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Abstract

Atopic dermatitis (AD) is a chronic or acute inflammatory skin condition that
affects many children and adults and can be severe and debilitating. It is characterized by
itchy, dry, red, flaky skin and it is caused by several factors, including immune system
dysfunction. This study was focused on using suction blistering as a potential technique
that can identify differences between cell populations in samples from atopic dermatitis
patients. The goal of this study was to identify potential cell populations that trigger the
onset or indicate the activity of disease in patients. To identify specific cell populations
that produce inflammatory proteins and cytokines in AD, flow cytometry was performed
on blister biopsy samples from patients and healthy volunteers. Cell populations from
blood, lesional and non-lesional sites of each atopic dermatitis patient and healthy
controls were different in number, phenotype and distribution. Specifically, we identified
CD4 and CD8 T cells (and their ratio change), Langerhans cells, and natural killer cells in
blister fluid as potential drivers of AD immunopathogenesis. A potential application of
these findings is finding new treatments for AD patients by specifically targeting these

immune cells.
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Chapter |

Introduction

Atopic dermatitis (AD) is a chronic inflammatory skin condition, also known as
eczema. This inflammation of the skin, which is both common and complex, can be
found worldwide and it has become more frequent in the past few decades. AD is
characterized by red, unhealthy, flaky, skin. AD is itchy, and patient scratching further
exacerbates disease. It is known to be the most common inflammatory skin disease in
both adults and children (Burner et al., 2017). Much of the research to date was focused
on the epidermis of the patients with AD and in its characteristics. Epithelial cells called
keratinocytes form the outer layer of the skin. Keratinocytes can be activated to produce
cytokines by different factors, in order to induce inflammatory responses. Skin barrier
breakage and deregulated cytokine production are known to be involved in the
pathophysiology of AD (Pastore et al., 2001), even though the real onset of the disease is

still a mystery.

Over the last decade, many promising developments in the field have led to a
better understanding of pathogenesis and identification of treatment options (Kusari et al.,
2019). The incidence of AD in children is about 20%, and adults 10% (Fabbrocini et al.,
2018). Worldwide evidence of the disease has shown that AD has been increasing in the
past 30 years (Weidinger 2015), which makes it more urgent to find a treatment.

Developed countries count an increase of about 10-20% of AD cases each year. Even
1



though AD shows its first symptoms in the first years of life, it can start at any age
(Weidinger & Novak, 2015). Different races have different prevalence of the disease,
such as the Africa and Oceania areas have higher rates compared to India and Europe. In
the United States, AD is more common in African Americans than in European
Americans (Brunner et al, 2018), and Asian patients are described as more affected by
AD than Europeans based on the number of cases per year. Overall, it is observed that
AD is highly prevalent in people with skin color who are more resistant to treatments, as

well.

Some AD patients have a mixture diagnosis of AD and psoriasis, as well as other
diseases such as asthma and allergies, driven by the increase in the number of T helper
cell populations (Guttman-Yaskey & Kreuger, 2017). All these diseases are related to
dysregulation of the immune system, and psoriasis and AD also involve breakage of the
skin barrier. Despite these similarities, these two diseases are also very different: when
looking into the specific cytokines responsible for each, which emphasizes the
importance of finding the right biomarkers specific for each disease. AD patients that
have other immune diseases often experience worse symptoms or prolonged recovery

times.

The main goal of this study was to test suction blistering technique on AD
samples, as well as to identify potential immune cell populations that drive pathogenesis
of the disease. This study was focused on the regulation of cell populations in patients
with AD compared to healthy individuals by analyzing the samples taken from blood, and
blister fluid from skin samples. Previous studies have identified some main cell

populations of interest in AD including keratinocytes, T cell populations, mast cells, and



eosinophils (Avena-Woods, 2017). Based on previous literature and studies, | chose to
focus on T helper versus T cytotoxic cells, Langerhans cells, natural killer cells and
dendritic cell populations in the skin and blood of AD patients, as the cells of interest

related to this disease.

Symptoms and Diagnoses of AD

Atopic dermatitis is generally resolved before adolescence, but in some cases, it
persists or starts in adulthood (Kusari et. al., 2019). Rarely, AD is also known to last for
the entire life, making it an uncomfortable and ethical issue for the patient (Weidinger,
2015). In most cases (80%) the disease is mild, but it can worsen with time. The most
common symptoms of the disease are skin rashes, flakiness, peeling, dryness, redness,
and skin bumps (Eichenfield et al., 2013). Symptoms usually appear in the arms and
knees in adults, as well as other parts of the bodies, while in children and infants, the
most affected areas are the face and head. The diagnosis of AD is clinical in adults and
often self-diagnosable (Olesen et al, 2001). It is determined by the common scores of
erythema, which consists of Eczema Area and Severity Index. Clinical scoring is made
by SCORAD, which is the index of scoring AD, found by the European Taskforce on
AD, as well as with other methods (Brunner et al., 2018; Brenninkmeijer et al.,2008).
SCORAD is currently the basic method of scoring patients used worldwide (Olesen et al,
2001). All these scoring systems are based on the symptoms the patient shows and they
give a good picture of the severity of the disease. The severity of the disease can be used
to focus on the specific cells that colonize the skin and their cytokines (Fishbein,

Silverberg, Wilson & Ong, 2020).



When it comes to diagnosing this disease, it can be a complicated. In most cases
AD can be easily observed by the patient himself, but clinical diagnoses are done based
on history and physical examination (Berke et al., 2012). The criterion for diagnosis
includes itchy skin, with a history of flexural involvement, dry skin, asthma, flexural
dermatitis or allergic rhinitis. Other symptoms observed are oozing clear fluid, bleeding,
flaky skin, and pruritus. Knowing the number of days patients have symptoms in a crucial
factor in determining the severity of the disease. Diagnosing AD on time is of high
importance as this disease can lead to further complications such as infections in the skin
with Staphylococcus, Streptococcus, and herpes species, scaring, sleep disturbances and

chronic postinflammatory skin changes (Lewis-Jones, 2006).

Child versus Adult Atopic Dermatitis

Even though AD starts in childhood, most studies have shown results from
investigated adults’ patients. These results are usually considered to be the same for both
pediatric and adult AD, but there are clinical clues that show differences between these
two divisions. The reason why there are differences between the childhood AD and its
adult form, is because of the individual development, skin microbiome, other
campaigning diseases and different markers expressed (Silvestre Salvador, Romero-Perez
& Encabo-Duran, 2017). Studies done in children are mostly done by analyzing the
blood, which suggests that AD’s activity is based on several serum biomarkers (Brunner
et al., 2017). Skin profile studies also have shown several differences in cytokine
expression, even though it is still not clear what the pathogenic role of many of these

cytokines is. The features of the epidermal barrier are also different between adults and
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children, but in both cases, it was seen that breaking this barrier leads to AD. Other
studies have shown that the non-lesional skin in adults had lower expression of activated
cytokines, which are found to be over expressed in non-lesional skin in young children
and infants. Non-lesional skin of children is viewed as the real state of disease initiation
and is of high interest to be studied. Despite all these results, more studies are needed to
evaluate the real differences between child and adult AD, as well as to figure out the
onset of the disease. Based on these previous studies, in this study, non-lesional skin
blister fluid and blood samples were analyzed and compared to their specific lesional site

samples.

Phenotypes of AD

The severity and the development of atopic dermatitis can have different
phenotypes in different patients. There are several types of AD as well as several stages
of AD. The two clinical stages of AD are chronic and acute. Acute AD happens in a
matter of hours or days and the lesions are wet, highly inflammatory, itchy, dry and thick.
Chronic AD happens in a course of two months (or more), years (Kim et al., 2019) and
the skin has all the symptoms of acute AD as well as hyperpigmented skin in large areas
(Czarnowicki et al, 2019). Other differences in between the two are the immune
background and the way the skin barrier looks. Chronic AD is more proliferative and
with increased number of keratinocytes in the skin. Acute AD shows increased levels of
TH22, TH2 cytokines as well as IL22 mMRNA levels (2019). Another way to classify the
disease is based on the levels of IgE in serum, by which AD is classified as intrinsic or

extrinsic. Intrinsic AD is when the patients have a normal level of IgE in the serum but
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still shows symptoms of AD. This is about 20% of all patients. On the other hand,
extrinsic AD (80% of patients) shows higher levels of IgE, family AD and eosinophilia
(2019). Based on symptoms; pruritus and eczematous lesions of the disease can be acute,
subacute or chronic. Acute lesions show small papulovesicles and erythematous patches.
Subacute lesions are dry, red and scaly, while chronic lesions are demarcated with scaly
patches of wrinkled dry skin (Koster, 2009). In all severe cases, pain is involved as well,
due to itch and scratching (Kusari et al, 2019). Something to consider is that many
patients with AD have symptoms of dry skin in their non-lesional areas (Weidinger and
Novak, 2015). In this study, these areas were of high interest and were compared with the
lesional sites as well as the healthy controls. Patient with AD can show symptoms of viral
or bacterial infections as well, as breaking the barrier of skin leads to more infections. All
these symptoms have a major psychological, ethical and physical effect on patients. Most
patients tend to be sleep deprived, bothered by itchiness as well as social embarrassment.
Severe cases of AD in children have increased potential to develop asthma or other
allergic diseases. (2015). Because of this finding new treatments that can trigger the

immune system, (especially the T cell populations) of the patients is very important.

Factors that cause atopic dermatitis

a) Physical and Genetic Factors

As a complex disease, it is caused by both environmental and genetic risk factors
(Warfel et. al., 2019), as well as physical skin damage. The main cause of AD is known

to be the skin barrier disruption (Furue et. al., 2019), as mentioned before. This specific



factor makes us focus more on the cell populations of the epidermis, the outer layer of the
skin. The skin barrier disruption starts with keratinocytes in stratum corneum that lose
their cell membranes and instead develop a cover envelope which has proline particles,
fatty acids, involucrin and loricin (Jeong et al, 2020). This atopic change makes the skin
dry and transepidermal water is lost. Monolayer cultures of keratinocytes have shown
that reduced levels of flaggarin (FLG), causes changes in skin quality and the onset of
AD, indicating that patients with AD have lower expression of flaggrin gene (Da Vuyst
et al 2017). This is where we see the physical factors meet the gene expression. This gene
is so far known as the only genetic risk factor for AD. Twin studies of patients with AD
have shown that mutation of FLG gene is evident (2017). These mutations are different in
different populations of patients such as between the Europeans and African originated
people. Again, the need for a cell type present in the epidermis is needed to fight AD,
making the cell structure of the skin important to be studied. Locating keratinocytes in
the samples we took from the patients, was one of the main goals of this study, as a

possible location to find a biomarker.

b) Environmental influence

Environmental factors such as humidity, tobacco usage, and temperature play an
important role in AD. Exposure to chemicals is also considered as an external risk of AD.
The skin microbiome is also known to change the course of the disease. Developed AD
has marked changes of skin microbiome which help breaking the skin barrier even more
(Tsakok et al, 2019). Different studies have shown that there is a correlation between AD

and Staphylococcus aureus burden. Higher colonization of this bacterium has been

7



present in skin of patients with severe AD. S.aureus toxins are known to cause apoptosis
of keratinocytes and mast cell degranulation, helping break the skin barrier. Decreasing
the bacterium colonization has shown effective results in patients with AD (Werfel,
2015). The presence of this (and other) bacterium can lead do a change in the ration of

cell populations and thus biomarkers in the skin.

Immune Response to AD

The focus of atopic dermatitis studies nowadays has been looking at the immune
response to AD. The immune system seems to react to all allergens and irritants in AD.
This makes the studying of way the immune system works very important to be
understood. For this we need to look at what type of cells are involved in the immune
responses and what receptor are used for them. Looking at the upregulated and
downregulated cytokines, protein production and cell populations can help resolve the
mystery of AD. Detection of these components can help lead to new treatments for the
disease in the future as well as new connections of this disease with other immune
diseases. Inflammation is caused by the onset of the type 2/TH2 cytokine pathway which
inhibits skin barrier pathway, antimicrobial synthesis of peptides and the lipid
metabolism (Tsakok et. al., 2019). The onset of AD is associated with the production of
IL-31, IL-1 and IL-13. II-4 and IL-13 mediate IgE, by the induction of local responses, in
between skin cells (Werfel et al., 2016; Godwin& Crane, 2019). The higher this cytokine
production is the more severe this disease is. Patients’ samples from skin with AD, show
elevated population of T cells (Kond€lkova, 2019). The ratio of CD4+/Cd8 cells is

considered crucial in the course of the disease as the CD8 cells seem to decrease as the
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disease progresses (Werfel, 2015). CD8+ cells are the T immune cells needed to react to
pathogens and differentiate into cytotoxic effector cells that clear infections in the body
(Zhang & Bevan, 2011). Both CD4+ and CD8+ cells have the ability to differentiate into
Th1, Th2 and Th17 cells based on their pattern of cytokine expression (Brummelman,

Pilipow & Lugli, 2018).

Previous studies have mentioned that determining the onset biomarkers for AD
will be the future of therapeutics for AD, as they are believed to be the key to understand
the pathogenesis of it. Early development of the disease includes skin barrier disruption
and mechanical damage caused by scratching. This causes the upregulation of
proinflamatory mediators like IL-1p, IL-1a and TNF-a (Thijs, de Bruin-Weller & Hijnen,
2017). Other inflammatory chemokines found in AD are CCL2, CCL5, CCL17, etc.,
which all recruit leukocytes (Werfel et al., 2016). The role of these cytokines as well as
other ones are currently being studied, in order to understand the pathway of AD better.
So far there is no previous evidence which cytokines and cell populations are the ones
who cause acute or chronic AD, or which mechanism is used. Functional interaction of
skin immune cells is important in pathogenesis of AD. Some of these cells as neutrophils,
basophils, eosinophils, lymphoid cells, natural killer cells, fibroblast and different T cells
(Peng and Novak, 2015). All these types of cells are found in epidermis and the blister
fluid. This study targeted some of these cell types by choosing a certain number of

antibodies that can detect for the presence of these cells in the samples taken.



Treatments for AD

As the prevalence of AD is increasing continuously, it is still a challenge to find
new treatments for AD (De Vuyst et al, 2017). Treatments are important as the disease
affects the quality of life of patients, especially when it lasts for a long time. The only
known therapeutic options are topical steroids, cyclosporine A (the only systemic drug),
methotrzate, azathioporine and the biological drugs like Dupilumab which is a
monoclonal antibody that targets the key cytokines; IL-4 and 1L-13 (Callewaert et. al.,
2019). Other monoclonal antibodies used to treat AD are lebrikizumab, tralokinumab,
pitrakinra, which all in clinical trials and are being evaluated for their therapeutic values
(Torres et al., 2019). The only monoclonal antibody targeting IgE is Omalizumab, which
is also used to treat asthma and other diseases (Tsakok et al, 2019). Other small
molecules that target the function of cytokines are also being tested for their effects in
AD. One of them is the family of Janus kinase inhibitors, which inhibits cytokine
pathways, also known to work for other immunogenic skin diseases like vitiligo, psoriasis
etc. Another target drug is the histamine receptor drugs, which block the receptor and
stops the production of the cytokines. One of these receptors is H4R which leads to the
production of 1L-31 (2019). Two small molecule drugs like tradipitant and serlopitants
are currently in clinical trials (2019). Preclinical trials have shown that these drugs reduce
symptoms and improve dermatitis in mice. Finally, another way to fight AD is by
changing the micro biome of the patient’s skin, by killing the colonizators, by
transplantation of Gram-negative bacteria from healthy individuals. Precision medicine is
currently the novel therapeutic treatment of AD, which focusses on finding the proper

biomarker that start the AD. As there are not any approved biomarkers that confirm the
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diagnosis of AD, it is a need on studying and testing samples from patients, both lesional
and non-lesional as well as healthy samples from volunteers. Looking into the different
tissues is also helpful to compare what cells accumulate in specific areas such as the skin
or blood, which can be tested by using flowcytometry and the proper antibodies of

interest.
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Chapter II.

Materials and Methods

Healthy individuals and patients with atopic dermatitis were recruited per
UMASS Memorial Clinic regulations, per consent and Health Insurance Portability and
Accountability Act (HIPAA) requirements, following document H-14848 approved under
IRB protocols and regulations. These protocols were accepted and reviewed by both
IRBs in Harvard University and UMASS Medical School and were in full compliance
with all the FDA regulations for human subject research. All individuals recruited from
the two groups joined this study voluntarily and were consented by properly trained and
certificated individuals of the UMASS Memorial Clinic. There was a total of three
healthy controls and three patients, whose information was saved based on the proper
regulations. AD patients were chosen based on the criteria that they had been previously
diagnosed with the disease and were not taking any treatments such as topical creams,
ointments or medications for at least 6 months. All subjects had active disease, visible
new lesions and symptoms such as flaking, dry, red skin, and/or itchiness. All patients

were clinically seen by UMASS medical dermatologists before entering this experiment.

Suction blistering technique was used to obtain the blister samples from the skin.
This technique was minimally invasive and objective in assessing markers that can detect
different cell populations in interstitial skin fluid such as keratinocytes, leukocytes,

different immune cells, T cells, which are CD4+ positive, CD8+ positive, CD45+
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positive etc. Suction blistering is a well-known technique used in dermatology to treat
wounds and to extract samples from the patient’s skin. This technique does not leave any
scarring, discoloration or any permanent damage on the skin. Previous studies have
chosen this technique as a successful way of extracting blister fluid samples containing

cytokines of interest.

Suction blistering consists of induced blisters of 1 cm in diameter, on the skin
using Negative Pressure Instrument Model NP-4 (Electronic Diversities, Finksburg MD)
(Strassner et al., 2017). The chambers of the blistering machine were applied to the skin
with 10-15mm Hg of negative pressure at temperature 40 °C. Figure 1 (Strassner et al.,
2017), shows an overview of the suction blister technique. The number of sites blistered
was different for different patients. Only one site was blistered in healthy controls and
two sites were blistered in patients, one non-lesional normal-appearing skin and one
lesional site showing the symptoms. Figure 2a shows blisters on the hand of one of the
individuals recruited under this study, where three blisters were formed. The sites were
chosen based on where the symptoms were shown within and area of 5 cm. Blisters were
formed between 30-60 minutes after starting the procedure, using suction plates that were
previously cleaned and autoclaved. All equipment used in contact with skin were

autoclaved.

After blisters were formed, the fluid was aspirated through the roof with a sterile
1 ml insulin syringe, and it was transferred to the appropriate labeled tube. Skin blister
liquid and blood samples were taken from these individuals and were analyzed as further
explained. All areas where suction blistering was performed, were covered with a thin

layer of petroleum jelly and a nonstick bandage to ensure proper healing on the blister
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site and to keep it clean. Extra packages of petroleum jelly and bandages were provided
to each patient after leaving the clinic to be used as needed until the sites are healed. The

skin areas that are blistered are fully healed in three to seven days.

A B Lesional Lesional Non-Lesional

Figure 1. Suction blistering technique. This figure shows the blister biopsy procedure (a)
What happens to the skin during and after the negative pressure instrument is applied. (b)
Picture of lesional, non-lesional samples form vitiligo subjects. (¢) Machine connected to

the subject while the blister forms. Figure is taken from Strassner et al (2017).

To test the hypothesis, all samples were further processed following specific
techniques and protocols. Cells of the blister fluid were pelleted down at 330xg for 10
minutes for cell staining. The staining techniques was enabled by using different
antibodies of interest to detect different types of cells. The staining procedure consisted

of several sets of centrifugations, surface staining with the antibodies of interest,
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resuspensions with FACS buffer after each spin down and were incubated for 40 minutes
at 4 °C avoiding light exposure. Together with the set of samples, Fluorescence Minus
One Controls (FMO controls) were used to identify and gate cells of interest, as well as to
interpret the data collected. One FMOs control for made for each antibody (eight total
FMOs) used in this study. Samples from healthy controls or non-lesional samples were
stained with all antibodies except one in order to show no detection for the antibody not
added and be used as a control. Compensation beads were also used as a control to set up
the flow cytometer gating and adjust the voltage needed before running the samples, to
avoid fluorescence spillover. Antibodies were added to the compensation beads tubes,

which were vortexed and incubated for 15 minutes before usage.

A B

Figure 2. (a) Blisters on a study individual. Image was taken after the suction blistering
was performed on one of the individuals recruited for this study, where three blisters
were formed. Each blister is labeled, and all blisters are approximately of the same size.
(b) Isolated PBMCs, images were taken after spinning down the blood from a study

individual.
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The other tissue of interest was blood and specifically peripheral blood
mononuclear cells (PBMCs). Single 10 ml blood samples were taken from the individuals
and were processed by density gradient centrifugation to separate blood to its components
such as plasma, PBMCs, granulocytes and erythrocytes (Figure 2b). This was done by
placing blood samples in 50 ml tubes together with Ficoll media at one to one ratio. The
tubes were spun down at 330xg for 30 minutes at brake on, to isolate the PBMCs. The
white blood cells showed in a thin white layer in the collection tube between the plasma
(top layer) and the Ficoll layer. They were slowly pipetted out to a new tube, without
disturbing the other layers of cells. After isolation, the cells were stained to detect for
antibodies of interest, following the same procedure as the blister fluid samples. All
samples were de-identified before being used in experiments and they were assigned
numbers accordingly. Samples were taken on different days based on when the healthy
controls and patients were scheduled in the clinic (all samples were processed within few
hours from the time the individuals were blistered). Samples were stained using the same
set of antibodies throughout all the samples, with a few differences on the colors chosen

based on the detection efficiency and the fluorophores available.

In the following Table 1, the human antibodies of interest purchased from
Biolegend were listed with the information of the manufacturer and the specific lot
numbers for each color as well as the type of cells they area marker for. All colors listed
were chosen based on the laser availability of the Flow Cytometry machine. CD45
antibody was used under two different colors due to the lack of the initial color BV605
used. As further explained in the results section, the stain used to detect for live cells,

eFluor 450 was also changed after being used for the first set of samples, to Zombie Aqua

16



for better detection. In the second set of samples, the two other colors changed were

APC/Fire Red 810 for HLA-DR antibody (previously Alexa Fluor 700 was used), and

BUV737 for CD56 (previously BV570). This change was done based on the availability

of the colors present in the lab during the study time.

Table 1.

Antibodies of Interest and Colors.

Antibody Color Representative Lot Cell population it
(Biolegend) marks for
Live/Dead eFluor 450/Zombie Aqua  422801/423101 N/A

CD3 APC 300311 T cells
HLA-DR ALEXA FLUOR 700/ 307626 Active T cells
HLA-DR APC/Fire 810 307673 Dendritic Cells
CD8 Pe-Cy7 344711 T cytotoxic cells
CD56 BV570/BUV737 362540/564448 NK cells
CD45 BV605/BV510 368524/304002 Leukocytes
CD4 FITC 357405 T helper cells
CD207 PE 352204 Langerhans cells
CD49B PerCp/Cy5.5 359315 NK cells

Note. Table shows the antibodies used to detect types of cells.
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The flow cytometry system used was Cytek Aurora, from Cytek Biosciences. This
machine was used to detect the potential markers including cytokine expression and cell
populations based on antibody detection following the manufacturer’s instructions.
FlowJo was used to quantify cell populations in each sample based on the cytokines of
interest. Statistical analysis was performed with Excel software; tSNE plots and heat

maps plugins from FlowJo were used to show comparison of cell populations as well.

Research Limitations

Due to different immune system development of patients, and presence of other
known or unknown immune diseases, the results of biomarkers and cell populations might
be different for different patients making it more difficult to find the specific markers of
the disease. All samples were taken from adults with AD only, so these data might be
different for children or individuals who have other diseases or conditions. Experimentally
there were some limitations in terms of what antibodies were used to detect biomarkers in
the blister samples. After testing the first set of samples, there was a need to find better
detection colors, that would show a better signal in the equipment used. In the second set

of samples, three colors were changed for better signal, including the live/dead stain.

Another limitation that affected this study was the small number of patients
recruited in the time provided due to worldwide restrictions and regulations followed in
order to not spread the COVID-19 virus, which was present all year 2020 and so far in

2021. All individuals were recruited through a flyer posted in UMASS Memorial Hospital

18



and UMass Medical School located in Worcester, Massachusetts. The dermatology lab
where the study was performed and the clinic where patients were blistered, allowed only
a small number of individuals physically in the buildings. Due to these limitations, the first
set of samples which consisted of two healthy controls and two patients was performed by
me, and the final two samples, one healthy control and one patient, were performed by the
lab group team. All samples were analyzed and further organized by me in FlowJo and
other software that were accessible from home. During the years (2020-2021) that this
study was conducted, only essential employees were allowed to physically access the clinic
and the lab, which made this study last longer and some part of its analysis to be completed

from home.
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Chapter 11

Results

Atopic dermatitis is an immune disease that affects many individuals, mostly
children, and it is derived from an up or down regulation of cell population in the skin.
Therefore, it is of high importance to find the specific cell populations present in the
active sites of the disease and compare them to healthy individuals. The focus of this
study was to find differences at the immune cell populations in skin and blood from both
healthy controls and AD patients, more specifically differences of cells populations that
are positive for CD3, CD4, CD8 and their ratio (CD4/CD8), CD207 and CD56. To find
these differences, different samples from skin blister fluid and blood from three healthy
individuals and three atopic dermatitis patients were analyzed. A panel of antibodies
detecting for specific cells related or known to be present in patients with atopic
dermatitis was chosen and was tested as described in the methods section. All these
antibodies were human antibodies that are commonly used for immunophenotyping. Cell
populations were observed under the signal detection of flow cytometry, and cell counts,

and graphs were used to quantify and further analyze them.
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The gating strategy

When studying flow cytometry, the most important lesson is to be able to detect
the signal properly and to be able to distinguish the cell population in a clean and uniform
way. The gating strategy starts with the isolation of single cells. While going into the
flow cytometer, cells can clump or get stuck together and this results in clusters of cells
that are very high or low in the forward scatter height by forward scatter area. Only cells
with an equal height: width ratio are considered as single cells or singlets, and those are
the cells of interest as shown in Figure 3 a. These selected cells were further gated based
on the panel chosen, leaving the rest of the non-single cells and debris out. Doublets, cell
clusters, and debris can attach to the antibodies and stains used for detection, resulting in
artificial signaling which lowers the quality of the results.

The gating strategy helps in finding the correct ratios and percentages of cells of
interest, which can further be analyzed. An example of a gating strategy used to detect for
CD4 and CD8 positive cells as shown in Figure 3, is a gating on single cells, live cells,
CD3 positive cells which detect the immune cells found in the sample and finally CD4
and CD8 positive gate which separates the T cells into cytotoxic T cells (CD8+), helper T
cells (CD4+). The same gating strategy was used to gate for other types of cells such as

the NK cells and the Langerhans, as well as other cells based on the antibody of interest.
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Figure 3. Gating strategy for cell selection. (a) shows the singlet cells selection
out of all cells. (b) shows live cells only, meaning all the cells that were under E10"5. (c)
shows the CD3 positive T cells and (d) shows the further gating of the T cells into CD4+

helper cells and CD8+ cytotoxic cells.

The next step, after gating for single cells, was the live/dead gating, separating
live cells form the dead ones. The dead cells get excluded from the analysis, in order to
get cleaner separation and identification of cell populations. For each sample analyzed
through flowcytometry, there is a percentage of cells that are dead, and this percentage is

based on the tissue type and the staining procedure and the sample quality. This study
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used two different tissues samples, blood (peripheral blood mononuclear cells or PBMCs)
and skin blister fluid samples. The skin blister fluid sample showed 30% to 40% of live
cells while the PBMCs showed over 90% of live cells. Figure 12 shows this difference in
viability; where both samples (a) lesional blister fluid and (b) PBMCs, were from the
same person and they were stained using the same dye. This difference is explained based
on the way the two tissues were processed. As described in the materials and methods
chapter; the PBMCs were isolated using density gradient centrifugation with Ficoll. This
procedure ensures high cell viability, and this was observed in the high values of live
cells in the blood samples.

Amine reactive fluorescent dyes were used to stain dead cells or cells with
compromised membranes to distinguish them from the live ones. The two dyes used to
detect the cells viability were Zombie Aqua and eFluor 450. In the first set of samples
(two healthy controls and two patients) eFluor 450 was the only dye used. The results
showed that this dye detected low cell viability throughout the samples including the
blood samples as shown in Figure 4 a, where there are only 38% of PBMC:s live cells.
This small number of live cells, led to a dim detection of the rest of antibodies which
could have been due to the staining procedure issues, the dye itself or due to voltage
issues with the flow cytometer. In the second set of samples (one healthy control and one
patient), Zombie Aqua was used instead of eFluor 450. The viability of the samples was
as expected and the detection for the other antibodies was stronger. Figure 4b shows the
live/dead staining of Zombie Aqua at a percentage as expected. The ratio of the live/dead
cells between the two graphs is different and this could also be since these were two

different samples that were processed separately. Throughout the rest of the samples, it
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was observed that there were clearer gates and populations between live and dead cells,
when staining with Zombie Aqua. Further gating of the live cells gated based on the
Zombie Aqua dye, were also of better signal when gated for antibodies. Both Zombie
Aqua and eFluor 450 stains are negative for the live cells, meaning everything stained at
1075 or less is considered live, while everything beyond this number is considered a dead

cell.
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Figure 4. PBMCs viability. Differences in live cells gated in two blood samples
of two different individuals (a) showing 38% live and (b) showing 98.9% live.
After reading several studies that investigated the antibodies of interest, eight antibodies
with respective colors, were selected, each detecting a specific cell population. In all
graphs, each antibody of interest showed a signal of 10™4 or higher for positive cells for

that specific color.
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The antibody panel.

The first antibody to gate after detection of live cells is the CD3 antibody. CD3 is
an effective T cell maker as it is expressed in most of the peripheral T cells. This gating
together with CD45 antibody gating was done to distinguish the immune cells. The CD3
color chosen to perform the staining was APC, a very dim color, which in some cases did
not show many positive cells, making it difficult to continue the gating with the rest of
the colors. One observation done in this case is that next time this study is repeated, a
stronger color needs to be selected for the CD3 antibody.

All double positive cells for CD3 and CD45 markers were the immune cells of
interest, namely the T cells, that were further gated on CD4 and CD8 markers. These two
makers distinguish the T helper CD4+ cells from the T cytotoxic cell CD8+ cells. In the
given graph (Figure 3d), it was observed that most of the immune cells showed up, either
in the first or the third square, meaning that they were positive for either CD4 or CD8 as
expected. A very low percentage of cells was observed in the third square, the double
positive cells, which may be highly active T cells, or possibly a staining or compensation
artifact. Throughout the samples, the double positive cell population for CD4 and CD8
were observed in most of them at a percentage between 0.5% to 2.5% which is
comparable with the 1-2% of total human circulating double positive T lymphocytes
(Clénet et al., 2017), that is usually found in healthy donors. These cells are known to
produce cytokines and lytic enzymes and can respond to key cytokines implicated in T
cell survival, activation and homeostasis (2017). On two blister fluid samples from

healthy controls, the percentage of these double positive cells was at 17% (Figure 5b),
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which is a higher value than normal. This might be due to bad compensating technique or
the presence of dead cells, which relates back to the low viability cells detected by eFluor
450 mentioned previously. On Figure 5d and 5 e, it is observed that the populations of
cells are not clearly defined. This can be due to the presence of dead cells, or a
compensation issue, which leads to a continuous population of cells in the shape of a
straight or curved line. Due to these different percentages and due to the small number of
donors, there is no conclusion found about the role of the double positive T lymphocytes
in patients with AD. In the CD4 versus CD8 graphs, the presence of a double negative
population was found in the first square of the graph. These cells do not express CD4,
CD8 and natural killer cell markers and therefor they are considered as double negative T
cells. These double negative T cells are a small population of 1% to 5% in blood and
blister fluid samples of healthy donors (Juvet and Zhang, 2012). The presence of these
cells was not in the scope of this study, but it was observed in all samples, with a
variation in number, where in healthy controls blister fluid and blood samples they were
as expected but in patient samples there were higher in number. Due to previously
discussed issues with the staining process or compensation, the result seen might also be
an artifact and further analysis is needed to determine it. This cell population is known to
have a role in regulating the immune system, host defense and tolerance (2012), but their
role in the pathogenesis of the atopic dermatitis is not known yet. Evaluating the role of

this cell population might be an interesting study topic for future purposes.
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Figure 5.CD4 positive and CD8 positive cell populations differences. Healthy
control sample for blood (a) and blister fluid (b). Patient sample for blood (c), non-

lesional blister fluid (d) and lesional blister fluid sample (e).
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Another aspect to consider when gating for CD4 positive versus CD8 positive
cells is the ratio between them. In healthy controls, this ratio is in the range of 1.5 to 2,
meaning that there are about 30% CD8+ and 60% CD4+ T cells in healthy control
samples. This number can vary, from sample to sample but it is observed to be at the
given percentages, in most healthy control samples. In this study only two blood samples
had similar values to what is known. One healthy control blood sample showed 37.4%
CD8 positive cells and 57.1% CD4 positive cells. The other sample was a patient PBMC
sample with 38.9% CD8 positive cells and 34.4% CD4 positive cells as seen in Figure 5.
The rest of the samples from same group of individuals did not show the same ratios
(Figure 6), but instead, the profiles were varying from sample to sample. Figure 6a shows
a trend of CD4 positive population being higher in healthy controls’ blister fluid sample,
compared to the patients, and the opposite is seen for the CD8 positive cells. CD8
positive cells were higher in the non-lesional and lesional samples from patient blister
fluid. Even though this observation shows a pattern of the CD4 and CD8 ratios in
patients, it is not conclusive. More donors would need to get blister in order to find
significant data and conclusions.

The variability in the results seen between the individuals’ data is related to the
differences found from patient to patient. Human samples are known to be very different,
and this is due to the genetic background, known and unknown presence of other
diseases, etc. Finding repeated trends of data in large groups of samples would be the
solution to overcome this challenge and find conclusions. The usage of different colors
for the antibodies of interest could also make this difference in results even bigger

because, the samples compared were detected in different frequencies.
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The ratios of all samples from both PBMCs and blister fluid taken form healthy
controls and patients are shown in Table 2. The ratio calculated for PBMCs for lesional
and non-lesional samples is the same as there was only one sample of blood taken from

each patient.

Table 2.
CD4/CD8 ratio calculated for each sample.

CD4/CD8 Ratio Calculated

HC1 HC2 HC3 NL1 NL2 NL3 L1 L2 L3
Blister Fluid 1.47 1.54 0.97 0.13 0.67 0.57 0.25 0.24 0.37
PBMCs 1.53 1.48 1.09 2.01 1.15 1.47 2.01 1.15 1.47

Note. Ratios were calculated based on Figure 6 data.

In future experiments it would interesting to double check the previous steps of
gating as well as the beads. Beads were used as a control before cells from samples were
run, in order to complete the compensation procedure of the flow cytometer. The
compensation plays a crucial role in the machine set up, and therefor issues with the
beads can cause under- or overcompensation, which also causes straight continuous lines
in the graphs. These issues can be prevented if the beads are freshly made, and each
graph is very well-gated during compensation. All beads used for this study were freshly
made, but the compensation for these beads might have been affected by the voltage of
the machine during the set up.

One more aspect to be taken in consideration when looking at the gating, is to
investigate the fluorescence minus one (FMO) control samples. These sample have all the

colors except the antibody of interest, and they are used to gate cell types as well as to
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look at the cleanness of the gate of interest. The FMOs used for this study were mostly
negative, meaning no signal was seen in the appropriate channels. Very few debris were
observed on a few FMOs such as the CD56 FMO and CD49B FMO, which were
repeated. To have consistent results, all FMOs and samples should be stained with the
exact same fluorophores and antibodies, to decrease the differences between samples.

Other immune cells related to AD pathogenesis are the CD3 negative cells such as
the Langerhans cells, and Natural Killer (NK) cells. No significant results were seen in
these group of cells between the samples studied but patterns observed, were compared.
Figure 7 shows the population of CD56 positive cells, representing the NK cells in the
samples from blood and blister fluid. The pregating strategy here, was started on singlets,
which were gated for live cells only, and further gating was done for CD3 negative cells.
The expectation here was to observe more CD56 positive cells in the lesional sample as
this was the inflamed site.

The lesional sample of the AD patient (Figure 7a) had a smaller number of CD56
positive cells compared to the non-lesional respective sample. This result can be
explained taking into consideration that early on the disease pathogenesis there is an
influx of NK cells present in the sites affected, which is typically seen before the clinical
symptoms start. NK cells can attract CD8 cells, which are higher in number in the
lesional areas of the disease (based on previous literature). When symptoms like skin
rushes start (fully inflamed skin), and the CD8 cells are higher in number, the NK cells
number is lower, indicating that these cells are mostly found in prelesional sites and that

the high number of cells can drive towards inflammation.
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Figure 7. CD56 gating in blister fluid. Cd56 positive cells in (a) lesional patient

sample, (b) non-lesional sample, (c)overall blister fluid data from all samples.

In Figure 7B, the non-lesional sample showed higher number of CD56 positive

cells compared to Figure 7A, indicating that non-lesional skin is also abnormal, meaning
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it has a different cell population compared to the healthy control. Experiments in other
diseases have shown the possibility that non-lesional skin can considered as prelesional
based on the changes that happen in these areas with the cell populations. Figure 7C
shows the overall data from blister fluid samples of patients, from both the lesional and
the non-lesional sites. The trend of higher CD56 positive cell population percentages in
non-lesional sites compared to lesional as seen in the first two graphs of the figure, was
similar for all three sets of samples. To further analyze this observation and to arrive at
conclusions, more atopic dermatitis patients need to be recruited and blistered.

The next cells of interest were the Langarhans cells, which play a major role in
the pathogenesis on atopic dermatitis and are expected to be higher in lesional sites.
These cells were pregated on CD45 positive cells and CD3 negative cells before they
were plotted as shown in Figure 8. Throughout the samples, it was observed that the
Langerhans cell population was similar between the non-lesional blister fluid samples
(Figure 8b) from patients and healthy controls (Figure 8c). The same similarity was seen
when comparing the blood samples between the healthy controls and non-lesional skin
samples. Throughout all samples, two lesional samples form blister fluid showed a
slightly smaller number of Langerhans cells compared to non-lesional and healthy control
samples, but based on this study’s data this can not be concluded and more studies need
to be conducted. It is important to take into consideration the fact that Langerhans cells
leave epidermis after they capture environmental antigens, and they migrate to secondary
lymphoid tissues to activate T cells. It takes time, for the skin to replace and replenish
these cell populations that left epidermis, and that could explain why there was a slightly

lower number of Langerhans cells in two lesional samples. The number of Langerhans
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cells in the lesioanl skin is also related to the onset time of the disease, meaning that for

this individual patient, the symptoms might just have started.
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Figure 8. Langerhans cell population in blister fluid. (a) Lesional blister fluid sample, (b)

non-lesional blister fluid sample and (c) blister fluid sample from healthy control.

Comparing the tissues

Another way of comparing all the data from this study is to look through the tissue
difference between samples. The cell number studied in each sample of blister fluid was

about ten time smaller compared to the blood cell samples calculated. To further
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investigate the comparison of these sample, the need to down sample the blood samples
was considered. All blood samples were downsampled to about 40000 cells, which was
the average number of cells analyzed for the blister fluid samples. This was found useful
to further comparison of samples using other plugins found in the FlowJo software.
Figure 13 in additional images shows the different cell populations in blister fluid and
blood samples form one healthy control and one patient. This was of comparison was
done using tSNE plugin, a function of FlowJo which maps the cells based on their size
and can be further analyzed to find numerical values. This function is very helpful to
analyze the distribution of the types of cells throughout the entire sample and it can also
compare several samples at the same time. Figure 13 shows the distribution of cell
populations in clusters for each sample. The blister fluid cells distribution was different
form the blood cell distribution, showing that tSNE can be used to compare between
samples from different tissues as well. The populations of interest can also be compared
between the lesional and non-lesional sample to focus on the only few populations that
tSNE highlights. These population were very different between the two samples (lesional
and non-lesional). In Table 3 (and Table 4 in appendix section), these blister samples
from the same patient were compared in tSNE and further quantified.

Table 4 was run on a different set of samples from another patient, so the
population numbers are different from Table 3. Just like in table 3, we see that most cell
populations are the same between lesional and non-lesional samples. Both tables show
that in any set of lesional versus non-lesional samples from same patient, there are some

cell populations clusters with drastic differences in statistics, which suggest that they are

35



the ones related to the disease onset. Further identification of these cells is needed, to

ensure the type of each cell population.

Table 3.

Non-lesional versus Lesional Cell Statistics

Population Non-lesional Lesional
Statistic %  Cells  Statistic % Cells
Cl.9 95.4 603 4,95 29
Cl.i1 81.7 116 18.3 26
Cl31 3.1 46 96.9 1438
Cl.32 13.6 32 86.4 203

Note. Populations that have a greater difference compared between the lesional and non-

lesional on skin blister fluid samples.

From the entire cell populations in the samples, four populations were found to
have different statistic percentage as shown below (Figure 9). These samples can also be
graphed as shown in Figure 9, where the antibody expression is shown for each
population. This is also a way to find what type of population each of them is. For
example, the cluster 9 shown in light purple color, and cluster 11 in dark purple color are
both CD207 positive, stained by the fluorophore PE. These cells are most likely
Langerhans cells, because of the high CD207 signal. The other two cell clusters were
more mixed in antibody signal detection, as they were low on CD3 (APC), which means
the detection signal for CD3 was not good enough, even though high signal for the CD4
(Fitc) and CD8 (PerCP-Cy5.5) were seen. These two cells are higher in the lesional
sample, meaning that they are CD8 positive cells, and they support what was previously

discussed on Figure 6, that CD8 positive cells showed in higher number in lesional
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samples. The purpose of the tSNE analysis was to try new ways of analyzing the data that

was ran in FlowJo, as well as support what is found statistically.

tSNE Cell Populations

Cl9 —»
Cl1l1 —»
31

Figure 9. Cell population difference. These cell populations clusters were graphed based

on the antibody expression in blister fluid samples.

Several tSNE analyses were performed to compare different samples in different tissues.
Figure 10 is a tSNE analyses of a blister fluid comparison, between healthy control
(Figure 10a) and a patient full blister fluid sample (Figure 10b), containing both the
lesional and non lesional sample. In Figure 9c, the comparison between the lesional and
non-lesional (samples in Figure 9b), was shown in colors and numbers after
downsampling at 40000 cells. A statistical run was perfomed to detect the number of
cells from each sample. Both the lesional and non-lesional cell number was to one to one
ratio and they were very similar, with a few differences. The blister fluid sample from

patient is very different in distribution and number compared to the healthy control. In (a)
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and (b) different colors show different cell groups within the entire sample, while in (c)
each color marks one set of samples, the lesional samples is in blue and the non-lesional

sample in orange.
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Another way to find differences between samples is to compare, the three blister
fluids from the lesional samples with three blister fluid from nonleional and three healthy
controls. Because of the change in fluorophores for the antibodies of interest, this
comparison could be done with the first set of samples only, fluorophores were the same.
In Figure 11, this comparison was shown between two healthy controls, whose data was
concatenated into one graph (c) two lesional samples of two patients (b) and two non-
lesional samples of same two patients (c). Figure 11 shows another way of analyzing the
antibody expression in the populations found during the tSNE analysis. The heat maps
above show the antibody expression in colors. Red color is for high levels of expression,
light red to white color is for lower values, light blue is for even lower values and finally
the dark blue is for the lowest levels detected. When observing these images, we saw
several differences between the three, and part of the reason might be the different
population elected. Each lesional and non-lesional sample was taken from the same
individual. The healthy control had more subpopulations that are different to each other,
while the patient sample is less complex throughout. In the non-lesional sample, there
are some antibodies highly expressed and other that are lower. This sample looks more
like the healthy control, while the lesional sample is very different and it showed low
detection for all antibodies, other than CD4 which was detected by Fitc color. This result
does not support what the overall samples looked like for the CD4 and CD8 cell
populations. As discussed previously CD4 positive cells were higher in healthy controls
and lower in lesional samples. Also, in Figure 11b, CD8 positive cells are higher
compared to the healthy controls and lesional samples. To conclude the results showed,

more tests are needed to be done in order to find conclusion out if these graphs.
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healthy control sample.
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Results Summary

The overall results of these study were based on the patterns found from
comparing the samples taken in different ways. No statistically significant conclusions
were found, but it was observed that atopic dermatitis patient have higher levels of CD8
positive cells in their lesional and non-lesional blister fluid samples compared to healthy
controls. Due to various percentages of CD8 and CD4 positive cells, more experiments
need to be performed to prove that CD8 are higher in AD patients. The ratio of CD4/CD8
cells was one of the most important changes throughout the samples. Even though not all
the samples showed one specific trend for this ratio, the CD4 positive and CD8 positive
cells were compared to what is seen usually in healthy control (a ratio of 1.5 to 2) and it
was observed that this ratio is different in atopic dermatitis patients fur to higher CD8
positive cells. The blood samples did not show the same ratio as blister fluid, but they
were more consistent to the healthy control known ratio. The PBMC analysis (blood)
showed higher live cell counts compared to the blister fluid samples. The overall cell
population of the blood samples was about ten times as much as the blister fluid number
of cells, which required downsampling of the cell number in order to be comparable to
the blister fluid samples. Using tSNE, downsampling, the heat map distribution and the
quantification table, all samples were compared to each other. All these features were
part of the FlowJo software and were used to better analyze the samples. There were no
conclusive results based on these analyses which could compare the overall blister fluid
and blood samples from the healthy controls and the ones from patients, due to several

differences and color changes that were done for better detection.
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Two other observations were differences of the Langerhans cell population and
the Natural killer (NK) cell populations, in patients compared to healthy controls. In
patient samples, the number of NK cells was lower than the number of NK cells in non-
lesional sample, and this could be since in fully active skin sites for AD, the CD8 positive
cells gets attracted from NK, which leave after inflammation starts. Finally, Langerhans
cells were noted at about same levels in healthy controls and non-lesional blister fluid

samples, but they were slightly lower in lesional samples.
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Chapter IV

Discussion

Atopic dermatitis is a disease that shows its symptoms in the skin but affects the entire
immune system of the body. Finding the specific markers that are responsible for the
onset of the disease is of high importance and in this study samples from patients were
tested for the presence of eight antibodies of interest which can specify the population of
cells affect the pathogenesis of the disease. Due to the small number of samples and the
differences from patient to patient samples, this study enabled the finding of some
differences in the cell types, which would require further testing and analysis to be
considered as conclusions. It was a great informative experience to learn and understand
how atopic dermatitis starts, what are its symptoms and how they relate to the entire
immune system of the patient. Recruiting patients and running their samples and further
sample processing were new techniques and procedures learned and performed as

needed.

Suction blistering technique was tested to perform the sample isolation from skin
of healthy donors and patients, and it can be considered as great way of sample isolation
and analysis which can help in finding the cells of interest. Together with blood sample,
the suction blistering technique showed detection for the antibodies chosen and further
comparison of these sampled led to observations that can further be used as potential

experiments. Firstly, the CD8 positive cell number elevated, is one major T cell
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population, associated with many immune diseases, one being AD. Future experiment
targeting specifically for CD8 positive cells can be conducted to determine the changes
that happen in the skin of AD patients when these population of cells increases as well as
to study the CD4 versus CD8 ratio in patients with several immune diseases. It is also
important to evaluate the role of CD4 and CD8 double positive activated T cells in atopic
dermatitis as well as the role of the double negative T cells for CD4 and CD8. These two
populations were not in the scope of this study, but data comparison from blister fluid
samples showed that there is a difference of these cell populations in healthy controls

versus patients’ samples.

Secondly, it is of high interest to further investigate the presence of natural killer
cells in skin blister fluid samples of patients with AD and to find if these cells enable the
onset of the disease by attracting CD8 cytotoxic T cells in the skin. Fully active skin for
AD showed a pattern of lower level of NK cells and this could also be affecting the

symptoms of the disease.

The third major observation discussed in this study was the role of Langerhans
cells in AD. It would be valuable to understand and discuss the mechanism behind the
antigen detection process from these cells and their migrating ability to activate T cells.
Based on the lower Langerhans cell population found in lesional site, it would be
interesting to perform studies that can estimate the time needed to replenish the
Langerhans cell that migrated from the skin. This could be compared to the time it takes

for the lesional samples to heal and if promising it can be used for therapeutic purposes.

For future studies, new human subjects should be identified, and samples need to

be processed and analyzed to determine if there are any difference between the two
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groups of recruited individuals. As mentioned before, both blister fluid and blood
samples are a good way to detect specific populations of cells that are found in patients
with AD, and they have previously been studied in children and adults with AD. Some
recommendations for future purposes include better detection colors, revisiting the
compensation strategy which could have affected the samples results as well as
rechecking the staining procedure used. In this study FMOs and beads were used as
controls and identifiers of samples cleanness. New studies should take in consideration

that beads used as controls should be freshly made, to insure proper compensation.

Targeted therapies for the biomarkers such as CD56, CD8, CD4 and CD207
positive, could be beneficial for patients with this disease. Finding which cells are the
cause for the onset of the disease, could also be helpful in finding new treatment for other
immune disease related to them, as many patients with AD also are diagnosed with other
immune diseases. It is frequent that people with immune deficiencies, or who are immune

compromised, have AD as well.

To conclude, this study supported what was initially proposed; that cell
populations differ between atopic dermatitis patients and healthy individuals, but
statistically significant results were not found and further recruiting and analyzing more
samples from patients is needed to determine the conclusions and find new possible

therapies that can be effective for AD patients.
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Appendix.

Additional figures.
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Figure 12. Tissue difference in viability. (a) Blister fluid sample from lesional site

and (b) PBMCs from same patient.
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Figure 13. Blister fluid and PBMC comparisons. (a) Healthy control blister fluid sample,
(b) PBMCs blood sample from healthy control. (c) Non-lesional blister fluid sample. (d)

PBMCs blood sample from patient. (e) Lesional blister fluid sample from patient.
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Table 4.

Comparison of Blister Fluid Samples.

Population Non-lesional Lesional
Statistic % Cells Statistic % Cells
Cl. 4 79.3 265 17.4 58
Cl.6 91.8 1070 6.35 74
Cl11 89.7 288 8.41 27
Cl.16 83.8 290 145 50
CL39 13.7 53 84.3 327
Cl.45 14.4 63 84 368

Note. Lesional vs non-lesional data from the tSNE analysis in the blister fluid of one

patient.
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