
observed starting in five weeks, however, the melanocyte destruction is form two
weeks onwards and no evidence of remaining melanocytes after active depigmentation
(60 — 70 % by 30 weeks of age in h3T-A2 mice).

h3T-FoxP3 eGFP — heterozygous mice were obtained from crossing h3T male
with FoxP3 eGFP female mice. The F1 offspring were used as donor mice to isolate
h3T-FoxP3 eGFP Tregs to check the suppressive activity of antigen (tyrosinase)
specific Tregs in vivo using h3TA2 mice as recipient mice.

2.1.3 Tissue procurement, cell culture and reagents
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“Human perilesional skin samples were obtained along with informed consent
from patients with vitiligo attending the Dermatology clinic at Loyola University
Medical Center in Maywood, IL. Studies were approved by the Institutional Review
Board in adherence to principles described in the Declaration of Helsinki. Mouse
derived naive CD4" T cells and CD4'FoxP3" Tregs were cultured in RPMI media
supplemented with 10% FBS, 1X Non-essential amino acids (Corning, USA), 50U/ml
Penicillin-Streptomycin (Thermo Fisher Scientific, USA), ImM Sodium Pyruvate
(Gibco, USA), 10mM HEPES (Gibco, USA), and 50 uM B-Mercaptoethanol (Sigma,
USA). Human melanocytes were cultured in Human Melanocyte Growth Supplement-
2, PMA-free (HMGS-2) (Thermo Fisher Scientific, USA) added to Medium 254
(Thermo Fisher Scientific, USA) with 10mM L-Glutamine (Thermo Fisher Scientific,
USA) and 1x antibiotic-antimycotic (Thermo Fisher Scientific, USA). Rabbit anti-
GD3 CAR sera and stable GD3 CAR virus producing cells were kindly provided by
Dr. Richard P. Junghans (Tufts Medical Center). Stable GD3 CAR virus producing
cells were maintained in the above described T cell medium for virus production” [140,

p- 2].

2.2 Research methods

2.2.1 Isolation of naive CD4" T cells and polarization to CD4" FoxP3 " Tregs in

VItro

“Naive mouse CD4" T cells were isolated from spleens of 8-10 week-old B6.Cg-
Foxp3™2Teh/J (‘FoxP3 eGFP’) reporter mice (Jackson Laboratories) using EasySep
Mouse naive CD4+ T cell isolation kit (StemCell Technologies) following the
manufacturer’s protocol. These mice co-express eGFP, which is restricted to the T cell
lineage, primarily to the CD4" T cell population. Naive CD4" T cells were polarized to
CD4" FoxP3" using 30 ng/ml human TGF- (eBioscience) in the presence of
Dynabeads™ Mouse T-Activator CD3/CD28 (Thermo Fisher Scientific) with a 1:1
bead to cell ratio and 300 IU/ml rhIL-2 (NIH, Bethesda, MD) for 5 days. Human TGF-
B was used to polarize murine Tregs as mouse and human TGF-f share 99% sequence
homology with high cross-species reactivity [141, 142]. Human IL-2 was used as
human and mouse IL-2 share 57% of homology, and human IL-2 efficiently stimulates
mouse IL-2 receptor, whereas mouse IL-2 do not elicit efficient binding to human IL-
2 receptors [143, 144]” [140, p. 3].

2.2.2 Generation of GD3 CAR transduced mouse Tregs

“Twenty-four well non-tissue culture plates were coated with 10 pg/ml retronectin
(Takara Bio USA Inc.). MFG retroviral vector based second generation CAR construct
(sFv-CD28/TCR{) reactive GD3 was generated [145]. Conditioned medium
supernatant from Phoenix E retroviral producer cells [146] consisting of GD3 CAR-
encoding virus (80% confluent) [145, 147] was transferred to retronectin coated plates
and centrifuged at 2,000xg. Supernatant was carefully removed and activated CD4"
FoxP3" Tregs were transferred to the retronectin coated plates with additional viral
supernatant, 5 pg/ml protamine sulfate (Sigma Aldrich) and 300 IU/mL rhIL2. Plates
were centrifuged at 1,000xg, before incubation with complete T cell culture medium
and mouse T-Activator CD3/CD28 beads and rhIL-2 as above. The transduction was
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then repeated to increase the transduction efficiency. Transduced Tregs were
reactivated with CD3/CD28 beads, 30 ng/ml human TGF-B and rhIL-2 for 2 days
before flow analysis” [140, p. 3].

2.2.3 In vitro co-culture experiments

“Human HLA-A2" and HLA-A2" melanocytes were plated with tyrosinase
reactive h3T effector T cells [55] and either untransduced or GD3 CAR-transduced
suppressor Tregs at 10:1:1 effector to target to suppressor ratio for 36 hours. Co-
cultures were seeded in triplicates and incubated using IncuCyte® Caspase-3/7 Red
Apoptosis Assay Reagent (Sartorius). Images were taken every three hours, in
triplicate, using the IncuCyte live-cell analysis system (Sartorius). Supernatants were
saved for mouse IFN-y (R&D systems, Minnesota, MN) and IL-10 ELISA assay
(Mabtech AB, Stockholm, Sweden) performed according to the manufacturer’s
protocols. Cytotoxicity was examined by quantifying live cells relative to control
wells using Adobe Photoshop (Adobe Systems, San Jose, CA)” [140, p. 3].

2.2.4 Antibiotic administration

Transgenic FH-A2D recipient mice with T cells expressing a TCR reactive to the
tyrosinase 369-377 epitope were maintained under protocols approved by
Northwestern University's Institutional Animal Care and Use Committee (IACUC)
following guidelines for the care and use of laboratory animals as outlined by the US
National Research Council. Recipient FH-A2D mice were administered different
antibiotics per group after pregnancy, and after litters were delivered, they were
received ampicillin (n=10, 53, 59), or neomycin (n=8, 53, 39), and one group of
mice were left untreated (n=10, 6, 49). The administration of antibiotics were at 1g/L
concentration for ampicillin sodium salt (Sigma-Aldrich, St. Louis, USA) or 1 g/L of
neomycin sulfate (Fisher BioReagents, Pittsburgh, USA). For the vehicle, 2.5 g/L of
Equal® Sweetener was dissolved in water. The treatment continued during the
lactation period and after the pups was weaned. Skin biopsies, spleen, ileum, lymph
nodes were maintained in OCT, and serum were stored for cytokine analysis [74, p.
684].

2.2.5 Study design for adoptive transfer of Tregs in h3TA2 mice

“The purpose of this study was to investigate the efficacy of antigen-specific
Tregs to halt progressing depigmentation in a mouse model of human vitiligo. Tregs
were polarized and amplified in vitro before generating antigen-specific Tregs using a
CAR construct to generate GD3 CAR Tregs with high transduction efficiencies. To
define in vitro effects, we co-cultured human HLA-A2" melanocytes along with
tyrosinase reactive effector T cells in the presence of untransduced Tregs and GD3
CAR Tregs. For in vivo efficacy, we adoptively transferred untransduced Tregs, GD3
CAR Tregs and HBSS vehicle into a humanized mouse model prone to develop
vitiligo, subjecting the animals to depigmentation analysis, while evaluating the local
and distant effects of CAR Tregs by immunohistology and multiplex cytokine analysis.
Human skin from vitiligo patients were stained for GD3 expression on lesional,
perilesional and non-lesional skin.
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Transgenic h3T-A2 recipient mice with T cells expressing a TCR reactive to the
human tyrosinase 368-376 (YMDTMSQYV) epitope [127] were maintained under
protocols approved by Northwestern University's Institutional Animal Care and Use
Committee (IACUC) following guidelines for the care and use of laboratory animals
as outlined by the US National Research Council. Mice were retro-orbitally
administered 2 x 10° untransduced Tregs/per animal (n=11; 63, 59) or 2 x 10° GD3
CAR Tregs/per animal (n=11; 62, 59), or treated with vehicle (HBSS) alone (n=12;
643, 6Q) four times, every two weeks, starting at 5 weeks of age. All groups received
recombinant human IL-2 (3,000 IU) 3 times a week throughout the entire experiment.
Animals were maintained for 15 weeks and humanely euthanized. Skin biopsies,
spleen, brain, ileum, lymph nodes were maintained in OCT, and serum were stored for
cytokine analysis.

Sample sizes for in vivo experiments were determined based on statistical power
calculations from previous studies and past experience with the h3TA2 mouse model
of vitiligo. For in vivo studies, mice were randomly assigned to groups with regard to
gender, and investigators were blinded to the experimental conditions and to the further
analysis. All the experimental samples and animals were included in the analysis, with
no exclusion of outliers. Sample sizes, replicates, and statistical methods are indicated
in the results and in the figure legends™ [140, p. 2].

2.2.6 Bacterial DNA isolation and amplicon sequencing of 16S ribosomal RNA

For microbiome analysis, samples from feces and skin from antibiotic treated
mouse were collected and stored at -80°C. According to the protocols from
manufacturers, DNA was isolated from feces using QIAmp DNA stool mini kits
(Qiagen, Hilden, Germany), and from abdominal skin using DNAeasy Blood and
Tissue Kits (Qiagen, USA). (Eu) bacterial primers were used to evaluate and estimate
bacterial diversity in DNA from feces as described by Barman et al., 2008. by qRT-
PCR (Applied Biosystems, USA). For a reference, R. productus was used as necessary
for Ctanalysis. 16S rRNA sequencing was performed using DNA samples from both
skin and feces at University of Illinois at Chicago campus using Research Informatics
Core (RIC). All the necessary steps including basic processing of samples, annotation
and analysis of amplicon sequences was incorporated using primer pair consisting of
515 forward: ACACTGACGACATGGTTCTACAGTGYCAGCMGCCGCGGTAA
and using for the sequencing 806 reverse primer:
TACGGTAGCAGAGACTTGGTCTGGACTACNVGGGTWTCTAAT. Sequence
data from readouts were analyzed using BaseSpace online software (Illumina, San
USA) [74, p. 685].

2.2.7 Immunoblotting

Colon samples from experimental mice were combined with Laemmli sample
buffer (Bio-Rad Laboratories, USA) and 2-Mercaptoethanol (Sigma Aldrich, USA) for
further denaturation. Then, the samples were loaded onto a 4-20% Mini-PROTEAN
TGX gel (Bio-Rad), and for further immunostaining they were transferred to a
polyvinylidene difluoride (PVDF) membrane (Sigma-Aldrich, USA). The expression
of HSP701 and 4-Hydroxynonenal were assessed using immunoblotting. Following
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anti-HSP701 [C92F3A-5] (Enzo, Germany), anti-4 Hydroxynonenal (4-HNE) (Abcam,
USA), and anti-actin [C4/actin] (BD Biosciences, USA) were used to immunostaining
in membranes. For the secondary antibodies, following ones have been used:
horseradish peroxidase (HRP) labeled reactive to mouse IgG1 (Southern Biotech,
USA) for detection of HSP70i and for actin, and reactive to rabbit IgG (Agilent
Technologies, USA) for 4-HNE. These immunostainings were detected using
enhanced chemiluminescence substrate (Thermo Fisher Scientific, USA) and film
(Denville Scientific, Thomas Scientific), USA). The obtained results from scanned
images of the film (Epson, Japan) were analyzed using ImageJ, and the calculations
are made taking the actin as relative levels [74, p. 685].

2.2.8 Immunohistology

Tissue samples from antibiotic received experimental mice including ileum, colon
and abdominal skin samples were frozen using Optimal Cutting Temperature
Compound (Sakura Finetek, USA). Sectioning at 8um was performed for all tissues
using cryostat (Leica, Germany). For immunohistology stainings, CD3e was pre-
blocked with Biotin Block (ScyTek Laboratories), and then SuperBlock was added to
prevent unspecific bindings. Biotinylated rat-raised antibody 145-2C11 reactive to
mouse CD3¢ (Becton Dickinson Biosciences, USA) was used to detect mouse CD3e.
[leum tissue sections were stained with an antibody, clone RM4-5 reactive to mouse
CD4 (BD Biosciences, USA) or with a clone 53-6.7 to mouse CD8a (BD Biosciences,
USA). For skin tissue staining, antibody with a clone D-18 reactive to mouse TRP-2
(Santa Cruz Biotechnology) used to detect TRP-2 in the mouse skin. To detect
biotinylated CD3¢, HRP-labeled streptavidin (Southern Biotech, USA) was used, and
for CD4 and CD8a — HRP-labeled goat antirat secondary antibody (SouthernBiotech)
used for ileum tissues. In the skin, TRP-2 was detected using HRP-labeled swine anti-
goat secondary antibody (SouthernBiotech). HRP-labelled streptavidin incubated were
developed with aminoethylcarbazole (AEC) substrate (Abcam, UK) and
counterstained with Harris hematoxylin (Sigma-Aldrich, USA). Immunofluorescence
staining was performed to detect CD4 and CD8a in the mouse skin, and antibody
labeled with Alexa Fluor 488 (AF488) clone GKI1.5 reactive to mouse CD4
(BioLegend, USA) or biotinylated clone 53-6.7 to mouse CD8a (BioLegend, USA)
was used to incubate on mouse skin tissues. Biotinylated anti-CD8a was followed with
PE-labeled streptavidin (SouthernBiotech). Nuclear detection was obtained via using
4’ 6-diamidino-2-phenylindole (DAPI) (BD Biosciences, USA) staining. Transcription
factor FoxP3 staining was performed using AF488-labeled with clone MF-14 reactive
to FoxP3 (BioLegend, USA) and PE-labeled anti-CD3¢ (BioLegend, USA) was used
in staining, and for nuclear staining, DAPI was used. TUNEL tissue sections were fixed
using 1% PFA in PBS and permeabilized in 2:1 ethanol:acetic acid prior to TdT
enzyme and anti-digoxigenin conjugate incubation. AEC substrate used to develop
TUNEL staining, Mayer’s hematoxylin (Thermo Fisher Scientific, USA) was used to
counterstain the tissues. Imaging of stained sections were performed using a Revolve
microscope (Echo Laboratories, USA) or TissueFAXS PLUS imaging system
(TissueGnostics). Adobe Photoshop software was used to quantify the positively
stained cells [74, p. 685].
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“Mouse skin from adoptively CAR Treg transferred and human skin samples were
frozen using Optimal Cutting Temperature Compound (Sakura Finetek) on dry ice.
Eight um cryosections were cut (Leica). For FoxP3/CD3 staining, sections were
paraformaldehyde-fixed and permeabilized using True-Nuclear Transcription factor
buffer (BioLegend). Sections were treated with SuperBlock (ScyTek Laboratories,
Logan, UT). PE-labeled antibody 145-2C11 to mouse CD3¢ (Biolegend) and AF488-
labeled antibody MF-14 to mouse FoxP3 (BioLegend) were used for double staining
procedures, followed by DAPI (BD Biosciences) nuclear staining. For other tissue
stainings, mouse and human skin sections were fixed in cold acetone. Mouse skin
sections were blocked with SuperBlock and then incubated with either antibody H-90
to TRP-1 (Santa Cruz Biotechnology, Dallas, TX) followed by Alexa Fluor 555
labelled donkey anti-rabbit antibody (abcam), or PE-labeled MB3.6 to GD3 (Santa
Cruz Biotechnology), or PE-labeled antibody YGITR 765 to GITR (Biolegend), or
AF488-labeled antibody B56 to Ki67 (BD Biosciences), all followed by DAPI nuclear
staining. Human skin sections were blocked with 10% normal human serum (Gemini
Bio Products, West Sacramento, CA) and then incubated with Ta99 to TRP-1
(BioLegend) or R24 to GD3 (Abcam, Cambridge, UK). Both were detected by an
HRP-conjugated goat anti-mouse IgG antibody (Agilent Dako, Santa Clara, CA).
These stainings were developed using AEC substrate (Abcam) and nuclei were
subsequently detected by incubation in Mayer’s hematoxylin (Sigma-Aldrich) and
blued in Scott’s tap water (Sigma-Aldrich). Slides were imaged on a Revolve

microscope (Echo Laboratories). Cells were quantified using Adobe Photoshop
software” [140, p.3].

2.2.9 In vitro splenocyte stimulation

Antibiotic treated mice splenocytes were cryopreserved after tissue collection.
Prior to stimulation, splenocytes were thawed into media containing RMPI 1640 with
10% FBS, 1% antibiotics, 50uM 2-mercaptoethanol and 20pug/ml DNAsel (Thermo
Fisher Scientific, USA). For stimulation, one million splenocytes were added to wells
specified as 5, 24 or 48 hours. Each conditioned with without 30pg/ml murine
tyrosinase (369-377) (GenScript, USA). For activation, leukocyte activation cocktail
(BD Biosciences; 5 hours only) or 3:1 Dynabeads Mouse TActivator CD3/CD28
(Thermo Fisher Scientific) was used maintain splenocytes for for 24 and 48 hours.
Brefeldin A was added to retain cytokines within the cells 5 hours prior analysis.
Supernatants from each condition were in further used in ELISAs. Cells were stained
for further analysis using flow cytometry [74, p. 685].

2.2.10 Flow cytometry

Human peripheral blood mononuclear cells were isolated from whole blood by
centrifugation on Histopaque-1,077 (Sigma-Aldrich, USA) for 20 min at 3000g, 20 °C
and washed with RPMI-1640 medium (Sigma-Aldrich, USA). Further, the phenotype
and expression of suppressor molecules was evaluated by flow cytometry, analyzing
Treg cells in a CD4"CD25" gate. For this, cells were labeled with fluorescently-labeled
antibodies to CD4-PE, CD39-APC, CTLA4-APC, IL10-FITC, GITR-APC, CD73-
APC, LAP (TGFB1) -APC, TGFB1-PE, FoxP3-APC (Miltenyi Biotech, USA), CD4-
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FITC, CD25-PerCP-Cy5.5, FoxP3-PE, CD44-FITC (BD Biosciences, USA), 1L35-
APC (R&D Systems, USA). First, surface markers were labeled according to the
protocols provided by manufacturers, then the cells were fixed, permeabilized and
washed using the FOXP3 Staining Buffer Set (Miltenyi Biotec, USA), then
intracellular staining was performed and analyzed using the FACSCalibur
cytofluorimeter and BD CellQuest Pro Software (BD Biosciences, USA) [74, p.685].

Flow cytometry analysis also was performed for in vitro stimulated splenocytes.
Prior surface staining, splenocytes were blocked with mouse Fc Block (Biolegend,
USA) and LIVE/DEAD Fixable Near IR Dead Cell dye (Thermo Fisher Scientific,
USA) to eliminate dead cells from analysis. Antibodies for surface staining are
following: anti-CD45 BBS515 (30-F11), CD3 BUV395 (145-2C11), CD4 BUV737
(GK1.5; all BD Biosciences, USA), CD8 BV786 (53-6.7; Biolegend, USA). BD
Cytofix/Cytoperm kit (BD Biosciences) was used to fix and permeabilize cells prior to
stain intracellular cytokines such as anti-IFN-y APC (XMG1.2) and anti-IL-17A PE
(TC11-18H10.1; both Biolegend, USA) antibodies. Flow cytometry analysis was
performed on a BD FACSymphony flow cytometer, and results were analyzed using
FlowJo v10.3.0 (FlowJo LLC, USA) [74, p. 685].

To assess the transduction efficiency on GD3-specific CAR Tregs, flow
cytometry was performed on transduced Tregs. “Prior to surface staining, cell from
CAR transduction were incubated with mouse Fc Block (BioLegend) and LIVE/DEAD
Fixable Near-IR Dead Cell dye (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Surface staining of directly labeled antibodies included
BUV395-labeled anti-mouse CD3 clone 145-2C11 (BD Biosciences), and BV421-
labeled anti-mouse CD4 clone GK 1.5 (BioLegend). The eGFP marker expressed under
the FoxP3 promoter in Treg reporter mice, as well as BB700- labeled rat anti-mouse
CD25 clone PC61 (BD Biosciences) were used to identify Tregs. Unlabeled anti-GD3
CAR rabbit sera detected by anti-rabbit APC (Invitrogen) antibodies were used to
evaluate CAR expression by transgenic Tregs. Stained cells were analyzed using a BD
FACSymphony flow cytometer and FlowJo v10.3.0 software (FlowJo LLC, OR,
USA)” [140, p. 4].

2.2.11 ELISA cytokine assay

IFN-y and IL-17 was evaluated using Quantikine ELISA kits (R&D Systems,
USA) for supernatants from 24 and 48hr splenocyte stimulations. ELISA plate were
recorded using a Synergy HT reader (Biotek, USA) equipped with Gen5 v1.08 (Biotek,
USA), and generated results were analyzed using Prism v7.03 (GraphPad Software,
USA) [74, p. 685].

“Included in cytokine analysis were supernatants from in vitro suppression assays
(IncuCyte experiments), collected 36 hours post-co-culture, and serum samples from
HBSS vehicle (n=11), untransduced (n=10) and GD3 CAR Tregs (n=9) treated mouse
groups. Detection of murine IFN-y, TNF-q, IL-4 and IL-10 was performed by using a
V-Plex Proinflammatory Panel 1 Mouse kit (Meso Scale Diagnostics, LL.C) according
to manufacturer’s instructions. Data were acquired on a Synergy HT reader (Biotek)
equipped with Gen5 v1.08 (Biotek) and analyzed using Prism version 8.3.0 (GraphPad
Software)” [140, p. 4].
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2.2.12 Cytokine array analysis

Cytokine array was performed on previously cryopreserved colon samples. Prior
to analysis, colon was homogenized by BeadBug Microtube Homogenizer and 1.5 mm
Triple-Pure High Impact Zirconium pre-filled tubes (Benchmark Scientific, USA) in
the presence of T-PER tissue protein extraction reagent (ThermoFisher Scientific) and
protease inhibitor cocktail (ThermoFisher Scientific, USA). Pierce BCA Protein Assay
Kit was used to for colon protein quantification and Proteome Profiler Mouse Cytokine
Array Kits (R & D Systems, Minneapolis, MN) was utilized for protein analysis
following the manufacturer’s protocol. Serum from antibiotic treated mouse were
pooled (N=4) using 25 ul of serum from each mouse. Acquired membranes were
imaged on a LAS-3000 luminescent imager (Fujifilm, Japan). Obtained images were
further analyzed using Image J software [74, p. 685].

2.2.13 Depigmentation analysis

“From 5 weeks to 15 weeks of age, mice were scanned weekly on a flatbed
scanner (Hewlett-Packard, Palo Alto, CA) under isoflurane anesthesia. Using Adobe
Photoshop software (Adobe Systems) ventral and dorsal luminosity was measured to
calculate depigmentation, as previously described [148]. Depigmentation was graphed
over time, and statistical significance was determined by the time-adjusted AUC.
Representing change in depigmentation from treatment initiation was calculated using
the trapezoidal rule. No imputation was done for missing data, and the AUC for each
mouse was divided by the total number of weeks of available data minus 1. The WRS
test was used to compare the time-adjusted AUC among groups” [140, p. 4].

2.2.14 Statistical analysis

“Statistical analysis was performed using GraphPad Prism 8.0 software
(GraphPad) and R-software. Data are presented as bars and dot plots with mean values
+ standard deviation. The statistical significance was determined by the criterion of
Student (T test) for phenotypical characteristics of Tregs in vitiligo patients. The data
were evaluated by one-way ANOVA analysis of variance accounting for different
variances across the treatment groups, with post-hoc Tukey-Kramer comparisons. To
determine statistical significance for immunosuppression in vitro, two-way ANOVAs
were used with aligned rank transformation followed by multiple pairwise comparisons
testing using Tukey approach. For depigmentation, the time-adjusted AUC,
representing change in depigmentation from treatment initiation, was calculated using
the trapezoidal rule. No imputation was done for missing data, and the AUC for each
mouse was divided by the total number of weeks of available data minus 1. The
Wilcoxon rank sum (WRS) test was used to compare the time-adjusted AUC among
groups. Statistical significance is represented as *p<0.05, ** p<0.01, *** p<0.001 or
*HEE p<0.0001” [140, p. 4].
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3. RESULTS AND DISCUSSION

3.1 Phenotypical characterization of Tregs in patients with vitiligo

To date, there are disagreements in the literature regarding changes in the
proportion of CD4" CD25" and CD4" CD25" FoxP3" Treg cells in peripheral blood in
vitiligo patients [113]. We studied these populations in a group of healthy donors and
vitiligo patients. In the course of the study, it was found that in the group of vitiligo
patients, the proportion of circulating CD4°CD25" Treg cells and FoxP3 expressing
CD4"CD25" Treg cells was significantly reduced compared with the group of healthy

donors (Figure 5).
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Representative (A) and generalized data are presented in the form M=SD (B),
the significance of differences between the groups is presented as * p<0.05 (by
Student's criterion).

Figure 5 — Proportion of CD4'CD25" Treg cells expressing FoxP3",
CD44"FoxP3" and CD44" in peripheral blood of healthy donors (Control) and vitiligo
patients (Vitiligo)
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When comparing the proportion of peripheral blood CD4"CD25" Treg cells
between the control group and a group of vitiligo patients with a progressive form of
the disease, it was also found a significant decrease in the number of these cells
(9.0£1.6 (n=8) 6.4%0.04 (n=4), p=0.003, respectively). The proportion of peripheral
blood CD4"CD25" Treg cells did not differ between the groups of healthy donors and
patients with stable form of vitiligo and between the groups of patients with active and
stable forms of vitiligo (9.0+1.6 (n=8), 8.2+1.3 (n=3), p=0.4; 6.4+0.04 (n=4), 8.2+1.3
(n=3), p=0.1, respectively). Meanwhile, when comparing to healthy donors, the
proportion of FoxP3-expressing CD4"CD25" Treg cells was down-regulated in both
patients groups with active and stable forms of vitiligo (33.0£11.4 (n=8), 16.7+8.7
(n=4), p=0.02; 33.0+£11.4 (n=8), 15.1£5.3 (n=3), p=0.008, respectively). The level of
expression of FoxP3 by Treg cells also did not differ significantly between the patients’
groups (p=0.8).

Our results are in agreement with previously published data, according to which
the proportion of CD4" CD25" Treg cells expressing FoxP3 is reduced in the peripheral
blood of patients with progressive vitiligo compared with healthy people and patients
with an inactive form of the disease [149]. Thus, obtained data support the findings
showed that the number of circulating CD4"CD25" and CD4"CD25 FoxP3" Treg cells
correlates with the progression of vitiligo and confirm the role of Treg cell number
reduction in the insufficient regulation and suppression of autoimmune response
leading to vitiligo progression.

It is known that the proportion of CD4"'CD25" Treg cells that infiltrate foci of
vitiligo depigmentation is significantly reduced, which is considered the main reason
for the lack of regulation of autoimmune response against melanocytes. However, in
previous studies, attempts to identify the causes of a decrease in the migration of Treg
cells to the affected areas of the dermis were unsuccessful. In particular, no
abnormalities were found in the expression of adhesion and homing receptors for
CCR4, CCRS5, CCRS, and CLA by peripheral blood Treg cells in vitiligo [20].
However, the expression of one of the central receptors for attracting Treg cells from
the bloodstream to the site of inflammation — CD44 has not been previously studied
in vitiligo. Thus, the next step in our study was to study the expression of CD44 by
CD4"CD25" Treg cells in the peripheral blood of patients with active and stable forms
of vitiligo.

In the course of the study, it was found that the proportion of circulating
CD4"CD25'CD44" Treg cells was significantly reduced in the group of vitiligo
patients compared with healthy volunteers. Moreover, the percentage of CD44FoxP3"
Treg cells analyzed in the CD4"CD25" gate was also significantly reduced in the
vitiligo group relative to the control group (Fig. 5). Similar data were obtained
regarding the proportion of CD44" and CD44 FoxP3" Treg cells when comparing the
control group with a group of patients with an active form of vitiligo (96.9+£2.3 (n=8),
46.3£26.3 (n=4), p=0.03; 22.3+£8.0 (n=8), 7.8+4.6 (n=4), p=0.001, respectively). The
proportion of CD44"FoxP3" cells analyzed in the CD4°'CD25" gate was also
significantly higher in the peripheral blood of healthy donors compared with donors
with a stable form of vitiligo (22.3+8.0 (n=8), 14.3+4.1 (n=3), p=0.002, respectively).
There were no significant differences in the level of expression of CD44" by

46



CD4"CD25" cells between a group of healthy donors and patients with a stable form
of vitiligo, as well as expression of CD44 by CD4"CD25" and CD4"CD25"FoxP3"
cells between the groups of patients with active and stable forms of vitiligo.

Thus, expression of the CD44 homing receptor by peripheral blood Treg cells in
vitiligo is reduced. We can hypothesize that this dysfunction of Treg cells can lead to
a decrease in the homing of Treg cells in the dermis of vitiligo foci. Moreover, earlier
studies in mice showed that the expression of CD44 positively correlates with the
expression of FoxP3, IL-10 production, increased proliferation and suppressor activity
of Treg cells with respect to T cell proliferation, . The ability to bind the intercellular
matrix component, hyaluronan, by active isoforms of CD44 discriminates Treg cells
with an increased suppressor potential and degree of activation. It was also previously
shown that Treg cells of mice with the absence of a gene encoding CD44 have a
reduced ability to suppress T-cell immunity. We can hypothesize that a decrease in the
proportion of Treg cells expressing CD44 during the development of vitiligo indicates
a decrease in the pool of Treg cells capable of effectively inhibiting the activity of
melanocyte-specific CD8" T cells in patients.

Next, the expression level of functional markers by Treg cells was compared in
peripheral blood of vitiligo patients and healthy donors. No significant differences in
the expression of CTLA-4, IL-10, GITR, CD73, LAP, TGFp and IL-35 among neither
CD4"CD25" nor CD4"'CD25"FoxP3" Treg cells was observed between the studied
groups (data not shown). However, a significant decrease in the expression of CD39
by CD4"CD25" Treg cells was found in the vitiligo group, compared to healthy donors
(Figure 6).
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Figure 6 — Percentage of CD4"CD25" Treg cells expressing CD39 in the peripheral
blood of healthy donors (Control) and vitiligo patients (Vitiligo)
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Interestingly, the proportion of CD4"CD25" Treg cells expressing CD39 was
significantly higher in the group of healthy donors when compared with the group of
patients suffering from the active form of vitiligo, but not stable vitiligo (86.9+8.3
(n=8), 23.9+£22.0 (n=4), p=0.03; 48.6+£30.1 (n=3), p=0.1, respectively). Also, in
comparison with control group, a significant decrease in the proportion of
CD39'FoxP3" Treg cells (CD4"CD25" gate) was found in the vitiligo group including
all the patients, group of active and stable form of vitiligo (27.2+10.0 (n=8), 13.5+6.5
(n=7), p=0.002; 11.243.5 (n=4), p=0.003; 12.3+£5.4 (n=3), p=0.01, respectively). There
were no differences in the proportion of CD39" or CD39 FoxP3" cells in CD4"'CD25"
Treg cells gate between the groups of patients with an active and stable form of vitiligo.

The expression of CD39 is associated with the suppressor activity of Treg cells
and the catalytic inactivation of surface ATP by the CD39 molecule is one of the key
immunosuppressive mechanisms of Treg cells. CD39 hydrolyzes both adenosine
triphosphate and adenosine diphosphate to monophosphate. The binding of adenosine
to its A2 A receptor, which is present on the membrane of effector T cells and dendritic
cells, leads to an increase in intracellular cyclic adenosine monophosphate and
suppression of the function of these cells. There is experimental evidence that
suppression of the proliferation of T cells of mice knocked out by the A2A gene is
much lower than in wild mice. Transduction of the foxp3 gene into murine CD25°T
cells induces their expression of CD39, and pre-incubation of Treg cells in an ATP-
containing medium reduces ATP-dependent DC maturation upon further co-
incubation. In addition to the direct suppressor effect, the removal of ATP from the
cytoplasmic membrane of cells by the CD39 molecule allows Treg cells to penetrate
into the area of inflammation and suppress ATP-induced inflammatory reactions.

Since obtained data indicate a decrease in the expression of the CD39 suppressor
molecule by Treg cells possessing CD4"CD25"FoxP3" phenotype in case of
progressive vitiligo and in disease remission, it might suggest the contribution of Treg
cell dysfunction to the pathogenesis of vitiligo. Decreased homing and expression of
CD39 by Treg cells can lead to an uncontrolled increase in the number and activation
of melanocyte-specific cytotoxic T cells and their autoimmune cytotoxic effect in
vitiligo foci.

Thus, the proportion of the total population of Treg cells with CD4"CD25" and
CD4"CD25"FoxP3" phenotype was observed, as well as the proportion of CD4°CD25"
and CD4"CD25"FoxP3" Treg cells expressing the immunosuppressive molecule CD39
and the cell adhesion and migration receptor CD44, are reduced in the peripheral blood
of patients with progressive and stable vitiligo form of the disease. The obtained data
indicate the dysfunction of Treg cells in vitiligo and may indicate a decrease in their
immunosuppressive properties and ability to migrate efficiently to the foci of
depigmentation, which may lead to uncontrolled activity of melanocyte-specific
cytotoxic T cells and disease progression. The results contribute to an understanding
of the mechanisms of impaired immune regulation in vitiligo and can serve as the basis
for the development of new approaches to the treatment of vitiligo based on increasing
the suppressor activity of Treg cells and their recruitment into affected vitiligo skin
areas.

48



3.2 Microbiota change after antibiotic treatment (neomycin) impacts
peripheral Treg infiltration in the skin, and drive (ampicillin) vitiligo
development in mice

3.2.1 Antibiotic application impacts vitiligo development in mouse model

Several studies previously reported that microbiota diversity was associated with
the development of autoimmune diseases [37, p. 78]. Chang et al. reported that
Staphylococcus aureus contributes to psoriasis development, and similar study by
Seddon and Hughes et al. also linked atopic dermatitis with this cutaneous bacteria [33,
p. 154; 34, p. 1234]. The impact of antibiotic application, and change in microbiome
affected depigmentation in vitiligo prone transgenic mice. In case for vitiligo patients,
studies demonstrated that disbalance in bacterial diversity and scarce of
Corynebacteriaceae, and abundance of Gammaproteobacteria and Flavobacteria are
observed, which can be associated with depigmentation [36, p. 18761]. Moreover,
vitiligo patients prior to diagnosis, reported antibiotic treatment in the etiologic factors,
and study showed that Helicobacter pylori was associated in vitiligo [31], p. 1513].
Thus, it was attempted to understand the impact of antibiotics on microbiome, and the
vitiligo progression in animal model. From a list of currently prescribed antibiotics,
ampicillin and neomycin were chosed in our experiment. The main reason of applying
these antibiotics is due to their “broad spectrum” for multiple gram-positive bacteria
(ampicillin) and high efficiency against gram-negative bacteria (neomycin).

To evaluate the impact of the antibiotics, the recipient vitiligo-prone FH-A2D
mice received ampicillin and neomycin with drinking water during neonatal period,
and followed by 35 weeks after birth. The depigmentation measures were taken every
two weeks, and the analyzed images of depigmentation were shown in Figure 7A. The
results from ampicillin treated group demonstrated the acceleration in depigmentation
(»<0.0001) while neomycin treated group protected and delayed the vitiligo
development (p=0.07) (Figure 7B). Representative examples from mice treated with
ampicillin group shows a total depigmentation presented in Figure 7C. Depigmentation
rates were differed among groups. Mice from untreated group (n=10) depigmented
(0,6+£0,16%), whereas neomycin (n=8) received group (0,27+£0,06%) and ampicillin
group (n=10) depigmented (1.45+0.14%) per week. Interestingly, 2.4 fold increases in
depigmentation was observed in ampicillin received mice [74, p. 677]

Microbiome alteration after antibiotic application influenced the progression of
vitiligo in mouse model. A few studies report similar results regarding antibody
mediated autoimmune response against microbes through humoral activity, while
cytotoxic T cells are not capable to target bacteria [150]. Thus, a mechanism of
enhanced autoimmune response of T cells against self-antigens is not known yet.
However, recently, the impact of microbiome towards immune system and disease
development is gaining more attention [151], and to evaluate the influence of bacterial
diversity, antibiotics can be used as an useful investigative tool [152]. When compared,
human and mice microbiome showed similarity which justified the use of mouse as an
animal model [153], and the ileum gains a significant role as bacterial adherence and
T cell activation occur in this part of the gut [154]. An important question is that how
gut microbiome influence immune activity in a distant organs such a skin [155].
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Alternatively, the impact of skin resident commensal bacteria could trigger the immune
response to non-classical MHC-I-restricted T cells [74, p. 678; 156].
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Figure 7 — The impact of antibiotics to vitiligo development in mice [74, p.
678]

Tyrosinase related protein (TRP-2), a surface marker for melanocytes were
stained using immunohistochemistry to identify survived melanocytes in the skin of
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FH-A2D mice. A post-confirmatory staining of skin tissues demonstrated the loss of
melanocytes almost in all three groups at the end of the in vivo study. However, a faint
expression of TRP-2 was still presented in skin of the control group, while pigmented
and melanized hairs were observed in neomycin received and control groups shown in
Figure 8. Therefore, it was suggested that microbiome might impact the overall
autoimmunity to melanocytes and promote depigmentation.

FH-A2D C57BL/6
Control Neomycin Ampicillin

g

Figure 8 — Melanocyte (red) and the absence of melanized (black) hairs in the
skin of FH-A2D mice [74, p. 687.e2]

It was previously reported that ampicillin can induce the creation and
accumulation of reactive oxygen species (ROS) in both bacterial and human cells. This
ROS formation might influence gut permeability [157]. Mitra et al. reported that ROS
formation has been related to vitiligo where high cytokine release correlated with
clevated ROS and decreased antioxidants [158]. Since an association of increased ROS
accumulation after long term antibiotic (ampicillin) administration was reported, and
melanocyte stress was associated with ROS formation, and then it was attempted to
evaluate the oxidative stress in FH-A2D transgenic mice. Expression of metabolic
marker of ROS, hydroxy-2-nonenal (4-HNE) and inducible heat shock protein 70
(HSP70) were compared in colon homogenates of ampicillin treated group (Figure 9).
An intense depigmentation could not been ascribed to increased level of intestinal
oxidative stress, then it was pursued to analyze the microbial dysbiosis as a potential
cause for the disease development via determining the composition of microbes
residing in skin and gut.
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Figure 9 — Depigmentation in antibiotics treated FH-A2D mice was not ascribed with
an elevated oxidative stress. The expression levels of (A) 4-HNE and (B) HSP701
were not significantly different among treatment group [74, p. 687.e3]

3.2.2 Systemic application of antibiotics predominantly limits microbiome in the
gut but not affect the skin

A study by Byrd et al. revealed an association between gut microbiota and
autoimmunity in skin diseases, psoriasis [159]. It 1s already known that antibiotics
reduce the gut bacteria abundance while increasing the shedding derived from bacterial
components [160]. In the next step of the study, it was investigated whether the
microbial diversity was impacted in gut or in the distant skin tissues. For this, DNA
was isolated from collected skin microbiome and excrements, and then 16S rRNA
ribosomal genes used in polymerase chain reactions (PCR) to amplify degenerate
primers to differentiate the species. The generated amplicons were sequenced for 16S
r RNA to identify the bacterial abundance in skin and gut microbiome.

The relative percentage of microbial composition of skin derived from 16S rRNA
ribosomal gene sequence analysis i1s shown in Figure 10. The skin samples are
presented from control group (n=3), ampicillin received (n=3), and neomycin (n=5)
treated groups.

52



Skin

Control Ampicillin Neomycin
n= 3 n= 3 n= 5

W Coprococcus M Enterococcus M Massilia M Ruminococcaceae* Alistipes

I Streptococcus [ Blautia D_4 vadinBB60;* M Incertae Sedis Sphingomonas
Odoribacter Ml Acinetobacter M Bacteroides Oscilibacter Stenotrophomonas

B Pseudomonas M Bacillus [ Lachnospiraceae* Mammalia Brevundimonas

[ Other W S24-7*

Figure 10 — The relative abundance of skin microbiome [74, p. 679]

Obtained results showed no significant, minimal differences among the skin
resident bacteria among groups in the experiment, except the decrease of Incertae Sedis
species (p=0.004) residing the skin of neomycin received group. This significant
difference has not affected the depigmentation (Figure 11) indicating the absence of
impact from this particular bacteria (Figure 12).
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Figure 11 — Depigmentation graphs derived from scan images from mice from
which skin tissues were used for 16S rRNA ribosomal sequence analysis [74, p.
687.€3]
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Figure 12 — Percentual variability of skin microbiome [74, p. 687.e4]

From abovementioned skin microbiome results, it can be concluded that
antibiotics from drinking water had a minimal impact on the skin microbiome
composition. Thus, this observation suggests that enhanced autoimmune response in
the skin were due to the change of distant microbes, and their overall effect to the
organism. Thus, the assessment of gut microbiome composition in correlation with
depigmentation values was performed.

Next, the gut microbiome diversity was evaluated in mice treated with neomycin
(n=8) and ampicillin (n=5) along with control (n=9) animals. First, total mass of
bacterial DNA was assessed to see the capacity of different antibiotics to reduce the
abundance of total bacteria in the gut, which is displayed in Figure 13.
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The results from evaluating the total mass of microbial DNA in the gut showed
that a significant decrease in DNA mass in ampicillin received mice group, whereas
the DNA mass was increased in neomycin received group comparing to control
animals. Excrements from neomycin received mice contained significantly more DNA
than from ampicillin treated group (p=0.0002), suggesting that ampicillin greatly
reduces the overall population of gut microbiome.

Neomycin- and ampicillin-treatment both affected gut microbiome decreasing the
relative abundance of Alkaliphilus (p<0.0001), Dysgonomonas (p<0.0001),
Odoribacter (p=0.0009), Oscillospira (p=0.006), Pedobacter (p<0.0001 ampicillin,
and p=0.001 neomycin) and Ruminococcus (p=0.003) and Parabacteroides (p<0.0001
ampicillin (Figure 14).
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Figure 14 — The relative diversity of gut microbiome [74, p. 679]

55



Interestingly, the significant differences were noted in strains of Sutterella genus
resulting in decrease after ampicillin-treatment and increase in the neomycin-received
group (both p=0.0003). Ampicillin promoted the dominant inhabitation of
Pseudomonas in gut microbiota, while neomycin affected the Bacteroides dominance
(»<0.0001). In comparison to skin, the diversity of gut microbiome were consistent
among groups (Figure 15).
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Figure 15 — Percentual variability of gut microbiome [74, p. 687.e4]
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Importantly, species of Pseudomonas aeruginosa and Pseudomonas tropicalis
Pseudomonas are predominantly observed in ampicillin, while Bacteroides vulgatus in
neomycin treated groups (Figure 16).
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Figure 16 — Abundance of Pseudomonas aeruginosa and Pseudomonas
tropicalis in ampicillin received group (red arrows), and Bacteroides vulgatus in
neomycin treated groups (green arrows) [74, p. 687.e4]

3.2.3 Reduction in diversity of gut microbiome affect T cell distribution in vitiligo
prone FH-A2D mice

The different sets of antibiotics can impact to the development of autoimmunity
in various diseases. It was reported that neomycin can induce B cell response to
autoimmune arthritis [161], while ampicillin promote cytotoxic T cell-mediated
autoimmunity in vitiligo [8, p. 229]. These studies suggest that a particular antibiotic
favors an individual subsets of immune cells, in particular lymphocytes. To understand
the 1impact of ampicilin  and neomycin, immunohistochemistry and
immunofluorescence staining were performed to locate and quantify T cell distribution
in the skin. The results displayed in the Figure 17 (A-C) shows ampicillin-mediated T
cell decrease in the skin samples by 68% compared to both neomycin (p=0.047) and
control group (p=0.014) quantified in the graph (Figure 17 G).
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The Figure 18 shows the remaining population of T cells, which are infrequently
distributed around not-melanized part of the hair follicles. Interestingly, the number of
Tregs were significantly increased with 16-fold in neomycin-treated group skin
(p=0.02) compared to control group suggesting the immune control that might prevent
vitiligo (Figure 17 D-F). This Treg presence might explain the pigmentation in the hair
of neomycin received mice group.
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Figure 18 — Total T cell quantification in the hair follicles from mice skin
included in the experiment [74, p. 687.e4]

The gut T cells were assessed through staining for microbial diversity using ileum
sections, and the results demonstrated the quantifiable differences in numbers of T cells
among groups (Figure 19). The quantification of CD4 T cells showed 51% reduction
in neomycin (n=3) received group (P=0.04) and 83% decrease in ampicillin (n=3)
received group (p=0.004) shown in Figure 20A. The distribution of CD4 T cells in
control group are peripherally located within villi, whereas in ampicillin and especially
neomycin group the CD4 T cells are situated in central in villi shown in Figure 20 (B-
D).

The reduction in cytotoxic T cells infiltration are shown in Figure 20E, where
65% 1s mediated by neomycin (p=0.001), and 92% by ampicillin treatment (p=0.0002).
Neomycin treatment impacted the distribution of CD4 T cells via making fewer contact
with gut contents (Figure 20 F-H). Terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) staining confirmed that ampicillin did not affect the increase in
apoptosis gut (Figure 21). Thus, the treatment including antibiotics affect the
distribution and excess number of T cells in the gut. This suggests that microbial
viability and mobility in the gut is influenced by antibiotics, which in response possibly
relocate the sites of antigen expression that might trigger autoimmunity in vitiligo.
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Figure 19 — T cell distribution in ileum from antibiotic treated mice [74, p. 687.e5]
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Figure 20 — T cell distribution in the gut from antibiotic treated mice redistribution [74, p.
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Figure 21 — Differences from T cell abundance in TUNEL samples [74, p. 687.e5]
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3.2.4 Long-term ampicillin treatment impacts altered cytokine secretion

As previously mentioned, antibiotic intake impact vitiligo development, which
might suggest that bacterial mediated signal to the distant tissues from gut chemokines
such as CXCL10 promote cutaneous T cell migration and recruitment [162], affect
melanocyte viability [120, p. 2178], and thus, influence depigmentation in vitiligo.

The results from ampicillin received mice showed an excessive expansion of
digestive system shown in Figure 22 A, which suggests the induction of abnormality in
gut permeability. To evaluate the prolonged effect of antibiotics, the level of cytokine
profiles were assessed in the serum of mice included in the experiment. Homogenates
from gut were tested using microarray analysis for cytokines shown in Figure 22B.
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Figure 22 — Antibiotic intake impact vitiligo development via tissue damage and
cytokine release in the gut [74, p. 682]
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According to the results, the affect after antibiotic treatment, complement 5A
were decreased by 82% for ampicillin received group and 88% for neomycin treated
mice. In contrast, ampicillin only reduced IL-23 level, while selectively increasing
CXCLI13 by 2.8 fold. The significant difference was observed in IL- 1a, where the
levels greatly increased by 6.3 fold in ampicillin received group, while this cytokine
was completely absent in neomycin received mice. This numbers suggest the different
response to the ampicillin and neomycin. To access the effect of long-term antibiotic
treatment, pooled serum cytokines were measured to evaluate changes in systemic
immune response (Figure 23).
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Figure 23 — Long-term effect of antibiotics to the cytokine profiles in serum [74, p.
682]

Overall, ampicillin and neomycin treatment had an association in over secretion
of M-CSF, IFN-y, IL-1a, IL-1ra, IL-16, and IL-2 with an increase by <2.5 fold, and a
greatly increase of IL-23 by ~15-fold was also been observed. These results suggest
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that antibiotic treatment enhance inflammatory cytokine release. Thus, the increased
depigmentation can be explained by ampicillin driven cytokine release, which include
abolished IL-3 production that might affect plasmacytoid dendritic cells (pDCs)
activation. In addition, several molecules are reduced including neuroprotective
CXCLI (65%), Th2 cytokine CCL-2 (80%), innate pro-inflammatory TREM-1 (75%),
and vitiligo biomarker CXCL-10 in ampicillin treated group. In contrast, CXCL-10
was increased by 2.5-fold when neomycin was used in the mice group. Therefore, the
enhanced depigmentation can be associated with high inflammatory environment and
with a decrease of type 2 cytokines.

As CXCL-10 levels were upregulated in serum of mice treated with neomycin
while downregulated in ampicillin received mice. Despite the absence of correlation
of CXCL-10 levels with depigmentation, this cytokine might relate with rerouting the
persisting autoimmune response to other tissues than the skin.

3.2.5 Antibiotic treatment affects T cell distribution and functionality in vitiligo
prone FH-A2D mice

As the functions of T cells has been linked to depigmentation in vitiligo, and
altered cytokine profiles was noted, then next, the impact of antibiotics was assessed
to the systemic T cell functionality. T cells and their functionality was evaluated using
multiparameter FACS analysis shown in Figure 24. Splenocytes directly was analyzed,
and the results showed in some samples representing up to 90% of CD45" positive T
cells (Figure 24A).
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This can explained by the chronic activation in those mice treated with ampicillin
with elevated CD8" T cell numbers which co-expressed with CD4" 193] In contrast, the
percentage of CD4" is fewer in ampicillin treated group compared to other groups
(Figure 24B).

In vitro nonspecific stimulation was performed to evaluate the activity of T cells.
Results showed that ampicillin treated CD8" T cells were become refractory via
producing 65% less IFN-y-producing cells, which also accompanied by abolished of
IL-17A-producing cells compared to neomycin received mice group (p=0.014)
displayed in Figure 25. When anti-CD3 and anti-CD28 activator beads or murine
tyrosinase 269-276 as an antigen were used for T cell stimulation, similar results were
obtained. When assessing IFN-y production among groups, neomycin elevated IFN vy
levels, while minimal IFN-y was observed in ampicillin treated group (p=0.004) and
some expression in control mice (p=0.04), which was illustrated in Figure 25 (B,C).
Similarly, IL-17 expression was enhance in neomycin group compared to ampicillin
received group (p=0.004) shown in Figure 25C. For both IFN-y and IL-17, the
differences were smaller after 24 hours incubation. Thus, obtained results after
ampicillin treatment indicate that impaired and exhausted T cells with elevated
cytokine release correspond with enhanced depigmentation in FH-A2D experimental
mice. The gating strategy for quality control of for FACS analysis is shown in Figure
26.
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From these results described above, it can be proposed that ampicillin treatment
can promote the growth of proinflammatory gut species and/or produce antigens,
which can be delivered by antigen-presenting dendritic cells (DCs) to activate
cytotoxic T cells towards melanocytes. Besides, the cytokine assay results from gut
homogenates revealed the patterns of inflammatory cytokines that possibly help to
activate antigen-presenting DCs and T cells to induce autoimmune activity [164].

Similar studies reported that antigen epitopes derived from bacterial shedding
possibly identified as self-antigens due to the antigen homology homogenates possible
[165]. In the development of lupus, antigens from (Ro60) commensal bacteria might
elicit autoimmune and pathogenic response [39]. Importantly, vitiligo is only
developed in those mice that carry tyrosinase-reactive transgenic T cell with haplotype
of HLA A2D, suggesting that self-reactive T cells response is driven peptide HLA
complexes. Meantime, ampicillin treated mice T cells become unresponsive, after
melanocyte elimination, suggesting that these melanocyte-reactive T cells either
become exhausted or underwent apoptosis after melanocyte elimination [166].

Lui et al. reported that gut microbiome promote and support the tolerogenic
differentiation of T cells [167]. T cell redistribution occurred in the ileum of mice
treated with neomycin, and increased Treg infiltration was observed in pre-vitiliginous
skin suggesting Treg differentiation might be favored if neomycin used in the
treatment. In addition, increased infiltration of Tregs accompanies by reduced
abundance of skin resident Incertae Sedis. In the gut, mucosal-associated invariant T
cells (MAIT cells) could be responsible explaining the connection between gut
dysbiosis and autoimmunity, because these MAIT cells can react to bacterial
metabolites while mounting both antimicrobial and effector T cell functions. This
observations could suggest the development of several autoimmune conditions
including multiple sclerosis [168].

In the course of study, the abundance of Pseudomonas aeruginosa was observed,
and correlated with accelerated depigmentation in mice. Similar studies on ulcerative
colitis showed the increased presence of Pseudomonas aeruginosa [169], suggesting
that abundance of this strain might contribute to gut permeability after ampicillin
treatment [170].

Overall, in this study, it was observed that Bacteroides species were associated
with delayed autoimmunity in the mouse model after treating with neomycin treatment.
It was previously reported that Bacteroides gut colonization can help prevent the
development of inflammatory bowel disease [171]. The important dilemma exists
relating that a diverse healthy gut microbiome can promote anti-tumor responses
including melanoma. This is also true for vitiligo, and thus, suggests that an individual
species might enhance the vitiligo development, while eliciting the activation of anti-
melanoma T cells.

In summary, depigmentation in vitiligo is the result of melanocyte-reactive T cell
mediated autoimmunity towards melanocytes that have been activated against self-
antigens via some triggering factors. It was hypothesized that gut dysbiosis is one such
trigger, and in this study, some evidence were provided that altered gut microbiota can
drive or delay depigmentation in mice depending upon which species are present [74]
p. 678].
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3.3 Antigen-specific Tregs enhance immunosuppression in vitiligo prone
mouse model

3.3.1 Proof of principle evaluation of suppressive capacity of TCR transgenic
Tregs in h3TA2 mouse model

Previous studies demonstrated that adoptive transfer of polyclonal Tregs
immunosuppress autoreactive cytotoxic T cells and prevent autoimmunity in vitiligo
mouse model. However, these polyclonal Tregs might invoke non-specific
immunosuppression, and using antigen-specific Tregs can improve suppressive ability
through targeted delivery of cells. The assessment of antigen-specific
immunosuppression requires either TCR based or CAR based Tregs. First, it was
attempted to evaluate TCR transgenic Tregs for their capacity to suppress ongoing
autoimmunity towards melanocytes in the vitiligo prone, h3TA2 mouse model that
spontaneously depigment over time. This concept was derived from the study by
Bluestone group, in which, TCR transgenic Tregs with artificially inserted epitope,
reactive to human tyrosinase were tested in a tumor model [132, p. e11726]. The results
from this study showed that these tyrosinase reactive TCR transgenic Tregs (h3T-
Tregs) facilitated the tumor growth through the immune suppression in the mice with
injected tumors. With this in mind, we attempted to test these h3T-Tregs in preventing
the autoimmune depigmentation in vitiligo mouse model.

h3T-Tregs can be readily isolated from transgenic mouse model specifically
designed to carry tyrosinase reactive TCR. However, tracing Tregs in vivo is important
to monitor their activity, and to obtain this feature, FoxP3 eGFP reporter mouse was
used as their FoxP3 expression directly correlates with eGFP expression. Thus, h3T
mice was crossed with Foxp3 eGFP (C57BL/6 background) mice to obtain tracible
antigen-specific h3T-Tregs for adoptive-transfer to h3TA2 recipient mice. As a
candidate mice to generate in-vivo traceable Tregs, h3T homozygous & (25 weeks old)
crossed with FoxP3 homozygous © (7 weeks old) mouse. Their offspring carried one
copy of h3T and one copy of FoxP3 linked with eGFP reporter, and these heterozygous
(F1) mice were served as donors for traceable h3T-Tregs isolation. The hypothesis
behind the reason to obtain this h3T positive with FoxP3 eGFP was that this genotype
has number of Tregs as in C57BL/6 background. The donor mice with desired
genotype were serotyped using cheek bleed for flow cytometry, and the results are
shown as in Figure 27 and Figure 28. According to the results, four different of
genotype sets were among the F1 offspring: h3T positive, FoxP3 eGFP positive, HLA-
A2 negative (desired genotype); h3T negative, FoxP3 eGFP positive, HLA-A2
negative; h3T negative, FoxP3 eGFP positive, HLA-A2 positive; h3T negative, FoxP3
eGFP positive, HLA-A2 negative; and h3T positive, FoxP3 eGFP positive, HLA-A2
positive. Other unused mice different genotypes were either used for breeding to
generate mice for different experiments or humanely euthanized according to IACUC
regulations.
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Donor mice with tracible h3T-Tregs with FoxP3 eGFP marker were maintained
till the age of 8 weeks before they were sacrificed to obtain sufficient number of h3T-
Tregs for adoptive transfer. Along with these donor mice for antigen-specific h3T-
Tregs, FoxP3 eGFP only mice were used to isolate polyclonal Tregs as a control to
access the efficiency of antigen-specific Tregs over polyclonal Tregs.

The experimental outline for in vivo evaluation of h3T-FoxP3 Tregs are shown in
Figure 29. The recipient h3TA2 mice were administered antigen-specific h3T-FoxP3
Tregs (n=5), polyclonal FoxP3 eGFP Tregs (n=5), and untreated (n=5) starting at 9-
week age biweekly two rounds of retro-orbital injection. This study was performed
after our group with collaborators reported the results where a single injection of
polyclonal Tregs at age of 3-week delayed the depigmentation in h3TA2 mice [127, p.
1288] . However, vitiligo was only halted till week-9 due to the aggressive nature of
depigmentation in this mouse model. This can be explained by the efficacy of
polyclonal Tregs to delay the depigmentation up to the point before the disease begins
its aggressive stage between weeks 9 till the week 15. Therefore, the experiment was
outlined starting at week-9 with in mind of enhanced protective capacity of antigen-
specific Tregs from autoimmunity in this vitiligo prone mouse model. In the course of
experiment, h3TA2 mice received 2x10"5 of either antigen-specific h3T-Tregs or
polyclonal Tregs for two-rounds. Following the treatment, IL-2 injections (3000 IU)
were accompanied intraperitoneally to promote Treg activity and persistence in vivo.

Adoptive Transfer of Tregs
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Untreated
>
Polyclonal Treg (FoxP3) injections
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Figure 29 — Experimental outline of adoptive transfer of antigen-specific h3T-Treg
transfer to vitiligo prone h3TA2 mouse model. Recipient h3TA mice were
administered retro-orbitally h3T-Tregs (n=5), polyclonal Tregs (n=5) and untreated
(n=5) starting at age week-9 biweekly till week 11. Mice received two-rounds of
retro-orbital injections of 2x1076 of either h3T-Tregs or polyclonal Tregs
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The recipient mice were scanned weekly for depigmentation on a dorsal and
ventral side using flat-bed scanner under isoflurane anesthesia. The obtained images
were analyzed, and results were shown for the dorsal side of the mouse in Figure 30.
The fold change in depigmentation over time has been calculated and depicted in the
graph. Due to the slower depigmentation rate of dorsal side, no significant increase
was observed from week-9 till week-12. Following this period, depigmentation
incrementally from week-13 till week-17, and escalated in the last weeks of the
experiment.

Dorsal

Fold Change in Depigmentation

Weeks (age)

-o- Untreated (N=5)
-= Polyclonal Tregs (N=5)
-+ Ag-specific h3T Tregs (N=5)

Figure 30 — Dorsal depigmentation measurements for after adoptive transfer of h3T-
Tregs and polyclonal Tregs along with untreated control mice

No significant delay in depigmentation was observed between polyclonal Tregs
and untreated groups, whereas antigen-specific h3T-Tregs significantly halt
depigmentation compered to untreated group (p=0.0143).
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In contrast to dorsal side, ventral depigmentation was not provided significance
among groups. Similar trend was noticed between h3T-Treg and polyclonal Treg
treated group with a delay in depigmentation in the first four weeks of the treatment
compared to the control group (Figure 31).

Ventral

Fold Change in Depigmentation

o I I I I 1
9 11 13 15 17 19

Weeks (age)

- Untreated (N=5)
= Polyclonal Tregs (N=5)
-+ Ag-specific h3T Tregs (N=5)

Figure 31 — Ventral depigmentation measurements for after adoptive transfer of h3T-
Tregs and polyclonal Tregs along with untreated control mice

The representative scan images for antigen-specific h3T-Treg and polyclonal
Tregs along with untreated groups are shown in the Figure 32 for dorsal side and Figure
33 for ventral side, respectively. Four sets of time period scan images were represented
from week 9, 12, 15, and 18.
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Week 9

Week 12

Week 15

Week 18

HBSS - Untreated (n=4) Polyclonal Tregs (n=5) h3T-Tregs (n=4)

Figure 32 — Images from dorsal part of the mice scanned using from a flat-bed
scanning

75



Week 5

Week 12 Week 8

Week 15

HBSS - Untreated (n=4) Polyclonal Tregs (n=5) h3T-Tregs (n=4)

Figure 33 — Images from ventral part of the mice scanned using from a flat-bed
scanning
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Although engineered TCR transgenic Tregs can be generated using viral
constructs with high efficiency, these TCR-Tregs are limited by MHC-restriction, not
allowing all patients to benefit from the same therapy [100, p. 346]. Tregs transduced
with genes encoding CAR will overcome this MHC-dependency. Instead of employing
a (lower affinity) TCR, these CAR constructs are instead made of a single-chain
variable fragment, scFv - the binding portion of a monoclonal antibody, followed by
an extracellular hinge, a transmembrane region, and intracellular signaling domains.
Resulting CAR-Tregs can be obtained by fusing the variable domains of an antibody
to the signaling portion of a TCR, enforced with domains from costimulatory
molecules to further enhance T cell function. In CAR-T cell therapy, optimizing and
selecting the correct CAR affinity and intracellular signaling domains is crucial for the
resulting therapeutic activity and cellular persistence of the regulatory T cells. Since
CARs are constructed using antibody variable regions, they hold higher affinity to their
cognate antigen compared to TCRs. Therefore, using CAR based Tregs over TCR
transgenic Tregs are favored due to the MHC-independency and a higher affinity to a
cognate antigen. After the evaluation of advantages and drawbacks of both TCR- and
CAR-based methods of generating antigen-specific Tregs, CAR-based Tregs were
chosen due to abovementioned properties of this technology.

3.3.2 Evaluation of suppressive capacity of antigen-specific CAR Tregs in h3TA2
mouse model

The generation of antigen-specific CAR Tregs for vitiligo firstly required to
identify a target antigen of this skin condition. After the identification of the target
antigen, the sufficient number of Tregs for adoptive transfer has to be generated and
expanded ex-vivo due to the low percentage of Tregs among total T cell population.
Subsequently, antigen encoding CAR construct is necessary to generate virus for
transduction of Tregs to obtain antigen-specific Tregs. These transduced antigen-
specific CAR Tregs, then, can be tested in vitro and in vivo for immunosuppressive
capacity to prevent autoimmunity towards melanocytes. The descriptive details and
results of each steps of antigen-specific CAR Treg preparation and their suppressive
activity are described in this part of the dissertation.

3.3.2.1 Ganglioside D3 (GD3) is a target antigen, expressed on perilesional
epithelial cells including stressed melanocytes in vitiligo, both in human/mouse skin

A surface expression of GD3 was first reported as melanoma associated antigen,
and this molecule was also expressed in human melanocytes. Otake et al. with
colleagues reported that increased GD3 expression is associated with enhanced
melanocyte migration [172, 173]. In vitiligo, the overexpression of O-acetylated GD3
is reported in the skin with disease progression [108; 174, p. 742]. This provide a
prompt to assess the GD3 expression in perilesional skin of the vitiligo skin. In Figure
34A, the marked expression of GD3 was detected in human skin derived from
perilesional skin of vitiligo. No presence of melanocytes were observed from the
border of the skin biopsy section, shown in Figure 34B. Epidermal GD3 expression
was not detected in the skin from healthy control skin (Figure 34C), while melanocytes
are readily observed in healthy skin (Figure 34D). Similarly, when mouse skin of
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h3TA2 mice was evaluated, GD3 expression was also detected (Figure 34E). This
detection of GD3 in skin, and particularly in melanocytes prompted us to target this
antigen with a hypothesis to test using the concept of CAR T cell therapy. In the case
of autoimmune conditions, Tregs are known to suppress autoimmune response and
assessment of antigen-specific Tregs to augment prolonged effect of the treatment for
vitiligo [140, p. 5].

A ~ GD3/Nuclei (Hematoxylin)

pr

GD3/Nuclei (DAPI)

Vitiligo human skin
Depigmenting mouse skin m

Healthy human skin

.;\\ “ 2 | B _—
v R P

Figure 34 — Ganglioside D3 is expressed both in human and mouse skin with
progressing depigmentation. (A) GD3 expression and (B) an absence of melanocytes,
as illustrated by no detection of TRP-1+ staining, were observed in depigmenting
human vitiligo skin. (C) Limited GD3 expression and (D) abundant TRP-1
expression are presented in healthy control human skin. (E) In vitiligo-prone mouse
skin, GD3 expressing cells were detected in hair follicles and in proximity to the
epidermis. Representative image from of GD3 expressing cells is depicted in red with
nuclei in blue (Scale bar = 50um) [140, p. 5]

3.3.2.2 Naive CD4" polarized in the presence of TGF-P to obtain high numbers
of CD4'FoxP3" Tregs

Adoptive cell transfer requires a high number of Tregs with a stable phenotype.
The normal percentage of Tregs varies between 2-5% of total T cells in peripheral
blood, and this is not sufficient for a single adoptive cell transfer. In addition to this
hurdle, the plasticity of Tregs is another major concern to maintain in ex vivo culture.
Previous studies reported the possibility to polarize naive CD4" T cells into
CD4'FoxP3" Tregs to obtain a sufficient initial numbers with more stable phenotype
in the presence of TGF-f. It is essential to maintain the stable phenotype of Tregs as
they might convert to effector type, which is highly not desired. To maintain the
phenotype in check, these polarized has to be characterized at every phase of cell
preparation. The intermediate polarization has been shown in Figure 35, which
is evaluated using flow cytometry [140, p. 5].
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Naive CD4" T cells have been chosen as they highly proliferate and less
differentiated. In the study, these CD4" T cells were partially polarized to highly
FoxP3" expressing Tregs with 51.6% efficiency in 5 days in culture. Further, the
presence of TGF-B is maintained to keep the Treg phenotype and increase the
percentage of highly expressing FoxP3" Tregs. Only small number of Treg phenotype
1s sufficient to show the suppressive activity, which is due to the cell-to-cell contact or
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Figure 35 — Polarization of naive CD4" T cells into CD4"FoxP3" Tregs in the

presence of TGF-f3
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3.3.2.3 High viral transduction of Tregs with GD3-encoded CAR construct

To generate antigen-specific Tregs, FoxP3"CD4" T cells were polarized from
CD4" T cells, and followed by transduction with GD3-reactive CAR construct (Figure
36). In the study, approximately 1.5x10°naive CD4" T cells were isolated from 3x108
splenocytes, cultured in presence of TGF-, and successfully polarized and expanded
to approximately 1.6x107 Tregs per spleen of the donor mouse. Next, TGF-B-polarized
FoxP3"CD4" T cells were transduced using retroviruses, and GD3 CAR expression
was assessed using flow cytometry shown in Figure 37. The flow cytometry results are
shown in in Figure 37A, with the transduction efficiency of 86.7% from total CD4" T
cells to express GD3 CAR (Figure 37B). After further amplification, 64+3.5% among
the transduced cells were FoxP3" expressing Tregs (Figure 37C). From the initial
transduced 4x10° FoxP3" Tregs, 2.1x10” were GD3 CAR-expressing, FoxP3" Tregs.
The CAR transduced with high efficiency of transduction were further planned to be
tested in vitro to test their immunosuppressive capacity. FoxP3 expression directly
correlates with suppression capacity and phenotype stability of Tregs [140, p. 6].
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To maintain and promote FoxP3 expression in vitro conditions, TGF-f was also added
during the transduction period. Similar clinical studies provided the expansion
protocols of Tregs ex vivo with high stable Treg phenotype. An example of Treg
expansion was during the first clinical trial for GvHD, where freshly isolated Tregs
have been used to achieve large numbers for clinical administration [175-177]. Fraser
et al. prepared polyclonal Tregs for clinical trials ex vivo with a 300-fold expansion in
36 days using anti-CD3/CD28 coated activator beads in the presence of high dose IL-
2 [178]. To maintain the higher stability of Tregs, some clinical protocols involve using
Rapamycin. Besides, rapamycin blocks AKT-mTOR-SMAD3 signaling that favors
FOXP3 upregulation [179], and confers a higher stability and suppression ability for
the expanded Tregs. In the presence of rapamycin, Tregs from T1D patients and
patients with cirrhosis recover their suppressive capacity during the expansion [180-
182]. Levental’s group developed a Treg expansion protocol using TGF- together
with rapamycin and IL-2, and these expanded Tregs demonstrated higher suppression
compared to the use of rapamycin alone [183]. Putnam et al. developed a preclinical
protocol to generate antigen-specific Tregs from co-culture with CD40-activated
allogeneic B-cells or donor-derived DCs in the presence of IL-2. These antigen-
specific Tregs have been shown enhanced suppression for alloimmune responses in
vitro and in vivo compared to the polyclonally expanded Tregs [184]. The
abovementioned examples of clinical trials support the need for already approved
conditions to better maintain the Treg stability ex vivo and their sufficient proliferation.

3.3.2.4 GD3-specific CAR Tregs secrete a higher immunosuppressive cytokine

To test the suppressive activity of generated GD3-specific CAR Tregs, HEK293
transduced to express GD synthase (SIAT8 enzyme) was used as a target cells along
with HEK293 cells as a control. The aim of in vitro assay was to evaluate whether
GD3-specific CAR Tregs recognize its antigen, and to show the difference in
production of suppressive cytokines. For a control, untransduced Tregs were used to
compare the efficiency of GD3-specific CAR Tregs. The results demonstrated a
significance 2.5-fold increase in mouse IL-10 production from GD3-specific CAR
Tregs compared to untransduced Tregs (p<0.05) over 24 hour incubation shown in
Figure 38. This results indicate that GD3-specific CAR Tregs recognized its antigen
on target cells, and subsequently become activated and produce substantially higher
amount of suppressive cytokine, IL-10, which plays an important role in
immunosuppression. The results were obtained from ELISA tests which was
performed using the media where co-culture of Tregs with target cells.

This generated results provided an insight that these GD3-specific CAR Tregs are
functional and stable, which provided a promising results in vitro regarding the
antigen-specific immunosuppression of Tregs. These observations prompted us to
continue for further evaluation using different assays. HLA-A2 positive melanocytes
can present antigens to effector cells (h3T cytotoxic T cells towards melanocytes), and
it has been thought that human melanocytes with this haplotype, would be an ideal
candidate as target cells to test the activity of GD3-specific CAR Tregs in vitro.
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GD3 CAR transduced Tregs showed 250% increase in IL-
10 expression compared to untransduced Tregs in response
to GD3 synthase (SIAT8) expressing target cells.

Figure 38 — In vitro suppression assay to check the suppressive activity of CAR Tregs and untransduced Tregs in the presence of
GD3 synthase (SIATS) expressing target cells. IL-10 expression was evaluated using ELISA assay
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3.3.2.5 GD3-specific CAR Tregs provides enhanced protection towards
melanocytes in vitro

Cytokine panel relevant to immune activation or immunosuppression was
performed to measure the level of IFN-y, TNF-a, IL-4 and IL-10 from in vitro culture
of GD3 CAR Tregs or untransduced Tregs with tyrosinase-reactive h3T effector T cells
(Teffs) and their HLA-matched targets (1:10:1), measuring concentrations 42 hours
after cells were combined in culture in presence of IL-2 (Figure 39). These effector T
cells were designed to recognize human HLA-A2-matched melanocytes [55]. The
production of IFN-y showed no difference among groups, suggesting that the presence
of Tregs had a little influence on the production of this cytokine at this Treg to Teff
ratio (Figure 39A). In combinations with GD3 CAR Tregs, production of TNF-a
(Figure 39B, p=0.0005), IL-4 (Figure 39C, p=0.03), and IL-10 (Figure 39D, p=0.0005)
was significantly increased, while overall IL-4 production remained consistently low.
Importantly, the production of IL-10 regulatory cytokine was observed only in
presence of cytotoxic T cells and HLA-matched human melanocytes. Taken together,
antigen-specific Tregs provided enhanced immunosuppressive ability in the presence
of activated Teffs. Next, melanocyte viability was evaluated in the presence of Teffs
and Tregs, and whether this cytokine environment might translate to the better antigen-
specific protection [140, p. 7].

Tregs elicit suppressive activity via cytokines, by cell-to-cell contact or through
bystander effects [185]. To measure the suppressive activity of both untransduced and
GD3 CAR Tregs, co-culture of targets, effector T cells, and Tregs were set up for 36
hrs in vitro. In figure 40A, the viability of targeted HLA-A2" human melanocytes was
evaluated in the presence of target cells, effector T cells and Tregs with the ratio of
1:10:1. The target cells alone were increased slightly over time, whereas 82.2%
cytotoxicity (p<0.0001) was observed when co-cultured with effector T cells after 36
hours. Untransduced Tregs provided 35.8% (p=0.02) protection from cytotoxic T cells
over time. A two-way ANOVA was performed with aligned rank transformation using
R-software, and pairwise post-hoc multiple comparison testing according to Tukey to
determine that in presence of CAR Tregs, cytotoxicity towards melanocytes was 62.0%
prevented (p=0.0004). Representative images for each combination of cells including
targets alone (Figure 40B), targets and Teff (Figure 40C), and the latter combination
in presence of untransduced Tregs (Figure 40D) or CAR Tregs (Figure 40E) at different
time points likewise reveal most inhibition of cytotoxicity in a combination that
includes GD3 CAR Tregs [140, p. 7].

Thus, results from melanocyte viability assay, it can be observed that both
untransduced Tregs and GD3 CAR Tregs provide a significant protection. Importantly,
GD3 CAR Tregs provided a significant protection compared to untransduced Tregs
(p=0.04), eliciting the added benefit of the antigen specificity to enhance
immunosuppression. These findings also may suggest that GD3 CAR Tregs remained
for longer term in the skin via being activated by GD3 surface antigen on perilesional
epithelial cells including melanocytes, and the presence of melanocytes after adoptive
transfer of CAR Tregs suggests that antigen-specific suppression of cytotoxic T cells
occurred and melanocytes survived. Thus, we next evaluated the therapeutic effects of
GD3 CAR Tregs in vivo [140, p. 7].
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Figure 39 — GD3 CAR Tregs produce immunosuppressive cytokines in presence of activated T cells. Supernatants from
cocultures of melanocytes, Teffs, and in presence and absence of untransduced or CAR-transduced Tregs were subjected to
cytokine measurement. Cytokine levels are presented for (A) IFN-y, (B) TNF-a, (C) IL-4, and (D) IL-10. Statistical analysis was
performed by a one-way ANOVA test followed by Tukey’s post-hoc test for multiple comparisons. *p<0.05; **p<0.01;
*Hxp<0.001; ****p<0.0001 [140, p. 8]
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3.3.2.6 GD3-specific CAR Tregs enhance immunosuppression in h3TA2 mice

After the promising results in vitro, GD3-specific CAR Tregs are tested in vivo in
vitiligo prone h3TA2 transgenic mice. This animal model elicits the progressive
vitiligo starting at early age with rapid depigmentation over time. It was previously
reported that single adoptive transfer of polyclonal Tregs control depigmentation in
vitiligo-prone h3TA2 transgenic mice at early age (3 weeks to 9 weeks). Transgenic T
cells reactive to human tyrosinase (h3T T cells) aggressively destroy melanocytes in
the skin of this mouse model starting from early age. Treating with polyclonal Tregs
controlled the depigmentation during 6-week observation period, and h3T T cell
number remained unchanged suggesting that the only presence of transferred Tregs
prevented the progression of the disease [127, p. 1290].

The suppressive activity of GD3 CAR Tregs was evaluated in vitiligo-prone
h3TA2 mouse model. The depigmentation was measured starting from 5 weeks of age.
In this animal mode, depigmentation progresses at early age, and display half-
maximum of the depigmentation approximately at 23 weeks [186]. The experimental
outline for adoptive transfer of untransduced Tregs, GD3 CAR Tregs or vehicle control
is shown in Figure 41A. The retro-orbital injection was performed once every two
weeks from week 5 to week 11. Images from ventral and dorsal side of mouse from
experimental groups of untransduced Tregs, GD3 CAR Tregs, or vehicle control are
presented in Figure 41B. To determine significance, the Wilcoxon rank sum (WRS)
test was applied to compare the time-adjusted area under the curve (AUC) among
groups in the experiment. The depigmentation outcomes for both vehicle and
untransduced Treg control groups did not differ during and after the experiment (dorsal
p=0.97, ventral p=0.88). Therefore, the vehicle and untransduced Treg groups were
merged, and compared to the GD3 CAR Treg-treated group. In a one-sided t-
approximation for the WRS test, the AUC for dorsal depigmentation dropped by 73.0%
(p=0.028) for CAR Treg treated mice (n=11) for the 15-week observation period.
When compared, ventral depigmentation progressed more rapidly and was evaluated
separately. In this experiment, GD3 CAR Treg received mice (n=11) showed a
significantly delayed depigmentation over the follow-up period (Figure 41C) resulting
in a 60.5% reduction in the AUC (p=0.006) (Figure 41D). In Figures 42 and 43,
individual scanned images were shown for both dorsal and ventral side of mice from
HBSS, Treg and CAR Treg treated groups, and their depigmentation values are
presented in Figure 44 [140, p. 8].

The enhanced protection from autoimmune depigmentation might be via
expression of target, GD3 antigen in lesional skin, and the presence of activated
effector T cells on site. To evaluate this, serum cytokine profile content was measured
for IFN-y, TNF-a, IL-4 and IL-10 from serum samples of mice received vehicle alone
(n=11), untransduced Tregs (n=10), or GD3 CAR Tregs (n=9). Results showed that the
levels of cytokines were remarkably consistent among the groups at end point shown
in Figure 45. These results from cytokine levels in serum samples support the concept,
in which, Tregs, including CAR Tregs, may be preferentially activated on site in areas
of immune activity. No adverse events were observed in the course of the experiment
by any groups. At the termination of the experiment, no abnormalities were found
during internal organ examination from any groups. Next, it was probed whether
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reduced depigmentation was accompanied by a sustained presence of melanocytes and
changes in T cell populations [140, p. 8].
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Figure 41 — Antlgen spec1ﬁc GD3 CAR Tregs elicit significant protection from
depigmentation in h3TA2 vitiligo mouse model. (A) Adoptive transfer scheme for
recipient h3T-A2 mice administered with vehicle alone (n=12), or untransduced
Tregs (n=11) or GD3 CAR Tregs (n=11). Adoptive transfer of Tregs initiated at 5
weeks of age and continued biweekly until 11 weeks of age. Mouse skin was scanned
for depigmentation weekly from 5-15 weeks of age. (B) Representative scan images
from dorsal and ventral side from the HBSS vehicle, untransduced Treg, and GD3
CAR Treg treated mice groups. (C) Depigmentation quantified on dorsal and (D)
ventral sides throughout the experiment. The Wilcoxon rank sum (WRS) test was
used to compare the time-adjusted AUC among groups. Arrows: treatment times.
*p<0.05; **p<0.01 [140, p. 9]
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Figure 42 — Adoptive transfer of CAR Tregs control depigmentation in h3TA2 mice (Dorsal)
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Figure 43 — Adoptive transfer of CAR Tregs control depigmentation in h3TA2 mice (Ventral)
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Figure 44 — “Individual mouse depigmentation values over time support the treatment effects of CAR Tregs. Dorsal
depigmentation, represented as the change from baseline over time, is shown for each individual mouse from the (A) vehicle
treated (n=12), (B) untransduced Treg (n=11), and (C) GD3 CAR Treg (n=11) treated groups. Respective ventral depigmentation
values for (D) vehicle, (E ) untransduced Tregs and (F) CAR Treg are also presented” [140, p. S1]
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Figure 45 — “No differences in relevant cytokine titers were observed in serum from
experimental animals. Detection of (A) IFN-y, (B) TNF-q, (C) IL-4 and (D) IL-10
in serum harvested at 15 weeks of age from vehicle treated (n=11), untransduced
Treg treated (n=10), and GD3 CAR Treg treated (n=9), vitiligo-prone mice. Murine
cytokine levels were unchanged between groups with p< 0.05 by one-way ANOVA
followed by a Tukey post-test to correct for multiple comparisons™ [140, p. S2]
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3.3.2.7 Increased number of GD3-specific CAR Tregs in the spleen

The confirmatory examination of GD3-specific CAR Tregs/or polyclonal Tregs
was performed using immunofluorescence staining in the spleen tissues derived from
adoptively transferred recipient mice. The results showed that GD3-specific Tregs
persistently remained for in the spleen after injection (Figure 46). This indicates that
antigen-specific Tregs might longer circulate in the presence of a cognate antigen
compared to polyclonal Tregs.

HBSS Tregs GD3 CAR Tregs
g -

CD3 - FITC
GD3 CAR - TRITC
DAPI

Figure 46 — Immunofluorescence staining of GD3-specific CAR Tregs/or polyclonal
Tregs in the spleen tissues of adoptively transferred recipient mice (Scale bar =20um)

3.3.2.8 Melanocytes are protected in the presence of GD3-specific CAR Tregs

Melanocyte presence was evaluated on dorsal skin of experimental mice. To
detect melanocytes, antibodies to TRP-1 was used, and outcome is presented in Figure
47. The quantification of melanocytes is shown Figure 47. Complete loss of
melanocytes were observed on skin biopsies from vehicle treated mice (n=3 per group)
Only a few remaining melanocytes were detected from the skin of untransduced Treg
treated mice (n=3 per group). A greater abundance of melanocytes were observed in
GD3 CAR Treated mouse group. One-way ANOVA was performed followed by
Tukey’s post-hoc test to show the difference, and GD3 CAR Treg received mice skin
contained a significantly greater number of melanocytes when compared to mice
treated with untransduced Tregs (p=0.025), and to vehicle treated controls (p=0.006).
Representative skin images from TRP-1 staining are shown for vehicle, untransduced
Treg, and CAR Treg-treated mice in Figures 47B-D, and overlaid with 4',6-diamidine-
2'-phenylindole dihydrochloride (DAPI) nuclear staining in Figures 47E-G,
respectively. Similar results were observed from evaluation of GD3 expression on the
skin samples. GD3 expressing cells were quantified, and skin samples of CAR Tregs
infused groups revealed significantly more GD3 expressing cells than the vehicle
HBSS-treated mice (p=0.003) or mice transfused with untransduced Treg (p=0.003)
(Figure 48). This staining results supports the concept that GD3 expressing cells were
undergone less cytotoxicity compared to in vehicle or polyclonal Treg received mice.
This confirmatory staining for melanocyte mainly corresponds with in vivo data
presented in Figure 47, suggesting the enhanced suppressive ability of CAR Tregs.
Next, Treg infiltration was evaluated from the skin samples of each treatment groups
to explain the melanocyte maintenance [140, p. 9].
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Figure 47 — “GD3 reactive CAR Tregs provides protection towards melanocytes from T-cell mediated cytotoxicity. Mouse skin
was stained for melanocytes using antibodies to TRP-1. (A) Quantification of melanocytes, as well as accompanying

representative images of TRP-1 staining from (B) HBSS vehicle, (C) untransduced Tregs, and (D) GD3 CAR Tregs treated mice
(n=3 per group), with (E-G) the respective overlay including DAPI nuclear staining in blue is shown. Quantification of skin

staining = SD (n=3 per group) for (N) T cells and (O) Tregs are shown, respectively. Statistical analysis was performed by non-
parametric t tests. *p<<0.05, **p<0.001 (Scale bar = 20um)” [140, p. 9]
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Figure 48 — “Treg transfusion helps maintain GD3 expressing cells in h3T-A2
vitiligo mouse skin. Quantification of GD3 expressing cells from h3T-A2 mouse skin
at end point (mean = SD) is compared across recipients of vehicle treatment, adoptive

transfer by untransduced Tregs, or by GD3 CAR Tregs (n=3 per group). Statistical
significance was determined by one-way ANOVA followed by a Tukey post-test to
correct for multiple comparisons *p< 0.05; **p <0.01” [140, p. S3]

3.3.2.9 GD3-specific CAR Tregs gravitate towards GD3 expressing cells in the
skin

To understand the correlation between melanocyte survival and Treg activity, T
infiltration was evaluated in the skin samples from each group. T cells were stained
with antibodies to CD3¢", and Tregs were identified as CD3¢" FoxP3". Representative
images from mouse skin from each group is presented in Figure 49. Stained Tregs were
shown in Figures 49A-C for vehicle (HBSS), untransduced, and GD3 CAR Tregs,
respectively, and overlaid with DAPI nuclear staining in Figures 49D-F. The
quantification of CD3¢" cell and CD3¢"/FoxP3" Treg were performed as mean + SD
(at n=3 per group) for each treatment group. The average number of infiltrating CD3¢"
T cells at end point was 2.3-fold greater (p=0.02) in the control groups as compared to
the GD3 CAR Treg received group (Figure 49G), when a one-way ANOVA followed
by Tukey’s post-hoc test was performed. CD3"FoxP3" Tregs were only observed in
skin samples of GD3 CAR Treg treated, whereas no (remaining) CD3"FoxP3" Tregs
were detected in either control group 10 weeks after adoptive transfer (Figure 49H).
GITR-expression was evaluated for Treg numbers at the end point, and an significant
increase in Treg numbers was again observed in skin from CAR Treg treated mice
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compared to those treated with untransduced Tregs (p=0.0059) or vehicle alone
(p=0.0089). However no difference was observed in abundance of proliferating
GITR'Ki67" cells across the treatment groups. This suggest that differences in Treg
numbers may instead be defined by increased influx or decreased efflux of Tregs from
the skin in GD3 CAR Treg treated mice (Figure 50). Nevertheless, the increased
numbers of Tregs in GD3 CAR Treg treated group at end point might explain the
enhanced suppressive activity by GD3 CAR Tregs and suggests that maintenance of a
Treg presence on site is supported by local antigen recognition. In summary, the data
show that antigen specificity prolonged the suppressive activity of
adoptively transferred Tregs [140, p. 9].
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Figure 49 — “Mouse skin tissues were evaluated for T cell infiltration using
antibodies to CD3¢ and FoxP3, and examples of staining in skin from (A) vehicle
control, (B) untransduced Tregs, and (C) GD3 CAR Tregs administered mice are
shown. Representative samples were used to quantify CD3¢" T cells (red), FoxP3™"

cells (green), and double positive Tregs; (D-F) respective overlays with DAPI (blue)
are also shown. Quantification of skin staining = SD (n=3 per group) for (G) T cells
and (H) Tregs are shown, respectively. Statistical analysis was performed by non-
parametric t tests. *p<0.05, **p<0.001 (Scale bar = 20um)” [140, p. 9]
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Figure 50 — “Proliferation of GITR" Tregs is not increased in the skin of CAR Treg
recipient mice at 15 weeks. Cells expressing Ki67 (green) and GITR (red) in the skin
of vitiligo-prone h3T-A2 mice were quantified at 15 weeks of age (mean + SD) and
compared among recipients of vehicle treatment, of untransduced Tregs, or of GD3
CAR Tregs (n=5 skin samples per group). Statistical significance was determined by
one-way ANOVA followed by a Tukey post-test to correct for multiple comparisons.
*p<0.05; **p <0.01 (Scale bar = 50um)” [140, p. S4]

3.3.2.10 Summary of GD3-specific CAR Tregs for vitiligo immunotherapy

Here in this study, therapeutic potential of antigen-specific GD3 CAR Tregs was
described to provide immune tolerance towards melanocytes in vitiligo. When
compared to traditional immunosuppressive steroids, biologics, and antimetabolites,
Tregs can elicit complex effect on providing immune tolerance in several autoimmune
diseases [126, p. 751] . Many studies have already evaluated polyclonal
CD4"CD25"FoxP3" Tregs to restore immune tolerance in animal models, including
vitiligo [127]. Bluestone group has established a robust protocol to purify Tregs with
high efficiency (>90%). Further, ex vivo amplification protocol has been developed to
obtain 3x10° Tregs from a peripheral blood of a single donor as described here [187].
A few phase I clinical trials have been established to efficiently isolate and expand
Tregs to perform Tregs immunotherapy in various autoimmune diseases [102, 188-
190, p. 315]. However, polyclonal Treg infusion is not shown to be efficient yet [140,
p. 10].

The studies reported a conflicting results in numbers of Tregs in vitiligo. While
several reported no significant differences in circulating Treg numbers [53, 191], some
showed a great difference in Treg numbers in peripheral blood of vitiligo patient and
healthy donors [149, p. 589; 192]. However, recent studies showed a local deficiency
of cutaneous Tregs in vitiligo, which support the loss of the peripheral immune
tolerance [12, p. 489; 53, p. 283; 191, p. 134].

Infusion of islet-specific Tregs showed a greater efficiency compared to

97



polyclonal Tregs in type 1 diabetes progression [126, p. 162; 193; 194]. Unfortunately,
pancreas is nearly complete when patients with type I diabetes are diagnosed, and
adoptive transfer of Tregs might not be beneficial for this condition. However, other
autoimmune diseases, in which the number of autoimmune destructed target cells can
still be renewable, can benefit from the infusion of the antigen-specific Tregs. Many
preclinical studies demonstrated a greater efficiency of antigen-specific Tregs in organ
transplantation [85, p. 1691; 195-197].

In vitiligo-prone mouse, cytotoxic T effector cells are continuously reacting to
melanosomal antigens and destroying melanocytes, which describes the diseases
progression. Adoptive transfer of the Tregs control autoimmune depigmentation for
the duration of treatment, and when infusion is halted, the disease can progress again.
This suggests that adoptive transfer of Tregs are most efficient when administered
during the active phase of vitiligo. In contract to continuous depigmentation in mice,
human patients experience progressive disease periods with periods of inactivity that
provide an opportunity to differentiate and regenerate melanocytes from stem cells.
Wen treated with JAK inhibitors, effector T cells can be suppressed if combined with
UV light therapy [198]. Intermittent infusion Tregs will be beneficial when active
progression occurred in vitiligo, thus cryopreservation of the engineered GD3 CAR
Tregs is needed for later use [140, p. 10; 199].

Antigen-specific Tregs by their virtue can provide a greater efficiency with more
favorable safety profiles to prevent generic immunosuppression. This claim can be
supported by increased IL-10 production in in vitro when combined with target cells
and effector cells describe in this dissertation. IL-10 production is significantly
increased when second generation CARs with a 28 costimulatory domain is used to
engineer Tregs [200], and similar results were observed in this study shown here. Thus,
using antigen-specific Tregs based on TCR and CAR transduction might potent
treatment option in vitiligo [8]. It was observed that TNF-a was significantly increased
in both in in vitro culture and in mouse serum. Nevertheless, it was previously shown
that TNF-a knock out was not associated with the development of vitiligo. Moreover,
no difference in depigmentation was observed in comparison to wild type h3TA2 mice
[127, p.1290; 140, p. 10].

It was investigated whether antigen-specific Tregs hold superior efficacy in
autoimmune vitiligo. Having a complex etiology [114, p. 651], vitiligo is presented
with melanocyte loss, and prevention of autoimmunity is a need real need for a new
treatment strategies. TCR- and CAR-transduced Tregs differs in terms of mechanistic
and functional properties. TCR Tregs can be activated with low-antigen expression,
while CAR Tregs require high density of antigens [201, 202]. This suggests choosing
the right approach of using TCRs or CARs could be decided on the level expression of
antigen on target cells or tissue. Main advantages of the CAR Tregs are to not being
subjected to HLA restriction, and having a higher affinity for their targets moieties
[203]. Therefore, CAR-based antigen-specific Tregs can become a universal
application for all patients with vitiligo [140, p. 11].

In the course of this study, a potential target antigen was identified for vitiligo. In
vitiligo-prone mice, engineered GD3 CAR Tregs protect melanocytes cytotoxic,
melanocyte-specific T cells that expresses a human TCR and matched human MHC.
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Thus, these transgenic T cells are capable of responding to human melanocytes.
Importantly, target antigen does not required to be expressed by target cells spared in
the response themselves [204].

After post-examination of mice, all internal organs were observed with no side
effects. This suggests that infusion of the GD3 CAR Tregs were safe, and major
concerns such as cytokine release syndrome (CRS) or neurotoxicity were not found in
these experimental mice [205]. CRS is more likely to occur when applied for liquid
tumors than in solid tumors [206]. To prevent any potential side effects, a caspase-
based suicide gene was incorporated construct to inactivate the GD3 CAR Tregs when
needed in vivo [140, p. 11; 207, 208].

Intravenous administration of antigen-specific Tregs, and the migration of these
Tregs to the site of autoimmune inflammation can raise a possible concern in vitiligo
[194, p. 154]. Alternative option can be a local application of Tregs in the skin, or the
CCR4 Treg homing receptor ligand CCL22 can be introduced to attract systemically
applied Tregs [68, p. 1578]. This suits autoimmune skin diseases for using antigen
specific Tregs when relevant antigens can be identified. Besides, GD3 might support
keratinocyte proliferation as O-acetylated GD3 was overexpressed in skin with
psoriatic lesions [209, 210]. These mentioned findings suggest that GD3 CAR Tregs
might provide a local immune tolerance in the skin and might be applied in psoriasis
as well [140, p. 11].

In clinical trials, recently, only alloantigen-reactive Tregs are being evaluated for
organ transplantation purposes [194, p. 155]. In this dissertation, GD3 reactive CAR
Tregs generated and expanded in amounts sufficient for adoptive transfer in mice. The
same approach can be pursued in patients, and cryopreservation of these Tregs can
make it suitable for the future use [211-214]. To overcome the cost and time for the
preparation of Tregs for each infusion, off-the-shelf “Universal CAR Tregs” can be
developed. From the universal CAR Tregs, all patients can benefit, and require less
cost for the therapy [140, p. 11; 215]. In summary, the results provided in this
dissertation strongly support the application of antigen-specific CAR Tregs as a cell-
based immunotherapy for vitiligo, as they halt depigmentation and provide immune
tolerance in vitiligo.
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CONCLUSION

Vitiligo is a skin condition characterized by white milky patches due to the loss
of melanocytes. The etiology of the disease is still unknown, and effective treatment
options are not available at current time. The condition may cause psychological
distress, depression, and in some cultures stigmatization can also occur due to
misidentification as a contagious disease. Therefore, finding an effective cure for
vitiligo remains one of the main tasks in dermatology.

During this Ph.D research, it was observed that the proportion of CD39" and
CD44" was decreased in peripheral blood of vitiligo patients. Besides, CD39" and
CD44" FoxP3" Tregs are reduced in patients with vitiligo remission when compared to
healthy controls. These findings suggest that the decrease in number of this Treg
subpopulation might be associated with vitiligo development and progression.

Microbial diversity was first investigated after the administration of antibiotics
such as ampicillin and neomycin, and its effect on the development of vitiligo in an
experimental mouse model. It was found that ampicillin leads to increased
depigmentation, while neomycin inhibits the development of the disease by indirectly
affecting skin Treg infiltration.

Stress conditions have been associated with vitiligo development. Thus,
identification stress markers were crucial to develop a therapy for diseases. In case of
vitiligo, the overexpression of GD3 was firstly identified in the epithelial cells and
melanocytes, in both human and mice perilesional skin. Therefore, GD3 was
hypothesized as a target antigen for vitiligo. The dissertation also describes a method
for generating antigen-specific Tregs that carry CAR to the antigen expressed by
melanocytes, and investigated the effectiveness of the use of GD3-specific CAR-Tregs
for restoration of immune tolerance in vitro and in vivo. In particular, a transduction
method has been developed that provides Treg with high expression of CAR — specific
for GD3. Also, a new approach was developed and optimized for polarizing naive
CD4" T cells into CD4" FoxP3" Tregs and expanding the Treg pool in vitro while
maintaining their phenotype. For the first time, the GD3-encoded CAR construct was
used to produce highly transduced antigen-specific Tregs ex vivo using an optimized
transduction protocol using retroviruses. /n vitro studies have shown that the obtained
GD3-specific CAR Tregs have antigenic specificity and a high level of production of
the immunosuppressive cytokine IL-10. /n vitro melanocyte viability assay was also
conducted for the first time using a new live cell imaging system to evaluate the
immunosuppressive activity of GD3-specific CAR Tregs. Moreover, the introduction
of GD3-specific CAR Tregs into the co-culture of human melanocytes and
melanocyte-reactive cytotoxic T cells led to an increase in the level of viable
melanocytes. It was also found that GD3-specific CAR Tregs have greater
immunosuppressive activity against melanocyte-reactive cytotoxic T cells compared
to human polyclonal Tregs.

When studying the effectiveness of using GD3-specific CAR Tregs in vivo, it was
found that the adoptive transfer of the obtained Tregs to transgenic mice from vitiligo
provides a more effective restoration of immune tolerance in the lesions and a decrease
in the area of depigmentation. Compared to polyclonal Tregs, GD3-specific CAR
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Tregs have better melanocyte homing ability and greater immunosuppressive activity
in relation to proliferation of melanocyte-specific cytotoxic T cells.

The data obtained reveal the mechanisms of development of vitiligo and can be
used to create approaches to cell immunotherapy of vitiligo, based on the use of
antigen-specific Tregs.
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Appendix 1.

Attorney Docket No. 30938/2019-172P
NU Reference No. 2019-172-01

ASSIGNMENT

Application Serial No: 62/915,945 Filing Date: 10/16/2019
Inventors: Isabelle Caroline Le Poole, Zhussipbek Mukhatayev
Title of Patent Application: Materials and Methods for Treating Vitiligo

For good and valuable consideration, the receipt and sufficiency of which are hereby agreed, each of the
undersigned hereby assigns fo Northwestern University, an Illinois not-for-profit corporation, having a
place of business at 633 Clark Street, Evanston, Illinois 60208 and its successors and assigns
(“Assignee™) the entire right, title and interest in and to the inventions of such undersigned disclosed in
the application listed above, and in any and all other applications anywhere in the world which the
undersigned may file and/or be named as an inventor of. solely or jointly, on said inventions, in any and
all patents which may be obtained on any of said applications and in any and all reissues, reexaminations,
supplemental examinations, inter partes reviews, oppositions, post-grant reviews, supplementary
protection certificates and/or extensions thereof, including without limitation, the right to bring suit and to
claim and retain all damages and/or seek other remedies for the past, present and future infringement of
any of the foregoing, the right of priority. including without limitation to claim priority benefit of or to
said patent applications, and request the Commissioner for Patents in the United States and similar

authorities outside the United States fo issue said patents to and in the name of the Assignee.

Each of the undersigned states that the application listed above is or was made or authorized to be made
by him or her. Each of the undersigned believes himself or herself to be the original inventor or a joint
inventor with another undersigned of a claimed invention in the application listed above. Each of the
undersigned acknowledges that any willful false statement made by him or her in this paragraph is

punishable under 18 U.S.C. §1001 by fine or imprisonment of not more than five years, or both.

Except in favor of Assignee, each of the undersigned warrants that: (i) he or she is the owner of all its
rights, titles and interests herein assigned and has the right to make this unconditional and irrevocable
assignment to Assignee without obtaining any approval or permission of a third party; and (ii) there are no
outstanding encumbrances, liens, prior assignments, licenses, or other obligations or restrictions on the

rights, titles and interests herein assigned.

Upon the request of Assignee and at no expense to the undersigned. each of the undersigned hereby agrees
to execute any and all applications on said inventions, including without limitation for the reissue,

reexamination, supplementary protection certificate or extension thereof and any oath, declaration or
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affidavit relating thereto that said Assignee may deem necessary or expedient, and to cooperate to the best
of the ability of the undersigned with and perform any and all affirmative acts requested by Assignee to
prepare, file, prosecute, maintain, defend. enforce and vest in Assignee the rights, titles and interests
assigned herein, including without limitation, preparing and executing statements and giving and
producing evidence in support thereof, whereby said rights, titles and interests will be held and enjoyed by
said Assignee to the full end of the term for which said patents may be granted as fully and entirely as the
same would have been held and enjoyed by the undersigned if this assignment had not been made.

(continued on next page)
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