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Evidence of Invariant Natural Killer T (iNKT) Cell Exhaustion in
Sarcoidosis
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Michelle-Linh T. Nguyen, B.A.2, Christopher K. Kirby, M.S.2, Jeffrey M. Milush, Ph.D.1, and
Laura L. Koth, M.D.2
1Division of Experimental Medicine, Department of Medicine, University of California, San
Francisco, CA, USA 94110
2Division of Pulmonary and Critical Care, Department of Medicine, University of California, San
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Summary
Invariant natural killer T (iNKT) cells are integral components of immune responses during many
chronic diseases, yet their surface phenotypes, subset distribution, and polyfunctional capacity in
this environment are largely unknown. Therefore, using flow cytometry, we determined iNKT
phenotypic and functional characteristics in subjects with the chronic inflammatory disease
sarcoidosis and matched controls. We found that sarcoidosis subjects displayed lower iNKT
frequencies, which correlated with lung fibrosis, C-reactive protein levels, and other measures of
clinical disease. The CD4− CD8− (DN) iNKT cell population was selectively lower in diseased
individuals and the remaining DN iNKT cells exhibited higher frequencies of the activation
markers CD69 and CD56. Functionally, both total IFN-gamma+ and the dual-functional IFN-
gamma+ TNF-alpha+ iNKT cells were decreased in sarcoidosis subjects and these functional
defects correlated with total iNKT circulating frequencies. As the loss of polyfunctionality can
reflect functional exhaustion, we measured the surface antigens PD-1 and CD57 and found that
levels inversely correlated with dual-functional iNKT cell percentages. These findings reveal that,
similar to traditional T cells, iNKT cells may also undergo functional exhaustion, and that
circulating iNKT frequencies reflect these defects. PD-1 antagonists may therefore be attractive
therapeutic candidates for sarcoidosis and other iNKT-mediated chronic diseases.
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Introduction
Invariant natural killer T (iNKT) cells are a unique population of T cells that possess
qualities of both innate and adaptive immune cells. iNKT cells recognize glycolipid antigens
bound to the non-classical MHC CD1d [1–3] and are also stimulated in response to
cytokines and TLR signaling [4–5]. Possibly due in part to the multiple ways iNKT cells can
be activated, this unique T cell subset is likely a key determinant in the course of
autoimmune [6] and infectious diseases [7–8] as well as malignancy [6, 9–13].
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In many chronic diseases, prolonged inflammation leads to dysfunctional T cell populations
with ablated effector function and/or proliferative capability; these T cells are referred to as
“exhausted” [14]. In the early-mid stages of exhaustion, antigen-specific T cells lose the
capacity to produce multiple cytokines (e.g. polyfunctionality) [15–17]. Over time, chronic
inflammation can lead to complete ablation of T cell effector function capacity, loss of
proliferative potential, and ultimate depletion of antigen-specific T cells [14]. Programmed
Death Receptor-1 (PD-1) expression is associated with T cell exhaustion [14]; in vivoPD-1
up-regulation during chronic lymphocytic choriomeningitis virus (LCMV) in mice or SIV
infection in non-human primates leads to suppression of T cell function with concomitant
reduced pathogen clearance [18–19]. In humans with advanced solid organ malignancies,
treatment with antibodies against PD-1 or PD-1 ligand produced durable anti-tumor
responses [20–21]. These examples illustrate the robust inhibitory role associated with PD-1
expression on T cell function in chronic disease states.

Similar to antigen-specific CD8+ T cells, iNKT cells express higher levels of PD-1 in HIV
[22] and Mycobacterium tuberculosis [23] infections. However, given the challenges of
studying low frequency cell populations in humans, it is unknown whether increased PD-1
expression on circulating iNKT cells is associated with polyfunctional impairment.
Understanding the functional role of iNKT cells in states of chronic inflammation will help
identify whether novel therapies, such as PD-1 antibody antagonists (against either PD-1
receptor [21], or a PD-1 receptor Ligand, PD-L1 [20]), should be considered possible
molecular targets for treatment.

Here, we used flow cytometry to determine the phenotype and functional status of iNKT
cells in the chronic inflammatory disease sarcoidosis. This condition is associated with
persistent antigenic stimulation by insoluble microbial proteins [24–26] and low numbers of
iNKT cells have been reported [27–28]. Little is known about the correlation of iNKT cell
numbers to phenotypic and functional properties and whether markers of immune
exhaustion are associated with impaired cytokine production in these cells. Our goal was to
improve the understanding of iNKT cell defects in a chronic human inflammatory disease
and therefore elucidate the potential for novel iNKT biomarkers and therapeutic targets.

Results
Study Subject Characteristics

Twenty-nine sarcoidosis subjects and 33 healthy controls were included in the iNKT cell
phenotype study (Table I). Twenty-seven subjects with sarcoidosis had controls matched for
gender, race, and age (within 10 years). Pulmonary function and additional clinical
characteristics are presented in Table I. Since pulmonary disease is the most common
manifestation in sarcoidosis, Table II provides clinical characteristics of these subjects by
chest radiographic stage. Stage IV subjects tended to have higher dyspnea scores (i.e., worse
dyspnea) and lower pulmonary function compared to other stages (trend in statistical
significance for % FVC and % DLCO in Stage IV compared to other groups; P = 0.06 and
0.08 respectively by one-way ANOVA). A subgroup of these subjects had samples available
for iNKT cell functional and PD-1/CD57 analysis (see Supplemental Table 1).

Sarcoidosis subjects have low numbers of circulating iNKT cells, with the lowest counts
found in subjects with high CRP levels and irreversible fibrotic lung disease

Circulating iNKT cell frequencies and absolute counts have been reported to be abnormally
low in sarcoidosis subjects in the UK and Japan [27–28]. For our US cohort, we used a
tetramer-based gating strategy (Figure 1A) and found a trend toward lower frequencies
(p=0.099, Figure 1B) and significantly lower absolute numbers of iNKT cells (p=0.0133,
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Figure 1C) in the PBMC of sarcoidosis subjects compared to controls. As the sarcoidosis
subjects demonstrated a range of pulmonary function abnormalities and chest radiographic
disease, we also compared total iNKT cell frequencies and absolute counts between subjects
in each of the defined disease stages (Stages I-IV, as described in Materials and Methods).
Stage IV disease is defined by evidence of lung fibrosis and is considered to be irreversible
compared to Stage I disease, which has been reported to resolve spontaneously in up to 70%
of subjects [29]. Stage IV subjects had significantly lower iNKT cell frequencies compared
to both controls and subjects with Stage I disease (Figure 1D) and significantly lower iNKT
cell absolute counts compared with controls (Figure 1E). Concurrent use of systemic
corticosteroids or alternative immunosuppression (as used by 10/29 subjects, Figure 1) had
no significant effect on iNKT frequencies or numbers (data not shown), consistent with a
previous report [27].

We next compared iNKT cell frequencies with quantitative and qualitative measures of lung
disease and inflammation and found significantly lower frequencies of iNKT cells in
subjects with chest CT scan evidence of fibrosis, nodules, and the symptom of cough
(Figure 1F). There were also trends toward lower iNKT cell percentages for subjects with
CT scan evidence of bronchiectasis and the symptom of wheezing (Figure 1F). In addition,
the continuous variables of shortness of breath (dyspnea score) and forced vital capacity
(FVC) (a measure of lung restriction) were significantly correlated with iNKT cell
frequencies (Figures 1G & 1H, respectively). Overall, subjects presenting with more severe
lung disease had significantly lower frequencies of circulating iNKT cells. Similar results
were found when we analyzed iNKT cell frequencies as a percentage of CD3+ cells (data
not shown), indicating the differences noted are iNKT cell-specific and not reflective of
general lymphopenia. Also, serum levels of C reactive protein (CRP), a marker of general
inflammation, were measured in the plasma of sarcoidosis subjects. Lower iNKT
frequencies were significantly associated with higher CRP levels (Figure 1I). Taken
together, these data strongly implicate a link between circulating iNKT frequencies and both
inflammation and measures of disease severity.

To assess whether iNKT frequencies changed over time during the course of disease, levels
were assessed at two visits over a span of 36 months in six subjects. Between these two
visits, four subjects remained clinically stable with no significant change in iNKT cell
frequency (Figure 1J, open triangles). One subject developed progressive lung disease (from
stage II to fibrotic stage IV disease), and had a 53% decrease in iNKT frequency (Figure 1J,
closed squares), while one subject demonstrated improved lung function (11% increase in
FVC) with a concomitant increase in iNKT cell level (Figure 1J, closed circles). These
preliminary results, taken together with our cross-sectional data stratified by disease stage
(Figure 1E) suggest that iNKT cell numbers may decline as disease progresses. These
changes were documented prior to any change in therapy.

Lower numbers and distinct surface phenotype of the CD4−CD8− (Double Negative) iNKT
subset in sarcoidosis

We next determined whether any alterations in iNKT cell subset distributions are present in
PBMC from sarcoidosis subjects. iNKT cells can express CD4 and/or CD8 to comprise up
to four distinct subsets in humans. The two most frequent subsets in PBMC are CD4−CD8−
(DN) and CD4+CD8− (CD4 SP) and differences in ex vivo functional profiles of these
subsets have been reported [30–31]. Therefore, we explored the frequencies and phenotypes
of these subsets (Figure 2A demonstrates the gating strategy). We found significantly lower
absolute numbers of circulating DN iNKT cells compared to healthy controls (Figure 2B). A
similar distribution was found when analyzing the percentages of CD4, CD8 and DN iNKT
cell subsets while there was no measurable difference in these percentages for CD3+ T cells
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between sarcoidosis and controls (Supplemental Figure 1 & 2). The cell counts of all other
iNKT cell subsets that differ in CD4 and CD8 expression, including CD4 SP, CD8 SP, and
CD4+ and CD8+ (DP) fractions, were not significantly different between groups (Figure
2B). We next compared DN iNKT cell numbers between subjects divided by disease stage
and found the lowest numbers of DN iNKT cells in subjects with fibrotic disease (Stage IV)
compared to all other subject groups (Figure 2C).

To assess whether the remaining DN iNKT cells in diseased subjects were phenotypically
distinct, we measured the activation markers CD69 and CD56, as well as CD161, an antigen
associated with iNKT cell maturation [32–33] and iNKT cell function in chronic infection
[34]. We found that DN iNKT cells exhibited higher percentages of CD69 and CD56 in
sarcoidosis subjects versus controls (Figure 2D). Analysis of the other major iNKT cell
subset, CD4+ CD8− (CD4 SP), yielded no significant differences in these surface markers
between the healthy and sarcoidosis cohorts (Figure 2E).

Functional analysis reveals a defect of total IFNγ+ and IFNγ+ TNFα+ dual functional iNKT
cells in sarcoidosis; these functional alterations correlate with total circulating iNKT cell
frequencies

Given the association of Th1 cytokines in the pathogenesis of sarcoidosis [25, 35–36], we
determined the functional status of the circulating iNKT cell compartment in sarcoidosis and
controls by measuring IFNγ and TNFα production directly ex vivo (gating strategy shown in
Figure 3A). We found an overall defect in total IFNγ production by iNKT cells from
sarcoidosis subjects compared to controls following PMA and Ionomycin stimulation, while
total production of TNFα was similar between groups (Figure 3B). All sarcoidosis subjects
taking immunosuppression demonstrated intact iNKT IFNγ production. We did not find a
similar defect in IFNγ production by total CD3+ T cells (Figure 3C). Taken together, these
data reveal an iNKT cell-specific defect in IFNγ production in sarcoidosis.

To examine for defects of an iNKT cell’s ability to secrete multiple cytokines
simultaneously, as has been described for early-to-mid stages of traditional T cell exhaustion
[14, 37], we compared the percentages of iNKT cells that produce all combinations of IFNγ
and TNFα after stimulation between healthy and sarcoidosis groups. There were
significantly lower frequencies of IFNγ+ TNFα+ (dual functional) iNKT cells in the
sarcoidosis subjects compared with controls (Figure 3D) yet the percentages of iNKT cells
secreting only IFNγ or only TNFα were similar between groups. We also compared the
frequencies of iNKT cells that did not secrete either IFNγ or TNFα after stimulation, as T
cells without effector function are found in chronic diseases and are believed to represent
late stage exhaustion [14, 38]. The IFNγ− TNFα− iNKT cell percentages were significantly
higher in sarcoidosis subjects compared with controls (Figure 3D).

Lower numbers of circulating iNKT cells have been described in several chronic diseases
and infections [39–44], however the significance of this finding is largely unknown. We
directly compared iNKT frequency and functionality and found a significant positive
correlation between circulating iNKT frequencies and percentages of both total IFNγ+ cells
(Figure 3E), as well as IFNγ+ TNFα+ dual functional cells (Figure 3F). Taken together, we
identified significant, selective defects in the ability of iNKT cells from sarcoidosis subjects
to produce IFNγ generally, as well as exhibit specific IFNγ and TNFα dual functionality.
Within individual sarcoidosis subjects, these functional abnormalities correlated with iNKT
cell circulating frequencies, a parameter that associated with both general inflammation
(CRP) and the severity of lung disease (Figure 1).
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Dual functional defects of iNKT cells in sarcoidosis correlate with expression of PD-1 and
CD57

We next investigated whether the iNKT cell dual functional defect we found in sarcoidosis
was associated with increased expression of PD-1 on iNKT cells. We compared the
percentage (Figure 4A) and the Mean Fluorescence Intensity (MFI) (Figure 4B) of PD-1 on
iNKT cells from healthy individuals and sarcoidosis subjects stratified by iNKT dual
functionality. Sarcoidosis subjects with impaired dual functional iNKT cells demonstrated
significantly higher expression of PD-1 compared with both healthy controls and sarcoidosis
subjects with normal iNKT function (Figures 4A, 4B). Also, a significant inverse correlation
was found between PD-1 expression on iNKT cells and iNKT dual functionality within
individual sarcoidosis subjects (Figure 4C). A similar finding was found when PD-1 was
assessed by MFI (data not shown). These results implicate immune exhaustion as one
possible mechanism accounting for the lack of ex vivo iNKT cytokine production observed.

As a second measure of immune exhaustion, we determined CD57 levels on iNKT cells, as
CD57 has been linked to chronic immune stimulation [45]. There was a significant positive
correlation between the percentages of CD57+ and PD-1+ iNKT cells within our sarcoidosis
cohort (Figure 5A). Also, similar to PD-1, we found a significant inverse relationship
between the percentages of CD57+ and IFNγ+TNFα+ dual functional iNKT cells (Figure
5B). No differences in CD57 expression were found on total CD3+ T cells between healthy
and sarcoidosis subject groups (data not shown). Together, these data support the concept
that selective immune exhaustion of iNKT cells may be contributing to the iNKT functional
defects observed in sarcoidosis subjects. Representative histogram plots from a sarcoidosis
subject are displayed in Supplemental Figure 3.

Discussion
Shortly after an immune response begins, iNKT cells become activated and have been
ascribed to shift the strength and character of the composite immune response through cross-
talk with other immune cells [46–49]. This characteristic is likely to account for the integral
role of iNKT cells in autoimmunity, infection and malignancy. Here, we determined the
phenotypic and functional attributes of circulating iNKT cells in sarcoidosis, linking iNKT
cell deficiencies and skewed iNKT subsets to disease severity. iNKT cells from sarcoidosis
subjects also had functional defects in both total IFNγ and IFNγ+ TNFα+ dual functionality.
These impairments were associated with higher PD-1 and CD57 expression. Collectively,
these data indicate that iNKT cells become phenotypically skewed and functionally
exhausted in sarcoidosis. These alterations/impairments might limit the ability to resolve
inflammation and result in persistent or progressive disease.

One of the challenges in the field of human iNKT cell biology is not only understanding the
implications of why humans exhibit such a large range of circulating iNKT cell frequencies,
but why the frequency of iNKT cells has been reported to be lower than control populations
in many different types of infectious and inflammatory diseases [39–44]. Our data have shed
new light on the biological implications of these observations, as we found iNKT numbers
linked to clinical markers of disease severity (Figure 1) as well as iNKT functional capacity
(Figure 3). Future studies will need to address whether the loss of circulating iNKT cells in
sarcoidosis is due to apoptosis and death from persistent activation or selective homing to
organs affected by sarcoidosis inflammation. Finally, the more challenging possibility that
will take future longitudinal studies to determine is whether individuals who possess lower
iNKT cell frequencies are more prone to develop “a” particular disease itself or more severe
forms of the disease. Answering these questions will be important steps toward harnessing
the full potential of iNKT-targeted therapeutics.
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iNKT cell subsets may have different immunological roles in disease processes. Human
iNKT cell populations are comprised of CD4+ CD8− (CD4 SP), CD8+ CD4− (CD8 SP),
CD4− CD8− (DN) [31, 50–51], and the CD4+ CD8+ (DP) population reported here (Figure
2) and previously by our group [51]. Few data exist about the distribution of these iNKT
subsets in the context of a human disease, likely due to the extremely low frequencies in
PBMC and the number of simultaneous markers required for accurate visualization by flow
cytometry. Here, we found lower absolute numbers of CD4− CD8− DN iNKTs in PBMC in
subjects with the most progressive disease as well as higher percentages of CD56 and CD69
on these cells in the sarcoidosis subjects compared with controls (Figure 2). As CD4+ and
CD4− iNKTs can have distinct functional profiles [31] and homing markers [50] and given
our results, we propose that the CD4− CD8− DN population is the predominant iNKT subset
involved in the sarcoidosis immune response. Furthermore, as all CD4 and CD8 iNKT cell
subsets possess the same T cell receptor specificity, we predict that in sarcoidosis, iNKT cell
subsets are differentially activated by combinations of cytokines and/or other inflammatory
signals. A further understanding of the activation requirements and functional capacities of
different iNKT subsets may help elucidate the reported contrasting roles of iNKT cells in
disease pathogenesis.

In chronic viral infections, persistent antigenic stimulation leads to loss of polyfunctionality
and up-regulation of PD-1 on virus-specific CD8+ T cells. In sarcoidosis we found iNKT
cells exhibited similar characteristics to that found in exhausted antigen-specific T cells in
chronic viral infections; this raises the question as to whether iNKT cells undergo a similar
type of functional exhaustion. Although a possible alternative explanation for the loss of
Th-1 type effector function by iNKT cell is that they are undergoing polarization to a Th2
phenotype, we do not think the data support this interpretation. First, impairment of TNFα
and IFNγ dual-functional iNKT cells correlated highly significantly with the marker most
strongly associated with T cell exhaustion, PD-1 (p<0.0001, Figure 4A). Second, the
expression of PD-1 and another marker of exhaustion, CD57, were significantly inter-
correlated in iNKT cell populations within individuals sarcoidosis subjects (Pearson r=0.7,
p=0.002, Figure 5A).

Immune exhaustion in traditional antigen-specific memory T cells is thought to be due to
persistent stimulation of the TCR by antigen. In the case of iNKT cells, the TCR is, by
definition, invariant, but theoretically remains susceptible to chronic stimulation by cognate
ligands such as glycolipids. Stimulation of iNKT cells with the glycolipid α–
galactosylceramide leads to up-regulation of PD-1, resulting in anergic responses after
subsequent attempts of TCR stimulation [52–53]. Whether long-term in vivo stimulation of
iNKT cells by specific cognate ligands leads to a slow loss of polyfunctionality and eventual
exhaustion has not been demonstrated experimentally. We identified defects in iNKT cell
cytokine production that were not due to anergy as we stimulated with PMA and ionomycin
which bypasses the proximal steps in TCR signaling [54]. Unlike traditional T cells, we
propose that functional exhaustion of iNKT cells may also occur through TCR-independent
mechanisms such as chronic cytokine stimulation. This may explain preferential activation
of specific iNKT cell subsets (e.g. CD4− CD8− DN iNKTs) despite expression of the same
invariant TCR. Elucidation of the precise mechanisms of iNKT cell exhaustion may reveal
how to restore and/or harness iNKT functions to reverse the course of a variety of chronic
illnesses.

Materials and Methods
Subjects

Sarcoidosis subjects were recruited prospectively through the Interstitial Lung Disease
Clinic at UCSF (San Francisco, CA, USA). Control subjects were recruited through
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advertisements. All subjects were ≥21 years of age and excluded for known pulmonary or
systemic illness. Subjects with sarcoidosis met the diagnostic criteria defined by the
American Thoracic Society and the European Respiratory Society [55–56] which is detailed
in the Online Supplemental methods section. Clinical information was collected from
sarcoidosis subjects on the blood draw date and included: complete medical history, clinical
questionnaires with validated shortness of breath scale (Dyspnea Score) [57] and physical
exam. Pulmonary function data, CXR and high resolution CT scanning of the chest was
performed within two months prior to the blood draw. Clinical Stages I-IV of sarcoidosis
disease was defined as previously described [58–59], where Stage I disease displays hilar
adenopathy without parenchymal change; Stage II/III disease shows parenchymal change
with or without hilar adenopathy; and Stage IV disease shows parenchymal disease with
fibrosis. Control subjects had a normal standardized respiratory health and medical
questionnaire on the data of the blood draw. Before initiating this study, sample size
calculations were performed using preliminary data from a separate group of disease and
control subjects. This study was approved by the Committee of Human Research at UCSF
and informed consent was obtained on all participants.

Human lymphocyte preparation/thawing
Standard procedures were followed for PBMC isolation and the thawing protocol is detailed
in the Supplemental methods section.

Staining, flow cytometry acquisition and gating of iNKT cells
Additional details of fluorescent antibodies, staining methods, enumeration and gating of
iNKT cells are found in Supplemental methods section. In brief, for surface staining,
PBMCs were incubated with fluorescent antibodies and CD1d-tetramer-PBS57 for 30
minutes at 4°C, washed and incubated with streptavidin-Qdot 655 for 20–30 minutes at 4°C.
After washing and fixing, cells were analyzed on a LSR-II Flow Cytometer. A mean ± SD
of 2.2 ± 1.5 and 3.0 ±1.9 million of acquisition events from each subject within our healthy
and sarcoidosis groups, respectively, were collected (Supplemental Figure 4). For functional
analysis, PBMC were incubated at 37°C, and 5% CO2 ± 50ng/ml PMA, 500ng/ml
ionomycin and 5µg/ml brefeldin for ~22 hr. Cells were then stained/washed for surface
markers as described above and then fixed in 2% paraformaldehyde for 20 minutes followed
by FACS Permeabilizing Solution 2 for 10 minutes. Intracellular staining with anti-TNFα
and anti-IFNγ, anti-CD4 and anti-CD8 antibodies was performed for 30min at 4°C. Cells
were washed and analyzed on a LSR-II Flow Cytometer. Titration of each reagent and
“Fluorescence Minus One” controls [60] were used for optimization and placement of gates.
iNKT cells were identified by gating on lymphocytes within forward and side scatter plots,
exclusion of doublets, selection of live CD3+ cells and the iNKT cell-specific gating
detailed in Supplemental methods.

Statistical analysis
The data are expressed as box plots with lines reflecting the medians for each group, boxes
showing the interquartile range and whiskers showing the minimum to maximum values
unless otherwise indicated. For two group comparisons we used Student's t test for normally
distributed data or Mann Whitney U test for non-normally distributed data as appropriate.
For more than two-group comparisons we used one-way analysis of variance for normally
distributed data or Kruskal-Wallis test for non-normally distributed data as appropriate. Chi-
square or Fisher’s exact test was applied for comparison of groups with respect to
categorical variables. Pearson correlation was applied for correlation of continuous variables
after log-transformation for normality or Spearman correlation for non-normally distributed
data where indicated. A p-value of < 0.05 was considered statistically significant.

Snyder-Cappione et al. Page 7

Eur J Immunol. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Non-standard abbreviations

iNKT invariant Natural Killer T cell

DN CD4− CD8− (Double Negative) T cell

CRP C Reactive Protein

PD-1 Programmed Death-1 Receptor

FVC Forced vital capacity
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Figure 1. Correlation of sarcoidosis severity and clinical phenotype with numbers of circulating
iNKT cells
PBMC’s from sarcoidosis subjects and matched controls were stained with fluorescently
labeled reagents (including a CD1d tetramer for iNKT cell specificity) and analyzed by flow
cytometry. (A) Shown is the gating strategy for enumerating live iNKT cells. (B)
Comparison of the frequencies of iNKT cells in PBMC from 29 sarcoidosis subjects and 33
healthy controls. (C) Comparison of the absolute numbers of iNKT cells in PBMC from ten
of these sarcoidosis and control subjects who had CBC data available for analysis. (D & E)
Comparison of the (D) frequencies and (E) absolute numbers of circulating iNKT cells from
these same individuals stratified by radiographic Stage, where Stage I sarcoidosis has the
highest spontaneous remission rates while Stage IV sarcoidosis is characterized by
irreversible fibrosis (29 sarcoidosis subjects stratified by Stage as follows: Stage 1 [n=5],
stage 2/3 [n=13] and stage 4 [n=11]). (F) The frequencies of circulating iNKT cells among
sarcoidosis subjects were compared with qualitative and quantitative measures of lung
disease, including chest CT scan evidence of fibrosis, bronchiectasis, or nodules, or
symptoms of cough or wheeze (n ≥10 sarcoidosis subjects/group for each comparison). (G,
H & I) Correlations of (G) Dyspnea Score, (H) FVC (percent predicted forced vital capacity,
a quantitative measurement of lung restriction) and (I) CRP levels were compared with
circulating iNKT cell frequencies in 24 sarcoidosis subjects who had complete clinical data
available for analysis. (J) The iNKT frequencies of six subjects were followed
longitudinally. iNKT cell frequencies are shown at two points in time separated by 36
months. Between visits, four subjects remained clinically stable with no significant change
in iNKT cell frequency (open triangles). One subject developed progressive lung disease

Snyder-Cappione et al. Page 12

Eur J Immunol. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(from stage II to fibrotic stage IV disease), and had a 53% decrease in iNKT frequency
(closed squares), while one subject demonstrated improved lung function (11% increase in
FVC) with a concomitant increase in iNKT cell level (closed circles). Statistical significance
between groups is shown by horizontal bars displaying P values. Mann-Whitney test used
for two group comparisons in B, C, and F; Kruskal-Wallis test for multiple comparisons
used in D & E; Pearson correlations used for G-I. Data in (B-F) are displayed as box plots
where boxes equal the 25th and 75th percentile range, the middle band represents the
median, and the whiskers represent the minimum and maximum values.
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Figure 2. Measurement of absolute numbers and surface phenotype of circulating CD4− CD8−
iNKT cells in sarcoidosis subjects
PBMC’s from sarcoidosis subjects and matched controls were stained with fluorescently
labeled reagents (as described in Figure 1) including surface antigen markers for CD56,
CD69 and CD161 and analyzed by flow cytometry. (A) Shown is the gating strategy to
enumerate these surface antigens on iNKT cells. (B) Measurement of the absolute numbers
of CD4 and CD8 iNKT subsets between ten healthy and nine sarcoidosis subjects who had
CBC data available for analysis (similar findings found for percentages of CD4 and CD8
iNKT subsets between 33 healthy and 29 sarcoidosis subjects shown in Supplemental Figure
2). In (C), the absolute number of CD4− CD8− double negative (DN) iNKT cells from these
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same subjects were stratified by radiographic Stage, where Stage I sarcoidosis has the
highest spontaneous remission rates while Stage IV sarcoidosis is characterized by
irreversible fibrosis. (D & E) Percentage of (D) DN iNKT cells or (E) CD4 single positive
(SP) iNKT cells expressing CD56, CD69 or CD161 amongst 33 healthy and 29 sarcoidosis
subjects. Statistical significance between groups is shown by horizontal bars displaying P
values. Mann-Whitney test used for two group comparisons in B, D, and E; Kruskal-Wallis
test for multiple comparisons used in C. Data in (B–E) are displayed as box plots where
boxes equal the 25th and 75th percentile range, the middle band represents the median, and
the whiskers represent the minimum and maximum values.
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Figure 3. Functional analysis of iNKT cells in sarcoidosis
PBMC’s from sarcoidosis subjects and matched controls were stimulated ex-vivo with PMA
and ionomycin and subsequently stained with fluorescently labeled reagents to measure
intracellular interferon-γ (IFNγ) and tumor necrosis factor-α (TNFα) in iNKT cells by flow
cytometry. (A) Shown is the gating strategy to enumerate cytokine-producing iNKT cells.
(B) Measurement of total IFNγ and TNFα production by iNKT cells in 16 sarcoidosis and
17 matched controls. (C) Total IFNγ production by CD3+ T cells in 16 sarcoidosis and 17
matched controls. (D) Measurement of the percentages of individual iNKT cells producing
all combinations of IFNγ and TNFα in 16 sarcoidosis and 17 matched controls. (E & F)
Correlation between total circulating iNKT frequencies and the percentages of (E) total
IFNγ+ and (F) IFNγ+ TNFα+ dual functional iNKT cells in 13 sarcoidosis subjects.
Statistical significance between groups is shown by horizontal bars displaying P values.
Mann-Whitney test used for two group comparisons in B-D; Spearman correlations used for
E & F. Data in B-D are displayed as box plots where boxes equal the 25th and 75th
percentile range, the middle band represents the median, and the whiskers represent the
minimum and maximum values.
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Figure 4. Relationship between PD-1 expression on iNKT cells and dual functionality in
sarcoidosis subjects
PBMC’s from sarcoidosis subjects and matched controls were stained with fluorescently
labeled reagents (as described in Figure 1) including surface antigen markers for PD-1 and
analyzed by flow cytometry. (A & B) The percentage of (A) PD-1+ iNKT cells or (B) PD-1
Mean Fluorescence Intensity (MFI) from 15 sarcoidosis subjects and 16 controls are
displayed as box plots. Eight sarcoidosis subjects with IFNγ and TNFα dual functionality
similar to that measured in controls samples are shown as one box plot compared to seven
sarcoidosis subjects with defective dual functionality to display the difference in PD-1
staining between subjects with intact vs. defective dual functionality. Defective dual
functionality was defined by the lowest percentage of dual functional iNKT cells in the
control group (<45% of IFNγ and TNFα dual functional iNKT cells). (C) Linear regression
plot correlating the percentage of PD-1+ iNKT cells versus the percentage of IFNγ+ TNFα+
dual functional iNKT cells in 15 sarcoidosis subjects. Statistical significance between
groups is shown by horizontal bars displaying P values. One way Anova test used for three
group comparisons in A & B; Pearson correlation used in C. Data in A & B are displayed as
box plots where boxes equal the 25th and 75th percentile range, the middle band represents
the median, and the whiskers represent the minimum and maximum values.
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Figure 5. Correlation between CD57, PD-1, and IFNγ+ TNFα+ dual functional iNKT cells in
sarcoidosis
PBMC’s from sarcoidosis subjects were stimulated with PMA and ionomycin, and
subsequently stained with fluorescently labeled reagents to enumerate iNKT cells including
surface antigens for PD-1 and CD57 and analyzed by flow cytometry. (A) Linear regression
plot correlating the percentage of PD-1+ iNKT cells and the percentage of CD57+ iNKT
cells in 15 sarcoidosis subjects. (B) Linear regression plot correlating the percentage of
CD57+ iNKT cells versus the percentage of IFNγ+ TNFα+ dual functional iNKT cells in 15
sarcoidosis subjects. Statistical significance of correlations is displayed in plots. Pearson
correlation used to analyze data in A & B.
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Table I

Clinical characteristics of control and sarcoidosis subjects

Controls
(N=33)

Sarcoidosis
(N=29)

Age (± SD) 50 ± 13 52 ± 11

Gender (F/M) 23/10 21/8

Race

   Caucasian 26 22

   African American 3 5

   Other 4 2

Current immunosuppression use 0 10

Current smoker 0 2

Evidence of extrathoracic disease N/A 14

Forced Expiratory Volume, 1 sec (FEV1)a N/A 79% ± 19%

Forced Vital Capacity (FVC)a N/A 89% ± 14%

FEV1/FVC ratioa N/A 70% ± 12%

Total Lung Capacity (TLC)a N/A 89% ± 12%

Diffusing Capacity (DLCO)a N/A 75% ± 20%

a
Data are presented as average values expressed as percent predicted ± Standard Deviation
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Table II

Clinical characteristics by radiographic stage of disease

Total N = 29 Stage I
(N=5)

Stage II/III
(N=13)

Stage IV
(N=11)

Age (± SD) 54 ± 15 49 ± 12 56 ± 10

Gender (F/M) 4/1 9/4 8/3

Race

   Caucasian 5 11 6

   African American 0 1 4

   Other 0 1 1

Current immunosuppression use 1 4 5

Current smoker 0 2 0

Evidence of extrathoracic disease 3 7 4

Dyspnea Score (± SD) 7 ± 5 7 ± 5 12 ± 7

Forced Expiratory Volume, 1 sec (FEV1)a 90% ± 16% 81% ± 20% 70% ±20%

Forced Vital Capacity (FVC)a 98% ± 9% 91% ± 12% 81% ± 16%

FEV1/FVC ratioa 73 ± 14 71 ± 12 67 ± 13

Total Lung Capacity (TLC)a 95% ± 14% 91% ± 11% 84% ± 14

Diffusing Capacity (DLCO)a 83% ± 27% 82% ± 20% 61% ± 10%

a
Data are presented as average values expressed as percent predicted ± Standard Deviation
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