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Abstract

Rationale: Pulmonary sarcoidosis is classically defined by T-helper
(Th) cell type 1 inflammation (e.g., IFN-y production by CD4 ™"
effector T cells). Recently, IL-17A-secreting cells have been found in
lung lavage, invoking Th17 immunity in sarcoidosis. Studies also
identified IL-17A-secreting cells that expressed IFN-v, but their
abundance as a percentage of total CD4 " cells was either low or
undetermined.

Objectives: Based on evidence that Th17 cells can be polarized to
Th17.1 cells to produce only IFN-vy, our goal was to determine
whether Th17.1 cells are a prominent source of IFN-vy in sarcoidosis.

Methods: We developed a single-cell approach to define and
isolate major Th-cell subsets using combinations of chemokine
receptors and fluorescence-activated cell sorting. We subsequently
confirmed the accuracy of subset enrichment by measuring
cytokine production.

Sarcoidosis is a granulomatous disease in
which the inflammation is thought to be
driven in part by activated T-helper (Th)
type 1 effector T cells (1-4). The idea that

Th1 cells play a key role in sarcoidosis is
largely based on experimental observations
of increased numbers of CD4 " effector

T cells, which produce IFN-v, in

Measurements and Main Results: Discrimination between
Th17 and Th17.1 cells revealed very high percentages of Th17.1
cells in lung lavage in sarcoidosis compared with controls in two
separate cohorts. No differences in Th17 or Th1 lavage cells
were found compared with controls. Lung lavage Th17.1-cell
percentages were also higher than Th1-cell percentages, and
approximately 60% of Th17.1-enriched cells produced only
IFN-y.

Conclusions: Combined use of surface markers and functional
assays to study CD4 " T cells in sarcoidosis revealed a marked
expansion of Th17.1 cells that only produce IFN-v. These
results suggest that Th17.1 cells could be misclassified as

Th1 cells and may be the predominant producer of IFN-vy in
pulmonary sarcoidosis, challenging the Th1 paradigm of
pathogenesis.
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sarcoidosis bronchoalveolar lavage (BAL)
fluid (3, 5-7). After the recent discovery of
a new class of Th cells, Th17 cells, several
investigators have used a variety of flow
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At a Glance Commentary

Scientific Knowledge on the
Subject: The idea that T-helper (Th)
type 1 cells play a key role in
sarcoidosis is largely based on
experimental observations of increased
numbers of CD4" effector T cells in
sarcoidosis bronchoalveolar lavage
fluid that produce IFN-vy. Th17 cells
have also been invoked in sarcoidosis
immunity and can be polarized into a
Th1-like phenotype, whereby they can
produce IFN-v and exhibit pathogenic
characteristics. Prior studies have not
measured the prevalence of Th17 cells
that produce only IFN-y and,
therefore, these cells could have been
misclassified as Th1 cells based on the
immunophenotyping methods
previously used.

What This Study Adds to the
Field: Applying robust single-cell
phenotyping methods to define Th
subsets using more discerning criteria
on paired blood and lung samples from
patients with sarcoidosis, this study
found that Th17.1 cells (and not Thl
cells) were the major producers of IFN-y
in sarcoidosis lung lavage. Validation
of these findings in a second cohort
challenges prior assumptions of

a Thl paradigm in disease pathogenesis
and may provide new directions for
clinical studies.

cytometry gating strategies to identify
IL-17A-producing cells in BAL fluid

from patients with sarcoidosis (8-13).
Several of these studies also identified
IL-17A-secreting cells that expressed
IFN-v, but their abundance as a percentage
of total CD4 " cells was either low or
undetermined (9, 11, 12).

Recent studies in Crohn’s disease
identified a subset of IFN-y-producing
Th17 cells, called Th17.1 cells. This
subset expressed a specific pattern of
chemokine receptors and exhibited
functional attributes indicating that
they were proinflammatory and resistant
to corticosteroids (14). Therefore,
identification of these cells in sarcoidosis
would have important implications for
treatment approaches.
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Th17.1 cells are thought to be derived
from classically polarized Th17 cells. Many
studies show that Th17 cells are plastic
and can be polarized to differentiate into a
Th1-like phenotype in which they produce
significant IFN-y (15-19). In vitro
experiments have shown that cytokines
prevalent in sarcoidosis, IFN-y and IL-12,
promote this transformation (18). The
nomenclature for this “Thl-polarized Th17
subset” is not uniform, and these cells have
been referred to as Th17/Thl (20, 21),
Th1/17 (22), and Th17.1 cells to capture
their transformed state (14). We refer to
this Th17 subset as Th17.1 to be consistent
with prior studies that used chemokine
receptor expression as part of their
definition for these cells (14, 23). Because
the majority of Th17.1 cells produce only
IFN-v, we hypothesized that Th17.1 cells
have largely been misclassified as Thl
cells because measurement of cytokine
production has been the usual method for
defining Th1 and Th17 cells. For example,
production of IL-17A has been used to
define “Th17” cells (8-13), and therefore
the proportions of Th17 cells that produced
only IFN-y would be completely missed.

To address whether Th17.1 cells could
be a predominant source of IFN-vy in
pulmonary sarcoidosis, we used definitions
for Th cells based on the latest immunology
(14), which consisted of a combination of
three chemokine receptors, CCR4, CCR6,
and CXCR3. We first applied single-cell
sorting techniques using chemokine
receptor expression to isolate cells from
paired blood and lung samples from
sarcoidosis and controls. We then
confirmed appropriate cytokine secretion
in the sorted and enriched populations of
Th-cell subsets. These techniques allowed
for a high degree of cell separation in which
to study Th subsets (and subsets within
subsets) and make new observations in
sarcoidosis, such as finding that IFN-y-
producing Th17.1 cells are the predominant
effector cell in sarcoidosis BAL in two
separate cohorts.

Methods

Subjects

Participants in the U.S. cohort underwent
written informed consent and the study was
approved by the University of California,
San Francisco Committee on Human
Research. Sarcoidosis diagnosis was based

on consistent clinical features, absence of
alternative diagnoses, and biopsy of the lung
or mediastinal lymph nodes showing
noncaseating granulomas according to
accepted criteria (24). Exclusion criteria
included a smoking history, cancer, chronic
infections, autoimmune diseases, other
pulmonary diseases, or organ transplant.
Subjects underwent chest X-ray, high-
resolution chest computed tomography
(CT) scan, BAL, and blood collection.
Noncontrast axial images (1.25 mm) were
obtained supine during full inspiration for a
10-second breath hold. Imaging protocol
was defined by the National Institutes of
Health (NIH) study (NCT01831739).
Organ involvement was determined as
described previously (25). Healthy control
data were obtained from a concurrent study
(NCT01484691) to measure the same
immunological parameters.

The validation cohort, referred to as the
Erasmus MC cohort, consisted of European
patients newly diagnosed with pulmonary
sarcoidosis using the same diagnostic
and exclusionary criteria (24). In
addition, patients could not be taking
immunomodulatory medication in the
3 months before enrollment; however, a
smoking history was accepted. The control
group consisted of individuals who
underwent bronchoscopy for community-
acquired pneumonia or chronic obstructive
pulmonary disease. The Medical Ethics
Committee of the Erasmus MC
(Rotterdam, the Netherlands) approved
this study.

BAL and Peripheral Blood
Mononuclear Cells

The bronchoscopy protocol with BAL was
developed by the NIH study, Genomic
Research in Alpha-1 Antitrypsin Deficiency
and Sarcoidosis (NCT01831739). Cells were
resuspended in 0.1% bovine serum albumin
plus 2 mM ethylenediaminetetraacetic acid
in phosphate-buffered saline (PBS) and
immediately processed for flow cytometry.
Peripheral blood mononuclear cells
(PBMCs) were isolated as described
previously (26).

Flow Cytometry and Sorting

For surface staining, BAL cells and PBMCs
were incubated with fluorescent antibodies
(CD3 [BD Horizon, San Jose, CA], CCR4
[BD Pharmingen, San Jose, CA], CD127,
CD4, CD25, and CCR6 [eBioscience, San
Diego, CA], and CD45RO, CD45RA, and
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Figure 1. Flow cytometry sorting strategy and comparative analysis of CD4" T-cell subsets. Peripheral blood mononuclear cells (PBMCs) and
bronchoalveolar lavage (BAL) cells were stained and analyzed by an LSRII Fortessa cytometer (BD Biosciences). (A and B) Representative sample is
shown for blood (A) and BAL cells (B) from a patient with sarcoidosis. Lymphocytes were analyzed using the following series of subgates: live cells,
lymphocytes, singlets, non-invariant natural killer (NKT), CD4 T cells (CD4*CD3™), nonregulatory T cells (CD4*CD1277CD25~ T cells), memory effector
cells (CD45RA™/CD45RO™* CD4 T cells), and three subpopulations of memory effector cells using CCR4 and CCR6. We excluded iNKT cells (CD1d
tetramer-PBS57), regulatory T cells (CD4*CD3"CD127~CD25™), and naive T cells (CD4*CD3*CD45RA*CD45R0O ™) from the CD4™ population. (C)
CD4" T cells as a percentage of lymphocytes are significantly increased in the lungs of patients with sarcoidosis (**P =0.0019), and decreased in

the blood (*P=0.012). (D) Effector cells as a percentage of CD4" T cells are significantly increased in both the lungs (**P = 0.0015) and the blood
(**P =0.0004) of patients with sarcoidosis. (E) There are essentially no naive cells in the lungs, and a significant decrease of naive cells as a percentage
of CD4" T cells in the blood of patients with sarcoidosis (***P < 0.0001). Data are expressed as mean (histogram bars) + SEM. Overlaid dots represent
individual patient values. BAL, n =32 subjects with sarcoidosis and 9 control subjects; PBMC, n =35 subjects with sarcoidosis and 18 control
subjects. FSC = forward scatter; Pl = propidium iodide; SSC = side scatter; T regs =T regulatory cells.
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CXCR3 [Biolegend, San Diego, CA]), and
CD1d-tetramer-PBS57 [NIH Tetramer
Facility, Atlanta, GA]) for 30 minutes at 4°C
using methods recommended by the
manufacturers. Viability was measured
using propidium iodide (BD Biosciences,
San Jose, CA). We used the Aria II
fluorescence-activated cell sorter (FACS)
to isolate CCR4- and CCR6-positive

and -negative cells (BD Biosciences). FACS
sorting was performed using a number of
gating strategies: we gated on live cells,
followed by lymphocytes, singlets,
noninvariant natural killer T cells, CD4*
T cells, nonregulatory T cells, and effector
cells (Figures 1A and 1B). CCR6",
CCR4"CCR6™, and CCR4™CCR6 ™~
effector cells were sorted into separate
chambers to analyze cytokine function.
Figures 1A and 1B show the three-gate
sorting strategy. After discovery of the high
prevalence of IFN-y-producing CCR6*
cells, a fourth gate was added to sort
effector T cells into four chambers based on
chemokine expression: CCR4"CCR6™,
CCR4"CCR6 ™, CCR4 CCR6 ", and
CCR4 CCR6 . CXCR3 was used in the
FACS-sorting panel and functional panel to
allow more stringent gating of Th17,
Th17.1, Thl, and Th2 populations as
defined in Table 1 and Figure El in the
online supplement, and as previously
described (14). Samples from the European
cohort were analyzed similarly (see the
online supplement).

Cell Stimulation and Cytokine

Analysis

Freshly isolated cells were stimulated at
37°C for 4 hours in 10 nM phorbol
12-myristate 13-acetate, 1 wM ionomycin,
and 5 pg/ml brefeldin A. Antibody staining
against CXCR3 (eBioscience), and live/dead
Amcyan stain (Invitrogen, Grand Island,
NY) was performed for 30 minutes at 4°C.
Cells were fixed in 2% paraformaldehyde
and permeabilized (BD Biosciences) for
intracellular cytokine staining of IL-17A,
IL-4, and IFN-y (eBioscience). Additional
details are provided in the online
supplement.

Statistical Analysis

FlowJo 9 (FlowJo, Ashland, OR), JMP 10
(SAS Institute, Cary, NC), and GraphPad
Prism 6 (GraphPad Software, San Diego,
CA) software were used. Normality was
measured using Shapiro-Wilk test. Two
group comparisons were made using an
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Table 1. T Effector Cell Subset Phenotypes

CCR4~/CXCR3™*

CCR6~
CCR6™

Th1
Th17.1

CCR4*/CXCR3~

Th2
Th17

Definition of abbreviation: Th=T helper.

unpaired Student’s ¢ test or rank sum test
as appropriate. Chi-square analysis was
used to assess sex, race, and ethnicity
differences, and Student’s ¢ test for age.

A P value less than 0.05 was considered
significant.

Results

Patient Characteristics

A total of 35 patients with sarcoidosis and
18 healthy control subjects were enrolled
in the U.S. cohort. Patients with sarcoidosis
had pulmonary disease (Table 2) and

met criteria for chronic disease (lack of
disease resolution by 2 yr after diagnosis
[27]). There were no significant differences
in sex between groups; however, the
control population was younger, on
average. Both groups consisted of more
white than African American subjects or
those of other races. Six patients with
sarcoidosis were on immunosuppression
for progressive pulmonary disease at
enrollment. Three patients were taking
20 mg or less of prednisone daily; two
patients were taking 15 mg of
methotrexate weekly, and one of these was
also taking infliximab. One patient was
taking 50 mg of azathioprine daily. We
found no significant differences between
T-cell profiles of these six patients
compared with those not taking
immunosuppression. Fewer subjects were
stage I compared with stages II/IIT and IV.
Fibrosis was confirmed in stage IV patients
by CT scanning. There was a trend in
decreasing lung function with increasing
stage (Table 3). Average BAL fluid return
was 114 ml (60-169 ml) with 77%
(69-81%) alveolar macrophages, 22%
(17-30%) lymphocytes, and 1% (0-3%)
neutrophils.

A second validation cohort from
Europe, the Erasmus MC cohort, consisted of
30 subjects with sarcoidosis and 12 disease
control subjects, 8 of whom underwent
bronchoscopy for community-acquired

pneumonia, and 4 patients with chronic
obstructive pulmonary disease. The control
group showed a trend toward older age
(Table 4). There were no statistically
significant differences in sex or age
between groups. The majority of the
patients were white. One patient had
Lofgren syndrome. Patients with
sarcoidosis were newly diagnosed and not
on immunosuppressive treatment. The
lymphocyte percentages were consistent
with alveolitis (Table 4).

CD4* T-Cell Analysis and Enrichment
of Th Subsets Using Chemokine
Receptor Expression
Sarcoidosis is characterized by abnormal
increases in IFN-y-producing BAL CD4"
T cells (2, 3, 28). Our goal was to use
chemokine receptor expression to define
and distinguish among Th17 subsets to
understand their full capacity to produce
IFN-vy and how numerous they were
(14, 23). We used single-cell analysis and
FACS sorting to isolate these Th subset
populations (Figures 1A and 1B). We use
the terminology “enriched” subsets to
acknowledge that these populations cannot
be 100% pure, but we show, using cytokine
measurements, that the purities are
very high.

As expected, we found that CD4*
T cells (as a percentage of lymphocytes)
were markedly increased in BAL from
patients with sarcoidosis compared with
healthy control subjects (Figure 1C). In
contrast, we found that CD4" T cells were
decreased in the blood in sarcoidosis
compared with control, consistent with the
idea of CD4" T cells homing to the lungs
from the blood (2). Decreased circulating
CD4" T-cell numbers have been associated
with more severe forms of sarcoidosis,
including decreased pulmonary function
(29). In support of this idea, we also found
that patients with sarcoidosis with fibrosis
on chest CT scan had significantly lower
numbers of CD4" T cells in the blood
compared with those without fibrosis

American Journal of Respiratory and Critical Care Medicine Volume 193 Number 11 | June 1 2016



Table 2. Demographics and Clinical Characteristics

Control

n 18
Female 9 (50)
Age, median (range), yr 30 (25-54)
Immunosuppression —
Stage, /1I-1II/IV —
Lung/heart/LN/eye/skin
Race

African American 3(17)

White 11 (61)

Other 4 (22)
Ethnicity

Hispanic 1(6)

Sarcoidosis P Value
35
16 (46) 0.78
53 (32-69) <0.01
6 (17) —
5/17/13 —
35/2/4/1/2
3(9) 0.39
31 (89) 0.02
1) 0.03
2 (6) 0.98

Definition of abbreviation: LN =lymph node.

Data are shown as n (%) unless otherwise stated.

(Figure E2). As anticipated, there were
essentially no naive cells (CD3"CD4*
CD1d~CD25"°CD45RA*CD45RO™) in the
BAL fluid in any participant (Figure 1E); in
the blood, naive cells as a percentage of
CD4™ T cells were significantly decreased
in sarcoidosis compared with control, as
has been recently observed in a separate
cohort (30). Effector memory cells
(CD3"CD4"CD1d ™ CD25"°CD45RA ™
CD45RO™) as a percentage of CD4™ T cells
were significantly increased in sarcoidosis
BAL (average, ~83%) compared with
controls (Figure 1D). This expansion of
effector memory cells is consistent with the
idea of antigen-driven stimulation, as has
been suggested by prior findings of
oligoclonal expansion of T cells expressing
specific aff T-cell receptor genes in the lung
and blood in sarcoidosis (31, 32).

Within the population of effector
memory cells, we found that, on average,

approximately 50% of the CD4 ™" T effector
cells in the lung expressed CCR6

(Figure 2). Almost one-third of subjects
with sarcoidosis had over approximately
60% CCR6™ effector cells in the BAL.
Although CCR6 is expressed on other
cell types, it is a marker for Th17 cells, and
this finding supports the hypothesis that
large numbers of Th17 cells (or their
subsets) are present in sarcoidosis BAL
(33). In contrast, we did not find an
increase in the percentage of CCR4 ™"
effector cells in the lungs of patients

with sarcoidosis compared with control
subjects (P =0.25).

Functional Analysis of Th-Cell
CCR4/CCR6 Subset Enrichments

We next assessed the accuracy of the
Th subset enrichment strategy by
stimulating the FACS-sorted CCR4 and
CCR6 subsets and measuring production

Table 3. Clinical Characteristics by Radiographic Stage of Disease

Age, median (range), yr
Female, n (%)
Race, n

White

African American

Other
Current immunosuppression use, n
FEV,4, % predicted, mean + SD
FVC, % predicted, mean = SD
DLco, % predicted mean, + SD

5

Stage | Stage II/111 Stage IV
(n=5) (n=17) (n=13)
37-71) 53 (34-68) 58 (34-71)
(60) 8 (47) 5 (38)
5 14 12
0 3 0
0 0 1
0 3 3
101 =24 98 =14 91+18
102 = 21 100 =10 97 =14
80 =22 80 = 11 75+9

Definition of abbreviation: Dico = diffusing capacity of the lung for carbon monoxide.

Total n=35.

Ramstein, Broos, Simpson, et al.: IFN-y—Producing Th17.1 Cells

of IL-4, IL-17A, and IFN-y. The

CCR4 CCR6™ population produced
IFN-vy and virtually no IL-4 or IL-17A,
consistent with Th1l characteristics
(Figure 3). The CCR4"CCR6™ effector
cells produced IL-4 with little to

no production of IL-17A or IFN-vy,
supporting Th2 characteristics. Finally,
the CCR6™ effector cells produced
IL-17A as expected, but, in addition, a
significant percentage also produced
IFN-v, and a very small population
showed polyfunctional capacity to produce
both IL-17A and IFN-v. These data
demonstrate the presence of at least
three functionally diverse Th17 cells in
sarcoidosis: a large percentage of CCR6 "
cells that only produced IFN-v, a
smaller percentage of cells that produce
only IL-17A, and a very small percentage
of cells able to produce both IFN-y

and IL-17A.

Discrimination of Th-Cell Subsets
Using CXCR3, CCR6, and CCR4

Given the large subpopulation of IFN-y-
producing CCR6™ cells we analyzed

the expression of CXCR3, a chemokine
receptor known to be expressed on Th1 and
Th17.1 cells (14, 34). Adding CXCR3 to our
analysis allowed for a more stringent gating
strategy to determine the percentages of
Thl, Th17, and Th17.1 subsets (Table 1 and
Figure E1), as well as to measure cytokine
production. Functional analysis of both
BAL and PBMC confirmed IFN-y
production with no significant IL-17A
production by the sorted Thl-enriched
(CCR6~ CCR4~ CXCR3™) population
(Figure 4). In comparison, we found
marked production of IFN-y by Th17.1-
enriched cells (CCR6 "CCR4™ CXCR3"),
but only a small percentage of Th17.1 cells
were capable of IL-17A expression

(Figure 4, row “Th17.1-enriched”). In
contrast to Th17.1 cells, the Th17-enriched
cells (CCR6"CCR4"CXCR3™) showed
essentially no production of IFN-y and an
increased capacity to produce IL-17A
compared with Th17.1 (Figure 4, row
“Th17-enriched”). Figure E3 compiles the
functional data for PBMC samples from all
subjects with sarcoidosis and demonstrates
the striking differences in cytokine
production between the Th17 subsets.
Thus, these data show that we have
identified three discernible populations of
Th cells, namely, Th1, Th17, and Th17.1, in
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Table 4. Demographics and Clinical Characteristics for the Erasmus MC Cohort

n
Female
Age, median (range), yr
Immunosuppression*
Stage, I/II-II/IV/CT
Lung/heart/LN/eye/skin
Smoking, never/former/current/unknown
Race

African

White

Asian

Unknown
Ethnicity

Hispanic
Lymphocyte BALF

Median (range), %

Average (SD), %
CD4/CD8 ratio BALF

Median (range)

Average (SD)

Control Sarcoidosis P Value

12 30
5 (42) 12 (40)
7 (18-80) 43 (24-70)
— 0
— 11/16/0/3" —
30/0/0/9/2
— 16/8/4/2 —

5

(3-68) —
@1 —

27
32

— 4.4 (0.5-14.34) —
5.2 (3.4) —

Definition of abbreviations: BALF = bronchoalveolar lavage fluid; CT = computed tomography;

LN =lymph node.

Data are shown as n (%) unless otherwise stated.

*Patients were newly diagnosed and not on immunosuppressive treatment.
TThree subjects were found to have mediastinal and hilar lymph node involvement by CT scan.

human sarcoidosis, and, specifically, that a
large population of Th17.1 cells produce
only IFN-v.

We next compiled the functional
data from the sarcoidosis cohort to
compare cytokine production between
BAL and PBMC and Thl and Th17.1
cells. We found that a remarkably high
percentage (average, ~60%) of Th17.1-
enriched cells from BAL produced
IFN-v (Figure 5A). Importantly, the
frequency of Th17.1 cells producing
IFN-v was just as high as that measured
from Thl-enriched cells. The percentage
of IFN-y-producing Thl and Th17.1
cells were also similar in the PBMC
compartment (Figure 5A). Figure 5B
shows that the frequency of Th17.1 cells
producing IL-17 was modest (~5% of
total Th17.1 sorted cells in both BAL
and PBMC) as predicted from the
individual FACS plots shown in
Figure 4. Finally, the frequency of
Th17.1 cells capable of coproduction of
IL-17A and IFN-vy was even lower (~2%
or lower; Figure 5C). Taken together,
these data show a much greater
capacity for Th17.1 cells to produce
IFN-v alone compared with IL-17A
or both cytokines together, supporting
the hypothesis that Th17.1 cells
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expressing only IFN-v could have been
misclassified as Thl cells.

Th17.1, but Not Th1 or Th17, Cells Are
Increased in Sarcoidosis

Sarcoidosis is characterized as a Thl-
mediated disease. However, we found no
significant differences in the percentage of
Thl cells in both BAL and blood in
patients with sarcoidosis compared

with control subjects (Figure 6A).
Furthermore, the size of the Thl
population in BAL was low in both
groups (~20% of CD4" T cells in BAL;
Figure 6A). Consistent with our
hypothesis, we found, on average, that
approximately 30% of the CD4™" T cells in
sarcoidosis BAL were Th17.1 cells, which
was significantly increased compared
with control subjects and not found for
Th17 cells, respectively (Figures 6B and
6C). Th17.1 cells accounted for up to
60% of all the BAL CD4" T cells in some
subjects. In sarcoidosis blood, we found
the opposite pattern: Th17 cells were
increased, but Th17.1 cells were not.
Because the U.S. control group was
younger than the patients with
sarcoidosis (Table 2), we also studied a
second cohort of European control
subjects and newly diagnosed patients

with sarcoidosis that were better matched
for age (Table 4). Figure 6D displays the
marked expansion of Th17.1 cells in
patients with sarcoidosis compared with
the disease control subjects, which
validates the U.S. cohort findings.

Discussion

Sarcoidosis is a classic Th1-mediated disease
(35-37). Given the evidence for plasticity
of Th17 cells toward a Thl phenotype

(14, 17-20, 22, 23, 34, 38-40), we speculated
that the intense IFN-y inflammation in the
lungs of patients with sarcoidosis could
transform Th17 cells into cells with
characteristics of Thl cells. These cells have
been referred to as Th17.1, and large
subpopulations of them have been shown
to produce only IFN-y. Using methods
that are highly accurate in discriminating
subsets of Th cells (14), we identified two
separate Th17 subsets in sarcoidosis, namely,
Th17 and Thl17.1. These subsets express
different chemokine receptors and
demonstrate different cytokine effector
functions. Importantly, Th17.1 cells have
shown pathogenic characteristics, such
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Figure 2. Significant increases in CCR6™
effector cells, consistent with the T-helper 17
lineage, in sarcoidosis. Bronchoalveolar lavage
(BAL) cells and peripheral blood mononuclear
cells (PBMCs) were stained and analyzed by flow
cytometry as described in MetHops. As a
percentage of CD4" T cells, CCR6™ effector
cells are significantly increased in both the lungs
(**P =0.0006) and the blood (**P =0.0051) of
patients with sarcoidosis compared with control
subjects. Data are shown as mean (histogram
bars) = SEM. Overlaid dots represent individual
patient values. BAL, n =32 subjects with
sarcoidosis and 9 control subjects; PBMC,

n =35 subjects with sarcoidosis and 18 control
subjects.
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Figure 3. Isolation of discrete T-helper (Th)-cell populations from peripheral blood mononuclear cells
(PBMCs) using FACS sorting confirmed accurate separation and revealed that CCR6™ cells
demonstrated different patterns of cytokine secretion. FACS-sorted cells were stimulated and stained
with fluorescent antibodies, as described in MetHops. Shown is a representative sarcoidosis (A) and
healthy control (B) sample of FACS-sorted PBMC effector cell subsets demonstrating predicted
patterns of cytokine secretion for Th1 (CCR6™CCR4 ™) and Th2 (CCR4"CCR6™) cells. FACS-sorted
CCR6™ effector cells show increased frequencies of cells expressing IFN-y or IL-17 and a low
frequency of cells expressing both cytokines. FACS = fluorescence-activated cell sorter.

as up-regulation of proinflammatory
cytokines and corticosteroid resistance
(14), demonstrating the importance of
identifying this Th subset in sarcoidosis.
We found that Th17.1 cells were markedly
expanded in sarcoidosis BAL, and were
present in even higher frequencies than

classical Thl cells. Furthermore, sarcoidosis
Th17.1-enriched cells were equipotent in
their ability to produce IFN-y compared
with Thl cells. We also analyzed Th17.1
cells from a separate European cohort,
which validated the original observations.
Taken together, these findings stimulate
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questions regarding the established view
that Th1 cells are the major contributor in
sarcoidal inflammation. This study also
demonstrates the importance of detailed
characterization of human T cells,
because Th17.1 cells, which are skewed to
produce only IFN-v, have likely been
misclassified as Th1 cells due to their
cytokine profiles. Ultimately, functional
studies of CD4™ T cells in sarcoidosis,
without regard to more detailed
distinction of the type of Th subset, may
be misleading.

Direct comparison of the frequencies
of Th17 and Th17.1 effector cell
subsets between the blood and BAL
compartment identified significant
elevations of Th17-enriched cells in the
blood, but not the BAL, of subjects with
sarcoidosis compared with control subjects.
Conversely, Th17.1-enriched cells were
significantly increased in the BAL, but not in
the blood, when compared with healthy
control subjects. This observation could
relate to plasticity of Th17-cell subsets
in vivo if they are transiting from blood to
the inflamed lung (36, 41, 42). Interesting
prior research supports our results by
finding elevated expression of CCR6 on
CD4" T cells in sarcoidosis, but this study
did not use immunophenotyping assays
that would allow for identification of the
full population of Th17.1 cells or identify
the marked differences in cytokine
production of Th17.1 cells compared with
Th17 cells (43). Other studies focused on
CD4" cells that secreted IL-17 or IFN-y
without incorporation of multiple
phenotypic markers and FACS sorting,
resulting in the possible misclassification of
Th17.1 cells as Thl cells (9, 11, 12). By
highlighting the heterogeneity of IFN-y-
producing cells in this chronic human disease,
our results suggest the more general
conclusion that lymphocytes in vivo,
especially in chronic diseases, may be more
heterogeneous than those observed in
controlled experimental models.

Studies such as that by Ramesh and
colleagues (14) provide insight into the
complicated functional role of Th17-cell
subsets. The authors asked why patients
with Crohn’s disease receiving
secukinumab, a fully humanized anti-IL-
17A monoclonal antibody, developed
exacerbations of their disease (44), even
though IL-17A is thought to be an
important contributor of gut inflammation.
Using human blood and gut tissue, they
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Figure 4. T-helper (Th) 17.1 cells showed coproduction of IFN-y and IL-17A to a small extent but significant production of IFN-vy, which was not found for
Th17 cells. Shown are representative dot plot images displaying IFN-y versus IL-17A production from FACS-sorted effector cell subsets from subjects with
sarcoidosis (A-C) and a healthy control subject (D). After FACS sorting by surface markers, the memory effector cell subsets were stimulated, fixed,
permeabilized, stained intracellularly for cytokines, and analyzed by flow cytometry. These methods revealed marked differences in IL-17 and IFN-vy
cytokine production between Th17- and Th17.1-enriched cells. In the bronchoalveolar lavage (BAL) samples, too few events fell within the CCR4™ gate to
quantify CCR6*CCR4*CXCR3™ “Th17-enriched” cells and CCR6 CCR4*CXCR3™ “Th2-enriched.” Functional stimulation assays were not available
from healthy control BAL samples owing to a paucity of available cells. FACS = fluorescence-activated cell sorter.

showed that Th17.1 cells (which the
authors defined as CCR6 " CXCR3"
CCR4°CCR10~CD161"MDRI1 ™)
expressed a proinflammatory
transcriptional signature that mimicked
disease-inducing Th17 subsets in mice and
also predicted increased responsiveness to
IL-23, which is thought to be a regulator of
pathogenic Th17 function (14). In contrast,
a study examining T cells expressing
CCR6"CXCR3"CCR4™ (i.e,, Th17.1 cells)
found that their circulating numbers

were increased in patients with latent
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tuberculosis infection compared with
control subjects (45). The authors
performed RNA sequencing of these cells
and found lineage-specific signatures of
both Thl and Th17 cells, which would be
expected, but also differential expression
of genes associated with susceptibility to
tuberculosis, and enhanced T-cell
activation and cell survival (45). Thus,
the functional complexity of Th17
subsets appears to relate to the local
inflammatory signals and, although
considered pathogenic in one

inflammatory disease, they may be
necessary for eradication of the infection
in another. Further studies are needed
to understand the role of Th17-cell
subsets, their cellular products, and the
regulators of Th17 pathology (e.g., IL-23)
in sarcoidosis to make sense of results
from existing studies (46) and facilitate
the development of more effective
therapies.

Our study has some potential
limitations. We found that Th17.1-cell
numbers were markedly increased in
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Figure 5. T-helper (Th) 17.1-enriched cells were equipotent in their ability to produce IFN-y compared with Th1-enriched cells. Bronchoalveolar lavage
(BAL) and peripheral blood mononuclear cells (PBMCs) cells were FACS sorted and subsequently stimulated and stained for intracellular cytokines, as
described in MetHops. (A-C) Functional data collected from flow cytometry on patients with sarcoidosis were compiled and displayed. (A) Percentage
of cells producing IFN-y only. (B) Percentage of cells producing IL-17A only (BAL, **P =0.0056; PBMC, “**P < 0.0001). (C) Percentage of polyfunctional
cells producing both IL-17A and IFN-y (PBMC, **P =0.0024). Data are expressed as mean (histogram bars) = SEM. Overlaid dots represent individual
patient values. Sarcoidosis BAL, n =14, and PBMC, n=15. FACS =fluorescence-activated cell sorter.
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Figure 6. T-helper (Th) 17.1 cells from sarcoidosis bronchoalveolar lavage (BAL) fluid were significantly increased in two separate sarcoidosis cohorts and
present in higher percentages compared with Th1 cells. BAL cells and peripheral blood mononuclear cells (PBMCs) were stained, FACS sorted, and the
acquired data were analyzed to include all three chemokine receptors to define Th1 and Th17.1 cells, as described in MetHops, Table 1, and Figure E1. (A)
There were no significant differences in the percentages of Th1 cells (CCR6™CCR4 CXCR3™" effector cells) in the blood or lungs in subjects with
sarcoidosis compared with healthy control subjects. (B) The percentages of Th17 cells (defined CCR6"CCR4"CXCR3 ™ effector cells) are significantly
increased in the blood of patients with sarcoidosis (**P =0.0002), but not in the lungs, compared with healthy control subjects. (C) The percentages of
Th17.1 cells (defined CCR6*CCR4~CXCR3™) were significantly increased in the lungs of patients with sarcoidosis (**P = 0.0016), but not in the blood.
(D) The percentages of Th17.1 cells were markedly increased in the BAL of patients with sarcoidosis from the Erasmus MC cohort compared with
similarly aged disease control subjects (***P < 0.0001). Data are expressed as mean (histogram bars) = SEM. Overlaid dots represent individual patient
values. U.S. cohort: BAL, n =32 subjects with sarcoidosis and 9 control subjects; PBMC, n =35 subjects with sarcoidosis and 18 control. Erasmus
MC cohort: BAL, n =30 subjects with sarcoidosis and 12 control subjects. FACS = fluorescence-activated cell sorter.
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sarcoidosis BAL as compared with that from
two control groups, whereas Th1-cell
numbers were not. However, each control
group has a potential limitation. Our first
control group was comprised of healthy
control subjects, but they were somewhat
younger, on average, than those in our
sarcoidosis group. Our second control group
was comprised of control subjects with
disease rather than healthy control subjects.
Nonetheless, we did not find any expansion
of Th17.1 cells in BAL in either of these
control groups, and we believe the
consistency of our findings across these two

control groups is supportive of our general
conclusions.

In summary, we isolated CD4" T
effector cells by their chemokine receptors
to understand their distribution and
functional attributes in the BAL and blood
of sarcoidosis to uncover significantly
elevated frequencies of BAL Th17.1 cells.
It is likely that these cells have been
misclassified as Th1 cells in sarcoidosis.
These new findings raise questions about
prior assumptions of disease pathogenesis
and may provide new directions for clinical
studies and treatment targets. We also need

to learn more about their presence in
granulomatous tissues and what role(s)
they play in disease progression.
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