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ABSTRACT
CHARACTERIZATION OF GUT ASSOCIATED CIRCULATING INVARIANT
NATURAL KILLER T CELLS (iNKT) IN CHRONIC INFLAMMATION OF THE
INTESTINE
by Venus Allahyarzadeh
The incidence of chronic intestinal diseases such as Crohn’s disease (CD),
ulcerative colitis (UC), and celiac disease is steadily rising in pediatric patients in the
United States. Although there is an influx of helper T cells to the gastrointestinal (GI)
tract in these diseases, the immunopathologic mechanisms of specific T cell subsets are
not clearly understood and diagnosis between these diseases is difficult. We
hypothesized that the frequency of specific subsets of circulating invariant natural killer T
(iNKT) cells and their surface trafficking receptor (TR) phenotype indicate location and
degree of inflammation in patients and further help to distinguish between these chronic
intestinal diseases. We performed a multi-color flow cytometry analysis on peripheral
blood (PB) CD8- and CD8+ iNKT cells in pediatric patients in the non-active and active
disease states with CD (n=6), UC (n=7), celiac disease (n=2) and healthy donors (HDs)
(n=7). The average frequency of circulating CD8- and CD8+ iNKT cells in patients with
non-active and active disease states was significantly increased in comparison to HD. A
greater percentage of the CD8- iNKT cells in UC patients expressed the gut-homing TRs
α4β7 and GRPR15 indicative of cell migration to the large intestine. In sum, circulating
iNKT cells were elevated in patients with these chronic intestinal diseases. Screening
specific subsets of iNKTs may provide a more efficient form of distinguishing between
UC, CD and Celiac disease and may potentially be used as a complementary approach to
monitoring disease activity or therapeutic efficacy in pediatric patients.
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CHAPTER I: OVERVIEW OF THE RESEARCH PROJECT
Inflammatory bowel disease (IBD), comprising Crohn’s disease (CD) and ulcerative
colitis (UC), and celiac disease, is a type of autoimmune disease characterized by chronic
inflammation of the gastrointestinal tract (GI). Previous work in our lab focused on a
rare B cell precursor population of plasmablasts, specifically their increase in UC. We
focused this project on all three diseases and asked if analyzing circulating blood immune
cells can be used to make a differential diagnosis. In particular, we aimed to compare a
rare innate immune cell population (iNKT cells) in pediatric patients with one of these
three diseases to healthy donors (HD).
Though both children and adults may be diagnosed with these diseases, we
concentrated on pediatric patients for multiple reasons. Unlike adults, pediatric patients
diagnosed with a recent onset of these chronic diseases are less likely to be affected by
other comorbidities and long-term medication use. The risk for lymphomas in IBD and
celiac disease due to constant mucosal damage from a young age as well as the use of
immunomodulators or anti-tumor necrosis agents is unclear and a large concern to
patients and their families. And although IBD and celiac disease are on the rise in the
United States, pediatric research is lacking in comparison to research on the adult
population.
There is limited immunopathological information concerning these diseases. For
example, although the relationship between celiac disease and its trigger, gluten, is well
described, the precise etiology of IBD conditions is not understood. Abnormalities have
been described in genetically predisposed patients, such as increased counts of B and T
cell lymphocytes to the mucosal regions causing inflammation to the GI tract (1). The
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migration of these lymphocytes is a highly controlled process influenced by trafficking
receptors (TRs) expressed on the surface of lymphocytes that work in conjunction and
direct the cells to their destination organs (2). Our primary focus was iNKT cells, which
have been implicated in all three of these chronic diseases (3). We hypothesized that the
percent of circulating iNKT cells would be increased in the peripheral blood of patients
with an active disease state and express an altered TR phenotype indicative to gut homing
cells. Using multi-color flow cytometry, we analyzed TRs in conjunction on the surface
of peripheral blood iNKT cells. Our research aimed to investigate whether iNKT
frequency in the blood would reflect the type of chronic intestinal disease and the disease
activity.
We observed an increase in circulating iNKTs in pediatric patients with UC, CD
and celiac disease and found, with UC in particular, an increase in CD8- iNKT cells
expressing the large-intestinal TRs α4β7 and GPR15. Our data indicated that a CD8iNKT subset increases and migrates to the gut via α4β7 and GPR15 during the active
disease states, especially in UC. These results suggest a specific immunological function
of CD8- iNKT cells expressing α4β7 and GPR15 for pediatric patients during active
stages of chronic gut diseases. Combining this knowledge with previous work in our lab
regarding the increase of plasmablasts in UC patients may provide significant progress
toward fully characterizing the immune response of these diseases. Our research has
identified two distinct populations of iNKT cells where the CD8- iNKT cells seem to play
a more significant role in the active patients, especially in UC. Further characterization
of cell surface receptors, which would identify more subsets of these iNKT cells, may
allow us to identify which specific subsets of iNKT cells are altered during different
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stages of these diseases and where they are migrating based on specific TRs. These data
may provide a screening tool to provide a complimentary approach to monitoring disease
activity and therapeutic efficacy, which would increase the quality of life for patients
with this life-long disease and provide the possibility of targeted treatments in the future.
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CHAPTER II

Characterization of Gut-Associated Circulating Invariant
Natural Killer T Cells (INKT) in Chronic Inflammation of the
Intestine
Venus Allahyarzadeh1, Christopher Qualls2, Tzvia Abramson3*

Abstract
Chronic inflammatory diseases of the gut, such as Crohn’s disease (CD), ulcerative
Colitis (UC) and celiac disease are on the rise, especially in pediatric patients. These
diseases share many epidemiological and clinical characteristics. Currently, invasive
procedures, such as colonoscopies and general blood tests for inflammation, are the most
accurate way to determine differential diagnosis due to differences in location and
variable pattern of inflammation between the diseases. It is well documented that the
immune responses in these diseases are abnormal. However, cellular trafficking receptor
expression on primary immune responders in UC, CD and celiac disease is understudied,
making it difficult to differentiate between these chronic inflammatory conditions. iNKT
cells are a group of natural killer T cells that were recently suggested to be associated
with autoimmune and inflammatory diseases and have a role in IBD models in mice.
However, their role in humans is understudied. We hypothesized that iNKT cells arise
differentially in patients experiencing chronic inflammatory conditions and that
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trafficking receptor (TR) characteristics may predict the anatomical location of the
lesions and disease severity.
Using multi-color flow cytometric analysis, we compared circulating CD8- and
CD8+ iNKT populations and their trafficking receptor phenotype in pediatric patients
with CD, UC, and celiac disease with active and non-active stages of disease, and in
healthy donors (HD). Our results indicated that both active and non-active patients
diagnosed with UC, CD or celiac disease had significantly increased percentages of both
CD8- and CD8+ iNKT populations. Further analysis of trafficking receptors in these
populations showed an increased percentage of these cells expressing the large intestine
trafficking phenotype α4β7+GPR15+, especially the CD8- iNKT cells. Further, the
α4β7+GPR15+ CD8- iNKT population increased most in the active UC patient.
The findings of this study suggest that the analysis of circulating iNKT cells in
patients with chronic gut conditions can be a non-invasive tool that provides information
on disease flare and the presence of lesions in the large intestine of patients with chronic
inflammatory diseases of the gut. Analysis of iNKT cells throughout the process of
inflammation may provide additional accurate diagnostic information on the course of
these inflammatory diseases and perhaps reduce the need for the invasive approaches.

Introduction
Celiac disease and the two main forms of inflammatory bowel disease (IBD), ulcerative
colitis (UC) and Crohn’s disease (CD), are three chronic inflammatory diseases of the
gastrointestinal tract (GI). All three diseases are most common in developed countries.
The root cause of these chronic diseases is unknown; however, certain risk factors have
been identified such as the environment, previous medical conditions, vaccinations, and
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genetic predispositions (4). In the United States, approximately 1.4 and 1.8 million
people suffer from IBD and celiac disease, respectively. However, this statistic does not
account for misdiagnosis or unreported cases (5, 6).
Although both adults and children suffer from these diseases, pediatric patients
have a more severe onset at diagnosis and, over the past decade, the incidence of all three
diseases has steadily increased in pediatric patients in America (4, 7, 8). Clinical
manifestations of IBD and celiac disease are unspecific symptoms that include abdominal
pain and diarrhea, creating difficulties for clear diagnosis. These symptoms vary
depending on which region of the gastrointestinal (GI) tract is affected and the severity of
the inflammation (9, 10). Patients with CD suffer from ulcers throughout the GI tract that
appear patchy but penetrative, whereas ulcers in UC patients are specific to the colon and
have a smooth, continuous and superficial appearance. Celiac disease results in villous
atrophy in the upper and lower intestine, resulting in a scalloped pattern of the intestinal
tract (11, 12).
Currently, the main method of diagnosis is identifying the morphological and
anatomic differences between ulcers and lesions by an invasive endoscopy (13).
Additional general tests of inflammation, such as for C-reactive protein (CRP) and
erythrocyte sedimentation rate (ESR), are used to supplement the diagnosis and
monitoring of the disease inflammation (14). There is no singular, efficient method of
diagnosis for these diseases and diagnostic inconsistencies are very common, which
makes a common method of diagnosis difficult to obtain (15).
Treatments available for patients with chronic gut diseases are also nonspecific
since the precise target for the disease is unclear. Current treatments, such as
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immunosuppressive drugs and corticosteroids, are primarily designed to address the
inflammation and prevent future relapses (14, 16). IBD patients are treated with
corticosteroids or immunosuppressive therapy for rapid anti-inflammatory relief;
however, long-term use is discouraged due to many side effects, including infections and
neurological defects (14). Maintenance treatments commonly include drugs that inhibit
the general inflammatory cytokine tumor necrosis factor (TNF)-α. Since TNF-α is a
main cytokine secreted by many activated immune cells in response to microbial
pathogens (17), patients treated with anti-TNF-α drugs are vulnerable to recurring
infections. Additionally, prolonged use of anti-TNF-α drugs renders many patients
unresponsive with very few treatment options and with a small, but significant, risk for
lymphoma (18). In contrast, celiac disease patients generally resolve symptoms by
following a gluten free diet; however, a proportion of patients become refractory (7).
There is accumulating information on differential immunological responses
between UC and CD (19), which are currently being explored for more specific diagnosis
and treatment. For example, patients with CD display T cell mediated responses, in
particular Th1 and Th17 responses, which secrete inflammatory cytokines and recruit to
the gut an array of cytotoxic immune cells such as neutrophils, macrophages and natural
killer cells. Those immune cells contribute to the tissue destruction and lesions in the
intestinal mucosa (20). This specific increase of Th17 cells in the peripheral blood and
gut during CD inflammatory response is currently being explored as a way to
preferentially diagnose and treat CD. For example, clinical trials for anti-CCR9 drugs,
which inhibit adhesion molecules that inappropriately recruit Th17 to the gut, have been
shown to reduce IBD patient symptoms with fewer side effects than current treatments
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(21, 22). In contrast, UC patients display elevated Th2 and B cell responses. In 2012,
Tarlton et al. showed a rise of circulating plasmablasts, a premature activated form of B
cells, which express a specific α4β7 gut-homing phenotype in severe UC patients (23).
Thus, they suggest that rise in plasmablasts could be an immediate blood indicator for a
newly diagnosed UC or recent UC flare in the colon. Celiac disease is unique from IBD
because its antigenic trigger has long been identified as deamidated gluten. Mucosal Th1
cells in patients with genetically altered HLA-DQ2, and DQ8 molecules are
inappropriately activated by gliadin and glutenins. This skewed Th1 response results in
an over production of inflammatory cytokines (24). Recent findings describe an
enrichment of a natural killer phenotype of inner epithelial T lymphocytes in conjunction
with interferon-gamma (IFN-γ) production during the inflammatory response and might
suggest a role for rare lymphocyte T cell subsets, such as iNKT cells (25, 26).
Current studies involving these three diseases draw attention to invariant natural
killer T (iNKT) cells, a thymus derived lymphocyte population which specifically
expresses the T cell receptor (TCR) Vα24-Jα18 and are activated by CD-1d molecules
(27, 28). Furthermore, different subsets of iNKT cells, such as iNKT 17 cells that differ
from Th17 cells but similarly produce IL-17 (29), have been recognized to serve specific
functions during the immune response, which are dictated by a particular combination of
cell surface markers (30, 31, 32, 33). Flow cytometry analysis indicates that iNKT cells
secrete pro and anti-inflammatory cytokines, such as IFN-γ and IL-4 based on their
expression of CD4 and CD8 (34, 35). The CD4+ iNKT populations secrete cytokines
similar to a Th2 immune response where the CD8 iNKT cells induce a Th1 type immune
response. The cytokine profile secreted by iNKT cells is influenced by antigen activation
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and initiates different immune responses that mimic responses dictated by regulatory or
helper T cells (36). Therefore, cell surface phenotype may identify the specific subset of
iNKT cells and reflect their cytokine profile, which may indicate the kind of immune
response generated by any specific regulatory T cells.
Under homeostatic conditions, circulating iNKT cells comprise only 0.02-0.2% of
CD3+ T cells in both mice and humans. Studies in mice show that this frequency is
significantly altered in several autoimmune diseases including UC, CD, and celiac
disease, as well as other diseases such as multiple sclerosis and diabetes (37, 38, 39).
Additionally, a study on germ-free mice that were more susceptible to colitis infection
had a higher percentage of circulating iNKT cells compared to wild type mice (40). In
contrast, studies specifically on refractory celiac disease have shown a deficiency of
iNKT cells in the gut (41, 42) that may be attributed to a problem with iNKT cytokine
secretion, either with iNKT cells already present in the intestine, or the migration of
iNKT cells to the intestine.
The dysregulation of cellular migration is a leading cause of autoimmune diseases
and is implicated in the onset of IBD and Celiac disease (43). Cellular migration to
specific tissues is determined by chemokine receptors expressed on the surface of
lymphocytes that facilitate the migration towards their respective tissue ligands and bind
to adhesion molecules expressed on tissue vasculature (44, 45). Determining the fate and
function of specific lymphocytes during a disease response is a promising approach to
creating successful therapies. In particular, drugs are being designed to inhibit specific
gut cytokines to block leukocyte trafficking and reduce inflammation in the tissue (46,
47). For example, drugs undergoing clinical trials that are designed to inhibit cytokines
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and adhesion molecules responsible for trafficking immune cells to the intestine, such as
CCR9, α4β7, and anti α4, have shown promise; however, more research is required
before clinical application (48, 22).
Previous studies have established an increase in the frequency of the mucosal
vascular addressin cell adhesion molecule 1 (MaADCAM-1) in the gut during IBD,
which attracts lymphocytes expressing the TR α4β7, the counter partner for MaADCAM1 (49). GPR15 is an orphan G-protein coupled receptor that was originally discovered as
a co-receptor for the HIV virus (50). Recent studies of mouse colitis models have shown
that when GPR15 expression is blocked or inhibited in regulatory T cells, there is
increased inflammation in the large intestine, which indicates the presence of GPR15
expressing lymphocyte migration to the colon (51, 52). However, trafficking of T
lymphocytes, which express GPR15, to the large intestine is understudied in humans, and
may have a significant role in chronic gut immunity.
A proportion of patients with IBD and celiac disease also experience skin
irritation and allergies. Non-gut TRs expressed on lymphocytes may serve to detect
extraintestinal complications. For example, the cutaneous lymphocyte antigen (CLA) is
often expressed by circulating B and T cells in IBD patients that have symptoms such as
joint inflammation or liver damage (53, 54). Studies of these TRs on the surface of
circulating iNKT populations in these chronic gut diseases at various stages could
provide insight into disease activity and immune response.
In this study, we hypothesized that frequency and cell surface phenotype of
circulating iNKT cells would reflect disease state and location of inflammation in patients
with IBD and celiac disease. Through multi-color flow cytometry analysis, we
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characterized two distinct populations of iNKT cells that differed in expression of CD8.
We analyzed the frequency of these two subsets of circulating iNKT cells and their
surface trafficking receptors (TR) between pediatric IBD and celiac disease patients
during non-active and active disease states in comparison to healthy donors (HD).
The data from this study showed an alteration of the frequency of circulating
iNKT cells in patients with chronic gut diseases compared to HDs. We observed an
increased percentage of both CD8- and CD8+ iNKT subsets in the peripheral blood of
non-active and active patients compared to HDs. The migration patterns for CD8- and
CD8+ iNKT subsets are distinct based on TR expression and disease activity. Only the
CD8- iNKT population had an increase in the expression of TRs α4β7 and GPR15, which
likely indicates cell migration to the large intestine.
The characterization of specific iNKT subsets in patients with chronic gut
diseases may provide a complementary approach to disease diagnosis and monitoring as
well as provide information on the chronic nature of the diseases and extraintestinal
complications. The ability to characterize the immune response of these diseases in a
non-invasive way is extremely important for patients’ quality of life. Furthermore,
understanding the immunopathology of specific cell subsets will allow for the
development of targeted therapies.

Materials and Methods
Ethical considerations
This study was conducted with IRB approval from Kaiser Permanente in Santa Clara, CA
(IRB# CN-09AWong-01-H) and San José State University in San Jose, CA (IRB
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#F1402014). All blood samples obtained for use in this study were obtained with
informed consent.
Lymphocyte separation from whole blood
Heparinized peripheral blood samples were obtained by a licensed phlebotomist using a
venipuncture technique from the different donor populations: 10 ml from each pediatric
UC patient (n=6), CD patient (n=4), celiac patient (n=2) and healthy donor (n=7). The
peripheral blood mononuclear (PBMC) layer was separated and extracted by processing
blood with Ficoll (Histopaque-1077, Sigma-Aldrich, St. Louis, MO) density gradient
centrifugation. The PBMC layer was washed twice with Hank’s Balanced Salt Solution
(HBSS) without Ca++/Mg++ and then re-suspended in staining buffer (1X PBS with 2%
FCS and 0.1% sodium azide). Cells were blocked for a minimum of ten minutes with
normal human serum and normal goat serum (Gibco, Invitrogen by Life Technologies,
Carlsbad, CA), and then cells were stained with antibodies and acquired by flow
cytometer.
Monoclonal antibodies for flow cytometry phenotypic analysis
The primary conjugated antibodies used were mouse anti-human TCR Vα24-Jα18 PECy7
(clone 6B11, Biolegend, San Diego, CA), mouse anti-human CD16 APC Cy7 (clone
3G8, BD Biosciences, San Jose, CA), mouse anti-human CD8 Alexa Fluor 700 (clone
RPA-T8, BD Biosciences, San Jose, CA), mouse anti-human CD3 V500 (clone SP34-2,
BD Biosciences, San Jose, CA), and mouse anti-human α4β7 PE (courtesy of Butcher
Lab at Stanford University from EDM Millipore, Billerica, MA).
The primary unconjugated antibodies used were mouse anti-human GPR15 (clone
367902, R&D Systems, Minneapolis, MN) conjugated in house to goat F(ab’)2 anti-
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mouse Pacific Blue (Invitrogen, Carlsbad, CA), and Biotin rat anti-human CLA
(cutaneous lymphocyte antigen, Clone HECA-452, BD Biosciences, San Jose, CA)
conjugated in house with Streptavidin Qdot 565 (Invitrogen, Carlsbad, CA)
Cell staining and flow cytometry analysis
PBMCs at a concentration of 2x106 per donor sample were stained with the antibodies
mentioned above. First, cells were stained with primary anti-human GPR15 antibody,
washed, and followed with secondary anti-mouse Pacific Blue labeling. After a second
wash, cells were blocked with normal mouse serum (NMS, Santa Cruz Biotechnology,
Santa Cruz, CA). Next, a cocktail of the primary conjugated antibodies was applied to
the cells. Subsequently, cells were stained with primary anti-CLA biotin antibody,
washed, and labeled with Streptavidin Qdot565. Lastly, cells were fixed in a 1%
paraformaldehyde solution and washed a final time before re-suspension in staining
buffer.
Alongside the donor sample, to account for background staining, “n-1” controls
with 2x106 PBMCs were prepared for the two primary antibodies labeled in house
(addition of Pacific Blue without GPR15 and Streptavidin Qdot565 without CLA) and the
pre-conjugated iNKT marker (TCR Vα24-Jα18), which included all other antibodies
except that of each control. Other than these changes, controls and donor samples were
treated and prepared in the same way. All samples were acquired using a BD
Biosciences LSRII flow cytometer (Butcher lab at Stanford University) using FACSDiva
software.
Flow cytometry data were analyzed using FlowJo software (Tree Star Inc.,
Ashland, OR). iNKT population and TR gate placement were determined by the “n-1”
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controls or comparison of the peaks for positive and negative staining populations.
Unspecific binding was accounted for by subtracting any faint positive signals in the
iNKT, CLA, and GPR15 control samples.
Statistical Analysis
Each experimental group was compared to the HD group and significant differences
between the pairs were determined by the student’s t test4. Consideration of statistical
significance was based on a value of p≤0.05. In a previous paper our lab determined
there is no relationship between age, gender, drug treatment and response levels by
Wilcoxon and regression F test (23).
Experimental design and subjects
IBD and celiac disease patients were scored on disease severity. Diagnosis of UC, CD
and celiac is determined by use of clinical lab tests, endoscopy, histopathology, and
radiology findings. Disease activity was assessed using the Pediatric Ulcerative Colitis
Activity Index (PUCAI), the Crohn’s Disease Activity Index (CDAI), and Celiac Disease
Marsh Score, and patients were classified into “active” or “non-active” groups (Table 1).
Patients gave consent to participate in this study to the Pediatric Gastroenterologists at
Kaiser Permanente in Santa Clara, CA. Blood samples were drawn from patients before
anti-TNF-α infusion therapy or during routine blood-work.
A total of 2 celiac disease, 7 UC, and 7 CD patient samples were collected. The
samples included 5 males and 8 females ranging in ages from 8 to 18 years old.
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TABLE 1. List of pediatric UC, CD, and celiac disease patients and sample information

TABLE 1.
Patient Group is based on PUCAI (range 0-100, active disease state >10),
CDAI (range 0-76, active disease state >5), or Marsh Score (range stage 0-4, active
disease state >stage 2) of the patients.
*Biological Therapies: anti-TNF-α monoclonal antibodies, Remicade, anti-α4β7
**Immunomodulators: Imuran
***Anti-inflammatory agents: 5-aminosalicylic acid (5ASA)
§, φ, ξ, £, ¥ Samples with the same symbol were obtained from the same patient at
separate time points.
M-male, F-female, ESR-erythrocyte sedimentation rate, CRP-C-reactive protein
Healthy donors selected to participate in this study were not afflicted by IBD or
celiac disease or any other illness for a minimum of one month before their blood sample
was taken. A total of 7 HD samples were taken from 3 males and 4 females ranging from
3 donors 18-25 years old, 3 donors 25-30, and 1 donor 31+ year old. One sample per
healthy donor was used.

Results
These experiments were designed to investigate sub populations of iNKT cells and
determine whether they provide information on chronic intestinal disease severity, and
may be used to distinguish between various chronic intestinal conditions.
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Characterization of two distinct populations of iNKT cells
The iNKT cell population is mostly characterized by a CD1d tetramer and T cell receptor
beta (TCR-β), which can make it difficult to discriminate from other natural killer T cells.
Here, we use a monoclonal antibody specific to the TCR shared only by iNKT cells, TCR
Vα24-Jα18 (iNKT marker) (27).
Two iNKT cell populations were gated from the extracted PBMC (Fig. 1A-E):
CD3+CD8-CD16+TCR Vα24-Jα18+ (CD3+CD8- iNKT cells) and CD3+CD8+CD16+TCR
Vα24-Jα18+ (CD3+CD8+ iNKT cells). PBMCs were first gated on lymphocytes (Fig. 1A)
then on single cells (Fig. 1B). Then, single lymphocytes positive for the thymocyte
marker CD3 were identified and separated into CD8 positive and negative populations
(Fig. 1C). Each of these populations was further gated for positive expression of CD16,
and TCR Vα24-Jα18, the iNKT marker (Fig. 1D and 1E). Flow cytometry data
confirmed the presence of two distinct iNKT populations where the CD8+ (1.4% p=0.02)
iNKT population was approximately twice as dense as the CD8- (0.5%) iNKT population
gated from CD3+ lymphocytes (Fig. 1F).
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FIGURE 1.
Isolating iNKT subsets by flow cytometry. Representative flow cytometry
data showing the gating strategy to isolate two distinct iNKT populations (sample 9 in
Table 1). (A) Lymphocytes gated from PBMC’s. (B) Singlets were separated from
doublets. (C) Lymphocytes were gated into CD8+ T cells and CD8- T cells on all cells
that are of thymocyte origin which are CD3+ cells. (D) The iNKT population gated from
CD3+CD8+ cells. (E) The iNKT population gated from CD3+CD8- cells. (F) Percent of
CD8- and CD8+ iNKT subsets out of CD3+ lymphocytes in all patients. * p< 0.05; t-test.
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Frequency of circulating CD3+ iNKT cells in patients with UC, CD and celiac disease
We first wanted to look at all circulating iNKT cells in order to determine if there was an
altered frequency in patients compared to HDs. Percentages of all CD3+ iNKT cells were
pooled for patients with each disease and HDs. There was a significant increase in
circulating CD3+ iNKT cells in UC (3.3% p=0.01), CD (2.2% p=0.0001), and celiac
disease (2.5% p=0.03) patients compared to HDs (0.3%). However, no differences were
observed between the pooled samples of the various diseases (Fig. 2).

FIGURE 2. Frequency of circulating iNKT cells. Percentage of CD3+ iNKT cells out
of total lymphocytes in UC (n=7), CD, (n=7) and celiac patients (n=2) compared to HD’s
(n=7). * p<0.05, ** p<0.005, *** p<0.0005; t-test.
Frequency of circulating iNKT cell subsets in patients with UC, CD, and celiac disease
In order to test if a specific circulating iNKT cell subset is altered during various states of
chronic intestinal inflammation, we compared the frequency of CD8- and CD8+ iNKT
subsets in non-active and active patients to HDs. All patients were analyzed according to
the description in Figure 1A-E and the flow cytometry CD8- and CD8+ iNKT populations
!
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of each disease state are shown (Fig. 3A-3F). Disease status was organized according to
the clinical score as described in the Table 1. The analyzed data were distributed into
patients that are non-active or active regardless of the disease type. The percentages of
CD8- or CD8+ iNKT populations were compared between non-active patients, active
patients and HDs. There was a significant increase in the mean percentage of CD8- iNKT
cells in non-active (0.88% p=0.01) and active patients (0.6% p=0.035) in comparison to
HDs (0.05%)(Fig. 3G). Similarly, the mean percent of CD8+ iNKT cells in non-active
(1.62% p=0.01) and active patients (2.02% p=0.025) was significantly increased
compared to HDs (0.16%)(Fig. 3H). The mean percentage of CD8- iNKT population was
moderately, but not significantly, higher in non-active patients than active patients. In the
CD8+ iNKT population the percent increase seemed to correlate with disease activity.
The data suggested these two iNKT subsets both have a role during different stages of
disease. No significant differences were observed for CD8+ and CD8- populations of
iNKT cells between active and non-active patients (Fig. 3G and H).
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FIGURE 3. Frequency of iNKT cell populations. (A-C) Representative flow
cytometry comparison of CD8- iNKT population (D-F) and CD8+ iNKT between active
patients (n=9), non-active patients (n=7) and HDs (n=7).
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FIGURE 3. Continued. (G) Percentage of peripheral blood CD8- iNKT (H) and CD8+
iNKT cells in HDs, non-active and active state patients. (I) Percentage of circulating
CD8- and (J) CD8+ iNKT cells in HD patients with UC (n=7), CD (n=7) and celiac
disease (n=2). * p<0.05, ** p<0.005; t-test, ND indicates no data.
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FIGURE 3.
Continued. (K) Percentage of CD8- iNKT cells in HD (n=7) and nonactive patients (n=7) (L) and active patients (n=9). (M) Percentage of CD8+ iNKT cells
in HD (n=7) and non-active patients (n=7) (N) and active patients (n=9). * p<0.05, **
p<0.005; t-test, ND indicates no data.
We then asked if there was a specific alteration in the percentages of iNKT cells
in patients with UC, CD, or Celiac disease. To test that, we analyzed the patient samples
according to the diagnosed disease and pooled them together regardless of disease
activity (score). Interestingly, there was a significant increase in the frequency of both
circulating iNKT subsets in patients with all three diseases compared to HDs. The CD8population of iNKT cells was slightly higher in UC patients (1.1% p=0.02) compared to
HDs (0.09%); CD (0.54% p=0.01) and celiac disease (0.4% p=0.02) were not as high as
UC (Fig. 3I). Although significantly higher than HDs (0.2%), the increase in CD8+ iNKT
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population between UC (2.1% p=0.01), CD (1.7% p=0.04), and celiac disease (2.05%
p=0.03) did not vary significantly (Fig. 3J).
To test if the iNKT population varies within each disease in respect to the disease
status (score), we compared the percent of circulating CD8- and CD8+ iNKT cells in the
patients with non-active and active disease states specifically in UC, CD, and celiac
disease (no non-active celiac). The frequency of CD8- iNKT cells in non-active UC
(1.1% p=0.04) and CD (0.63% p=0.03) were significantly higher compared to HDs
(0.09%)(Fig. 3K). Similarly compared to HDs, the percent of CD8- iNKT cells was
increased in active CD (0.4% p=0.003) and active celiac disease (0.4% p=0.005) patients
(Fig. 3L). Although less prominent, the percentage of CD8+ iNKT cell population
increased in non-active UC (1.9% p=0.03) and non-active CD (1.4% p=0.02) compared
to HD’s (0.2%)(Fig. 3M), as well as for active CD (2.1% p=0.002) and celiac disease
(2.1% p=0.04) (Fig. 3N). Interestingly, the CD patient data showed a marginally higher
percentage in non-active patients where the opposite was observed in the CD8- iNKT
population, reiterating the suggestion of a difference in the roles between these two iNKT
subsets.
Expression of trafficking receptors on the surface of subsets of iNKT cell populations
Next we analyzed the surface expression of trafficking receptors (TRs) on both iNKT
populations to determine if there is a mechanism of cell migration of these subsets to the
intestine. We compared surface expression of the gut-homing TR α4β7, the novel largeintestine TR GPR15, as well as the extraintestinal cutaneous lymphocyte antigen (CLA)
on CD8- and CD8+ iNKT cells. Our aim was to detect any differential TR expression in
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respect to disease type and disease severity. Figures 4A-H present the gating strategies
applied to each of the TRs.

FIGURE 4.
Single Molecule TR Analysis on iNKT cell populations. Representative
flow cytometry gating of single TRs (sample 9 in Table 1). (A) Single TRs were gated
on brightest positive population from both CD3+CD8- (E) and CD3+CD8+ iNKT subsets
on non-active patients, active patients, and HDs. Single TR of interest is in upper left
quadrant of contour plots for (B, F) α4β7, (C, G) CLA and (D, H) GPR15.

!

24!

ea
lth

!
s

25!
60

Pa
tie
nt
s

N

Ac
tiv
e

0
Ac
tiv
e

N
on
-A
ct
iv
e

Pa
tie
nt
s

Pa
tie
nt
s

s

GPR15

ea

lth

s

Ac
tiv
e

D

on

or

s

Pa
tie
nt
s

Pa
tie
nt
s

y
N
on
-A
ct
iv
e

H

or

Pa
tie
nt
s

L
L

Pa
tie
nt
s

10
or

on

Pa
tie
nt
s

D

% α4β7 on CD3+CD8+ iNKT

J

N
on
-A
ct
iv
e

20

s

30

or

0

on

5

on

10

D

15

y

20

% GPR15 on CD3+CD8+ iNKT

Ac
tiv
e

N
on
-A
ct
iv
e

GPR15

lth

Pa
tie
nt
s

25

ea

s

y

0

H

or

lth

20

D

CLA
% CLA on CD3+CD8+ iNKT

on

Pa
tie
nt
s

D

ea

40

y

Pa
tie
nt
s

Ac
tiv
e

N
on
-A
ct
iv
e

y

**

lth

or

lth

***

ea

on

ea

% α4β7 on CD3+CD8- iNKT

α4β7

H

Ac
tiv
e

D

H

M
H

K

60

Pa
tie
nt
s

y

% GPR15 on CD3+CD8- iNKT

I!

N
on
-A
ct
iv
e

H

% CLA on CD3+CD8- iNKT

9

CD8 !iNKT

+

CD8 !iNKT
α4β7

80

60

40

20
0

80

60

40

20

0

CLA

40

20

0

FIGURE 4. Continued. Single TR expression was analyzed for pooled groups of HDs,
non-active Patients, and active patients on both iNKT subsets for (I, J) α4β7, (K, L) CLA
and (M, N) GPR15.
** p<0.005, *** p<0.0005; t-test., ND means no data.

FIGURE 4. Continued. The single TR expression for α4β7 was further analyzed by
disease and state on (O, P) CD3+CD8- and (Q, R) CD3+CD8+ iNKT cells.
** p<0.005, *** p<0.0005; t-test., ND means no data.
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FIGURE 4.
Continued. The single TR expression for GPR15 was also analyzed by
disease and state on (S, T) CD3+CD8- and (U, V) CD3+CD8+ iNKT cells.
** p<0.005, *** p<0.0005; t-test., ND means no data.
All patients were pooled and grouped into non-active or active state of disease
according to their score regardless of disease type and compared to HDs. We observed
an approximate 4-fold increase in the frequency of CD8- iNKT cells that expressed TR
α4β7 on both non-active (43.2% p=0.001) and active (47.3% p=0.001) patients compared
to HDs (11.6%)(Fig. 4I). There were no significant alterations in the frequency of the
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CD8+ iNKT population that express α4β7 between the various disease stages and HDs
(Fig. 4J). No significant changes were observed in non-active or active patient
frequencies for both CD8- iNKT and CD8+ iNKT cells expressing GPR15 and CLA
compared to HDs (Fig. 4K–N).
In order to determine if there were any disease specific TR alterations, we
analyzed the single expression of α4β7 and GPR15 on both iNKT subsets in patients with
each disease and activity state. We saw a significant increase in the percentage of α4β7
expressing CD8- iNKT cells in non-active UC (41.1% p=0.008), non-active CD (46.8%
p=0.001) compared to HDs (11.6%) (Fig. 4O), as well as active CD (54.9% p=0.003),
and active celiac (37.7% p=0.03) patients compared to HD’s (Fig. 4P). No significant
increase in the α4β7 expressing CD8+ iNKT population was observed in all respective
samples (Fig. 4Q and 4R).
GPR15 expressing CD8- iNKT cells only increased (34.6% n=1) in active UC
compared to HDs (14.4%)(Fig. 4T). Surprisingly, HDs had a relatively high percentage
of GPR15 expressing CD8+ iNKT cells (47.5%). The percentages of these cells
decreased in both non-active UC (13.9% p=0.006) (Fig. 4U) and active UC (23.7% n=1)
when compared to HDs (Fig. 4V).
Frequency of double positive iNKT subsets expressing α4β7, CLA, or GPR15
We next wanted to distinguish the migratory fate of various iNKT cells by analyzing the
expression of α4β7+ iNKT cells against those that migrate to the skin, CLA+ iNKT cells,
by analyzing the simultaneous expression of GPR15.
We gated for CD8- and CD8+ iNKT cells and recorded the frequency of cells that
expressed both α4β7 and GPR15 to determine if these populations had a gut-homing
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migration specific to the large intestine (Fig. 5B and 5E). We compared and contrasted
the mutually expressing α4β7 and GPR15 iNKT populations to those that expressed CLA
and GPR15. A CLA+ GPR15+ phenotype may be reflective of cell migration toward
extraintestinal regions like the skin (Fig. 5C and 5F).

FIGURE 5.
Double positive TR analysis on iNKT cell populations. Flow cytometry
plots (sample 9 in Table 1) showing (A) CD3+CD8- iNKT subset and (B) its contour plot
for α4β7 and GPR15 double positive population as well as (C) contour plot for CLA and
GPR15 double positive population. Similar gating strategy of (D) CD3+CD8+ iNKT cells
(E) for α4β7 and GPR15 double positive population and (F) for CLA and GPR15 double
positive population.
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FIGURE 5.
Continued. Mean percent of cells expressing (G) α4β7 and GPR15 on
CD3+CD8- iNKT and (H) CD3+CD8+ iNKT population. Mean percent of cells
expressing (I) CLA and GPR15 on CD3+CD8- iNKT and (J) CD3+CD8+ iNKT
population. * p<0.05 ** p<0.005; t-test, ND means no data.
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FIGURE 5.
Continued. Further analysis of α4β7 and GPR15 double positive
populations on (K, L) CD3+CD8- and (M, N) CD3+CD8+ iNKT cells by disease and
state.
* p<0.05 ** p<0.005; t-test, ND means no data.
Again, all patients were pooled and grouped into non-active and active states of
disease regardless of the disease type. There was a higher percentage of CD8- iNKT cells
expressing both the α4β7 and GPR15 in active patients (11.1%) compared to non-active
(1.6%, p=0.002) patients and HDs (2.2%, p=0.02) (Fig. 5G). However, there was no

!

31!

significant increase in the respective CD8+ iNKT population (Fig. 5H). In contrast, 25%
percent of the CD8+ iNKT cells in active patients expressed both CLA and GPR15,
which was increased approximately 3.7-fold compared to non-active patients (6.8%
p=0.03) (Fig. 5J) but, no significant differences were revealed in the frequency of CD8iNKT cells which expressed CLA and GPR15 among all disease groups and HDs (Fig.
5I).
We next recorded the frequency of the iNKT population expressing both α4β7
and GPR15 on patients grouped according to their disease and severity. Although
additional patients are required to gain statistical confidence, our data showed that the
frequency of α4β7+ GPR15+ expressing CD8- iNKT cells may be higher in active UC
patients (13% n=1) compared to HDs (2.3%)(Fig. 5L). Our current data did not show a
significant alteration in the percentage of

4 7+ GPR15+ expressing CD8+ iNKT cells

(Fig. 5M and 5N), or CLA+ GPR15+ expressing CD8- or CD8+ iNKT cells (data not
shown).
Our data suggests a role for CD8- iNKT cells expressing α4β7 and GPR15 to
traffic to the gut and perhaps specifically the large intestine during active disease state.
The frequency of CD8+ iNKT cells expressing CLA and GPR15 rose as well in active
patients with chronic intestinal disease and the significance of that should be further
studied.

Discussion
Circulating iNKT cells are increasingly recognized to be critical immunoregulators in
patients with diseases that cause chronic inflammation due to their shared NK and T
helper cell abilities to secrete pro and inflammatory cytokines (34). The identification of
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specific subsets of iNKT cells responding at various disease stages and the mechanisms
of migration toward affected tissues are understudied. In this study, we characterized the
frequency and TR phenotype of different subsets of a rare circulating T cell population
during chronic intestinal inflammation. We focused on pediatric patients with a recent
onset of IBD and celiac disease because these patients are less likely to be affected by
other comorbidities and long-term medication use. We hypothesized that the frequency
and TR expression of iNKT subsets would be altered in patients compared to healthy
donors.
We studied two iNKT cell subsets, CD8- and CD8+ iNKT cells. Our results
showed that the frequency of both the CD8- and CD8+ iNKT cell subsets was increased in
all pediatric patients with chronic inflammation with both non-active and active disease
states compared to HDs. This suggests that both iNKT subsets can reflect on a chronic
disease which is not necessarily in an active state.
However, only CD8- iNKT cells displayed an intestinal phenotype, as detected by
the expression of α4β7, in all disease types, regardless of the disease severity.
Furthermore, only CD8- iNKT cells showed a large intestine phenotype, as detected by
the expression of both α4β7 and GPR15, and only in the active UC patient, suggesting
that this subset can be an indicator of current inflammation in the large intestine.5
These results imply that only the CD8- iNKT subset is reflective of intestinal
inflammation and that GPR15 in conjunction with α4β7 is a favorable phenotype to
detect current inflammation in the large intestine. In addition, characterizing markers of
the small intestine, such as CCR9, in conjunction with α4β7 on CD8- iNKT cells may
detect inflammation in the small intestine. This phenotype may be useful in detecting
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
5!Additional
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small intestine associated inflammation as expected in CD and celiac disease. Also,
additional analyses would be required to verify if the CD8- iNKT cell population
increases during acute inflammation of the gut.
It is possible that the frequency of CD8+ iNKT cells that rise during chronic
diseases but do not acquire an intestinal phenotype may be a general marker for chronic
disease but not necessarily indicative to intestinal chronic inflammation. However, the
rise in this subset that expressed both CLA and GPR15 suggests that this subset reflects
extraintestinal inflammation.
Earlier work showed a decrease in circulating iNKT cells in adult celiac disease
patients (55). However, insights gained by murine models about the crosstalk between
microbiota and PB iNKT cells (40) showed that mice with altered early exposure to
microbiota had an increase of circulating and mucosal iNKT cells compared to wild types
and were more susceptible to severe colitis. It is possible that Grose’s work was an
observation of acute immune response while more recent work and this study focused on
chronic inflammation of specified disease state. Another explanation for Grose’s
contrasting results may be that in his 23 adult samples, the iNKT cells were more
deficient solely because iNKT cells decrease with age and may also become more
deficient as a result (56). More samples must be collected to confirm the statistical
significance and the moderate changes in iNKT frequency of our study.
In conclusion, our study demonstrated a significant increase in the frequency of
two specific iNKT subsets, CD8+ and CD8-, in the peripheral blood of patients with IBD
and celiac disease at non-active and active disease states compared to HDs. Furthermore,
we determined that based on TR expression of α4β7 and GPR15, CD8- iNKT cells may
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have significant migration to the large intestine during intestinal disease that is not
observed in CD8+ iNKT cells. We suspect that this CD8- iNKT migration to the large
intestine is specific to UC patients; however, more samples are needed to confirm.
Lastly, our data suggested that GPR15 in conjunction with CLA has extraintestinal
migratory potential in humans that was not previously observed in mice due to the
expression of CLA and GPR15 double positive populations in both iNKT subsets.
Currently, our analysis may be used to define chronic intestinal inflammation in IBD and
celiac disease patients. Further detailed characterization of specific subsets of iNKT cells
may provide valuable tools to distinguish diseases and develop treatments.
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CHAPTER III: FUTURE EXPLORATIONS
Further characterization of these cell subsets and their TR phenotypes may provide a
more efficient form of distinguishing between UC, CD and celiac disease and may
potentially be used as a complementary approach to monitoring disease activity or
therapeutic efficacy in pediatric patients.
Continued study of these cell subsets would include gathering more patient
samples of each disease, especially celiac disease. Further, we would require observing
samples from patients that are experiencing acute inflammation rather than a chronic
disease state in order to verify the role of the iNKT cell subsets.
It would be imperative to look at TR markers for different regions of the intestine
affected by these conditions, such as CCR9 for small intestine and CCR10 for colon.
Moreover, to verify if iNKT subsets are mimicking the immune response of T helper
cells, research including markers for Th1, Th2 and Th17 must be added to the flow
cytometry analysis. This could include the addition of specific transcription factors such
as RORϒt, T-bet and GATA as well as relevant cytokines like IL-17, IFN-ϒ and IL-4,
respectively.
Current flow cytometry technology has provided researchers the ability to observe
many markers in one tube of blood, allowing for a more detailed characterization with a
smaller starting sample. This work would benefit tremendously from the use of machines
such as Cytof, which uses weighted isotopes and allows researchers up to 30 markers in
one tube (23). Full characterization of rare subsets such as iNKT cells will be more
comprehensive with continued application of these technologies.
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