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Summary

Sarcoidosis is a granulomatous inflammatory disorder of unknown

aetiology. The increased frequency of activated lung CD41 T cells with a

T helper type 1 (Th1) cytokine profile in sarcoidosis patients is

accompanied by a reduced proportion and/or impaired function of

regulatory T cells (Tregs). Here we evaluated the expression of the inducible

co-stimulator (ICOS) on lung and blood CD41 T cell subsets in sarcoidosis

patients with different prognosis, by flow cytometry. Samples from the deep

airways were obtained by bronchoalveolar lavage (BAL). We show that Tregs

from the inflamed lung of sarcoidosis patients were characterized by a

unique ICOShigh phenotype. High-level ICOS expression was restricted to

Tregs from the inflamed lung and was absent in blood Tregs of sarcoidosis

patients as well as in lung and blood Tregs of healthy volunteers. In addition,

lung Tregs exhibited increased ICOS expression compared to sarcoid-specific

lung effector T cells. Strikingly, ICOS expression on Tregs was in particularly

high in the lungs of L€ofgren’s syndrome (LS) patients who present with

acute disease which often resolves spontaneously. Moreover, blood

monocytes from LS patients revealed increased ICOS-L levels compared to

healthy donors. Sarcoidosis was associated with a shift towards a non-

classical monocyte phenotype and the ICOS-Lhigh phenotype was restricted

to this particular monocyte subset. We propose a potential implication of

the ICOS/ICOS-L immune-regulatory axis in disease activity and resolution

and suggest to evaluate further the suitability of ICOS as biomarker for the

prognosis of sarcoidosis.

Keywords: ICOS, ICOS-L, L€ofgren’s syndrome, regulatory T cells,

sarcoidosis

Introduction

Sarcoidosis is a systemic inflammatory disease of unknown

aetiology that is characterized by non-caseating epithelioid

granuloma formations that may affect multiple organs,

with the lung most commonly affected [1]. Sarcoidosis

occurs worldwide, among all races, but with a variable

prevalence. For instance, in the Swedish population the

prevalence of sarcoidosis is estimated at approximately 60/

100 000 [2]. As a hallmark of lung sarcoidosis, high num-

bers of activated CD41 T cells [3] and activated macro-

phages [4] that are involved in granuloma formation are

found typically in bronchoalveolar lavage (BAL) fluid of

patients. Usually, sarcoidosis lung T cells exhibit a T helper

type 1 (Th1) cytokine profile showing increased produc-

tion of interferon (IFN)-g and interleukin (IL)-2 [5,6]. A

subgroup of sarcoidosis patients present with L€ofgren’s

syndrome (LS), which is characterized by acute onset with

bilateral hilar lymphadenopathy, erythema nodosum and/

or bilateral ankle arthritis or periarticular inflammation,

and usually fever. Patients with LS often show spontane-

ously resolving disease, while patients without LS (non-LS;

NLS) often present with an insidious onset and are likely to

develop chronic disease. LS is correlated strongly with car-

riage of human leucocyte antigen D-related (HLA-

DR)B1*0301 (DR3), and DR31 patients typically show an

expansion of T cell receptor (TCR) AV2S31CD41 T cells in

the lungs [7]. Based on this robust correlation it has been

hypothesized that in DR31 patients the HLA-DR3 mole-

cules present a sarcoidosis-related antigen, which is
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recognized specifically by AV2S31CD41 T cells in the lung

[8]. Later, it was confirmed that AV2S31CD41 T cells con-

stitute an effector T cell population characterized by the

production of Th1 cytokines [9]. Altogether, T cells are

considered to play a central role in the inflammatory pro-

cess of sarcoidosis [3,10].

Regulatory T cells (Tregs) are considered to be essential

for control of the ongoing inflammatory process [11].

Importantly, for Swedish sarcoidosis patients a reduced Treg

frequency in BAL CD41 T cells has been reported and the

remaining BAL Tregs display decreased expression of the

Treg-specific transcription factor forkhead box protein 3

(FoxP3). There was also a decreased expression of the

immune-regulatory cytokine IL-10 in BAL CD41 T cells

[9]. However, another study found increased frequencies of

Tregs, but with a reduced capacity to inhibit cytokine secre-

tion in sarcoidosis [12]. Thus, the poor regulation of

inflammation in sarcoidosis has been attributed to a

reduced number and/or impaired function of Tregs.

The inducible co-stimulator (ICOS) is a T cell co-

stimulatory molecule induced upon TCR ligation [13].

ICOS provides a positive signal to T cells by binding to its

ligand (ICOS-L) on professional antigen-presenting cells

(APCs) such as B cells, macrophages and dendritic cells

(DCs) [14], as well as other cell types, including endothelial

[15] and epithelial [16] cells. Initially, ICOS was shown to

enhance the proliferation and differentiation of T cells via

the induction of certain cytokines such as IL-4 [17], IL-5,

interferon (IFN)-g and IL-10 [13]. In particular, the inter-

action of ICOS with ICOS-L is well known to superinduce

the synthesis of IL-10, a potent anti-inflammatory cytokine

[18]. This observation suggested a crucial role of the ICOS/

ICOSL pathway in immune regulation that has recently

been increasingly appreciated. Consistently, IL-10 produc-

ing Tregs and in particular naturally occurring Tregs were

shown to express high levels of ICOS [19]. Several human

studies revealed strong evidence for the important contri-

bution of ICOS in Treg function. For instance, newly diag-

nosed type 1 diabetic children had a defect in the induction

of FoxP3 and ICOS expression [20]. Furthermore, a sub-

stantial expression of ICOS on Tregs and decidual T cells

was recognized to be crucial for preserving the immune

homeostasis at the feto–maternal interface [21]. Of note,

the induction of T cell anergy and the suppressive capacity

of CD41 T cells were blocked by knocking down the ICOS

molecule by RNA interference and by blocking ICOS/

ICOS-L interaction, respectively, in cells derived from

healthy volunteers. Moreover, as a means of confirming the

role of ICOS in immune regulation, CD41 T cells from

ICOS-deficient patients were also shown to be completely

resistant to anergy induction and further differentiation

into suppressive T cells [22]. Further, it has been shown

that ICOS1 Tregs were reduced among patients with

chronic inflammatory atherosclerosis [23] and ICOS-

expressing Tregs have been shown to possess superior sup-

pressive capacities in human diseases [24].

Not only ICOS, but also its counterpart ICOS-L,

expressed on APCs, has recently been appreciated for its

role in the regulation of immune responses [25]. It has

been shown that DCs expressing ICOS-L attain immune-

regulatory properties. ICOS-L expressed on DCs was

shown exclusively to drive the generation of IL-10-

producing Tregs [26,27]. Therefore, ICOS-L is also being

regarded as one of the co-inhibitory molecules, as Treg-

mediated immune-suppression is strictly dependent upon

it [28].

Given the fact that sarcoidosis is a CD41 T cell-

driven inflammatory disorder that involves dysregulated

Treg frequencies and function and the well-documented

role of the ICOS/ICOS-L axis in the regulation of

inflammatory processes, we sought to evaluate the

expression of ICOS and ICOS-L on lung and blood

CD41 T cell subsets and on monocytes, respectively, in

the context of pulmonary sarcoidosis. We included sar-

coidosis patients with distinct clinical phenotypes (LS

and NLS) associated with good and poor prognosis,

respectively, as well as healthy control volunteers in the

survey. The overall aim of the study was to gain a better

understanding of the potential role of the ICOS/ICOS-L

immune regulatory axis for disease activity and resolu-

tion in sarcoidosis patients.

Materials and methods

Study subjects

Newly diagnosed sarcoidosis patients from the Stockholm

region of Sweden were enrolled at the Lung Allergy Clinic,

Karolinska University Hospital, Solna, Sweden. All patients

had a clinical picture in accordance with pulmonary sar-

coidosis that were determined by their symptoms (such as

cough, dyspnoea and fatigue), chest radiography and pul-

monary function tests. Furthermore, all patients underwent

bronchoscopy for obtaining bronchoalveolar lavage fluid

(BALF) samples. They were diagnosed with sarcoidosis

according to criteria established by the World Association

of Sarcoidosis and other Granulomatous Disorders

(WASOG) [29]. BALF was obtained from both sarcoidosis

patients (n 5 15) and self-declared healthy controls

(n 5 6). Similarly, peripheral blood from venous puncture

was also drawn subsequently from both sarcoidosis patients

(n 5 13) and healthy controls (n 5 14). Sarcoidosis patients

were subdivided further into LS and NLS. None of the

patients received anti-inflammatory or immunosuppressive

medications. All study subjects gave written informed con-

sent and the study was approved by the Regional Ethical

Review Board in Stockholm. The characteristics of the

patients and healthy BAL sample donors are outlined in

Table 1. The basic characteristics of healthy blood donors

ICOShigh Tregs in the lungs of sarcoidosis patients
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(n 5 8) (excluding BAL sample donors, who also donated

blood) include their average age of 45 years (34–63); gen-

der (two men/six women); and smoking history (no smok-

ers/eight non-smokers). Healthy controls who underwent

bronchoscopy had normal lung function as determined by

dynamic spirometry [forced expiratory volume in one sec-

ond (FEV1), forced vital capacity (FVC)] and normal chest

X-ray.

Bronchoscopy and BAL cell handling

Bronchoscopy was performed according to the previously

described method [30]. Briefly, before bronchoscopy,

patients or healthy controls were given local anaesthetics.

Bronchoscopy was performed with a flexible fiberoptic

bronchoscope. BAL was performed by passing the broncho-

scope either transorally or transnasally and it was wedged

into the middle-lobe bronchus. For BALF collection, five

50 ml aliquots of prewarmed phosphate-buffered saline

(PBS) were sequentially instilled and aspirated. The recov-

ered BALF was collected in a siliconized plastic bottle that

was kept on ice and transported immediately to the labora-

tory for further analysis. The mean recovery of the instilled

PBS was 61% (min–max range 44–80%).

The BALF was strained through a dacron net (Milli-

pore, Billerica, MA, USA) in order to remove debris.

Subsequently, BAL cells were pelleted from the fluidic

part by centrifuging at 400 g at 48C for 10 min and pel-

leted BAL cells were resuspended in RPMI-1640 medium

(Sigma-Aldrich, St Louis, MO, USA). Cells were counted

in a B€urker chamber and the cell viability was deter-

mined by Trypan blue exclusion. Differential counts

were performed by cytocentrifugation (Cytospin 2; Shan-

don Southern Products Ltd, Runcorn, UK) at 50 g for 3

min before the cells were stained by May–Gr€unwald–

Giemsa.

Peripheral blood mononuclear cells (PBMCs)

Whole blood from sarcoidosis patients and healthy con-

trols was collected into sodium heparinized tubes.

PBMCs were isolated using Ficoll-Paque PLUS (GE

Healthcare, Uppsala, Sweden), according to the standard

laboratory protocol. The isolated mononuclear cells were

Table 1. Characteristics of sarcoidosis patients and healthy controls undergoing bronchoscopy with BAL.

L€ofgren’s syndrome Non-L€ofgrens syndrome Healthy controls

Basic characteristics

No of individuals (n) 7 8 6§

Age at sample collection (years) 40 (32–51) 44 (32–65) 24 (21–30)

Gender (men/women) 5/2 6/2 3/3

Smoking (smokers/never/ex-smokers) 4/3/0 1/3/3/n.d. 1/5/0

Chest X-ray stage (0/I/II/III/IV/n.d.**) 0/3/2/0/0/2 0/2/4/1/0/1 6/0/0/0/0/0

HLA-DR31/DR3–* 6/1 2/6 –

BAL analysis

Recovery (% of instilled volume) 62�8 (52–77) 58�7 (44–80) 78�5 (72–84)¤

Total cell numbers (3106) 38�0 (17�8–59�7) 25 (12�1–43�9) 17�1 (13�1–23�2)$

Total cell concentration (3106/l) 244�3 (102�3–382) 172�6 (85�4–269�8) 88�3 (62�4–119�6)$$

BAL differential cell counts

% Macrophages 71�3 (29�5–95) 77�0 (67�6–91) 91�9 (82–97�8)¤

% Lymphocytes 26�1 (4�5–68�5) 20�7 (9–30�6) 6�6 (1�8–17)¤

% Neutrophils 1�8 (0�5–3�3) 1�5 (0–4) 1�4 (0�4–2�6)

% Eosinophils 0�4 (0–1�4) 0�3 (0–0�6) 0�1 (0–0�2)

BAL T cell markers

CD4/CD8 ratio 16�3 (2�2–54) 5�4 (1�5–11�5) 1�8 (0�7–3�4)$$

% TCR AV2S31 CD4 T cells 23�3 (3�6–48�6) 8�2 (2�7–34�4) 4�7 (2�1–6�5)

Pulmonary function tests

VC (%) 83�6 (68–96) (n 5 6) 80�4 (57–99) (n 5 5) –†

FEV1 (%) 86�1 (64–107) (n 5 6) 85�4 (60–113) (n 5 7) –

DLCO (%) 79�3 (56–111) (n 5 3) 75 (57–89) (n 5 4) –

¤P� 0�05; for comparison with non-L€ofgren’s syndrome; $P� 0�05; $$P� 0�01 for comparison with L€ofgren’s syndrome; *For two of the

patients the classification as DR31 or DR3– was based on the presence or absence, respectively, of a T cell receptor (TCR) AV2S31 expansion in

brochoalveolar lavage (BAL); †Described in Methods; §In addition to these individuals, who provided BAL and blood samples, eight other

healthy controls provided only blood samples (see methods). Data are shown as median (min–max). Pulmonary function tests (values show % of

predicted); VC 5 vital capacity; FEV1 5 forced expiratory volume in 1 s; DLCO 5 diffusing capacity of the lung for carbon monoxide; chest X-ray

tests, stage 0 5 normal; stage I 5 bilateral hilar lymphoma (BHL); stage II 5 BHL with parenchymal infiltrates; stage III 5 parenchymal infiltrates;

stage IV 5 fibrotic changes and volume reduction; **n.d. 5 not defined; n 5 number of patients.
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then counted in a B€urker chamber and stained with

respective antibody cocktails (see below) for the flow

cytometric analysis.

HLA typing

HLA-DR typing was performed on DNA using polymerase

chain reaction (PCR) with sequence-specific primers [31].

Flow cytometry

As a routine diagnostic procedure, BAL cells were analysed

by flow cytometry for the ratio of CD4/CD8 and also for

the frequency of AV2S31CD41 T cells. For this study,

the following markers on BAL lymphocytes, blood

lymphocytes and blood monocytes were analysed by flow

cytometry: for the T cell panel, cells were stained with

fluorescent-labelled monoclonal antibodies against CD3-

Pacific blue (558117; BD Bioscience, San Jose, CA, USA),

CD4-allophycocyanin (APC)-H7 (641398; BD Bioscience),

CD8-Amcyan (339188; BD Bioscience), AV2S3-fluorescein

isothiocyanate (FITC) (TCR2663; NordicBiolabs, T€aby,

Sweden), ICOS-APC (17-9948-41, eBioscience), FoxP3-PE

(124776-71; AH Diagnostics, Aarhus, Denmark). The

FoxP3 staining was performed according to the instruction

manual using the FoxP3 staining kit (72-5776-40; AH

Diagnosics). For the monocyte panel, cells were stained

with CD14-APC-Cy7 (25-0149-41; eBioscience), CD16-

FITC (11-0168; eBioscience) and ICOS-L-PE (12-5889-41;

eBioscience). Mouse serum was used as Fc-block. ICOS

and ICOS-L expression were measured as MFI (median

fluorescent intensity) following background deduction.

Flow cytometric analysis was performed using a FACS

Canto II (BD Biosciences) and the FACS Diva software

version 6�1�2.

Statistical analysis

The differences in the frequencies of T cell subsets and

monocytes between sarcoidosis patients (combined

patients or grouped into LS and NLS) and healthy controls

were determined using either the non-parametric Mann–

Whitney U-test or the Kruskal–Wallis test with Dunn’s

post-test (in the figures, the lower, mid and upper horizon-

tal lines of the boxes represent the 25th, 50th and 75th per-

centiles, respectively; the vertical lines extend from the 10th

to the 90th percentiles). Wilcoxon’s signed-rank test was

used for the comparison between BAL and blood in the

same individuals. All statistical analyses were performed by

GraphPad Prism version 5�02 (GraphPad Software Inc.,

San Diego, CA, USA). A two-tailed P-value< 0�05 was con-

sidered significant.

Results

Regulatory CD41 T cells from the inflamed lung of
sarcoidosis patients are characterized by high-level
ICOS expression

Because sarcoidosis is considered a CD41 T cell-mediated

inflammatory disease, we first compared the percentages of

CD41 T cells and CD41FoxP31 Tregs in BAL obtained

from sarcoidosis patients and healthy controls. In line with

published data [9], we confirmed significantly increased

frequencies of BAL CD41 T cells and an overall decreased

proportion of BAL FoxP31CD41 T cells (Tregs) in sarcoid-

osis patients (Fig. 1a,b). Interestingly, the ICOS expression

level (depicted as mean fluorescent intensity, MFI) on BAL

Tregs, but not on total BAL CD41 T cells, was increased sig-

nificantly in sarcoidosis patients when compared to corre-

sponding BAL T cell subsets from healthy controls (Fig. 1b

and Supporting information, Fig. S1a). Moreover, compar-

ing ICOS expression on BAL Tregs with that on total BAL

CD41 T cells within the same donor, we found significantly

increased ICOS expression on Tregs compared to total

CD41 T cells in sarcoidosis patients (Fig. 1c). As expected,

increased ICOS expression on BAL Tregs was observed as

well in healthy controls, although the overall ICOS expres-

sion level was markedly below that observed on Tregs from

sarcoidosis patients (Fig. 1d).

To reinforce this finding and to avoid the potential

impact of the Treg population within the total CD41 T cell

pool on our results, we further compared the expression of

ICOS between BAL Tregs (CD41FoxP31 T cells) and BAL

non-Tregs (CD41FoxP3– T cells)) from the same donors.

Results were essentially the same, i.e. we observed signifi-

cantly higher ICOS expression on BAL Tregs than on BAL

non-Tregs and an overall higher ICOS expression on Tregs

from sarcoidosis patients compared to healthy controls

(Supporting information, Fig. S1b). Comparing peripheral

blood samples from sarcoidosis patients and healthy con-

trols, we did not find significant differences either in the

frequencies of CD41 T cells and Tregs or in the expression

levels of ICOS on both total CD41 T cells and Tregs (data

not shown). Of note, we observed elevated ICOS expres-

sion on blood Tregs when compared to blood non-Tregs,

however, with a similar expression pattern in both sarcoid-

osis patients and healthy controls (Supporting information,

Fig. S1c). Moreover, there were no significant differences in

ICOS expression on non-Tregs (or effector cells) between

sarcoidosis patients and healthy controls in BAL and blood

(Supporting information, Fig. S1d,e), respectively. As these

data suggest a particularly high ICOS expression on Tregs at

the site of inflammation, i.e. in the inflamed lung, we next

directly compared ICOS expression on Tregs obtained from

the airways and the peripheral blood of sarcoidosis patients

and healthy controls. Indeed, we found that ICOS expres-

sion was increased significantly on BAL Tregs compared to

ICOShigh Tregs in the lungs of sarcoidosis patients
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blood Tregs in sarcoidosis patients but not in controls (Fig.

2a–c). Taken together, we found elevated ICOS expression,

particularly on Tregs isolated from the site of ongoing

inflammation, the lung, of sarcoidosis patients.

L€ofgren’s syndrome is associated with elevated ICOS
expression on regulatory T cells in the inflamed lung

Next, we investigated ICOS expression on Tregs from sar-

coidosis patients with and without LS and NLS. As men-

tioned in the Introduction, these groups differ in clinical

manifestations, with LS patients generally having a good

prognosis, often with spontaneous disease resolution. We

did not find any significant differences regarding the fre-

quencies of BAL Tregs between the groups (Fig. 3a). How-

ever, ICOS expression on BAL Tregs from LS patients was

increased markedly when compared to the healthy control

group (Fig. 3a), and there was a tendency to higher ICOS

expression on BAL Tregs in LS compared to NLS patients.

Elevated ICOS expression was found on BAL Tregs when

compared to total BAL CD41 T cells both in LS (Fig. 3b)

and NLS (Fig. 3c) patients.

Again we addressed whether ICOS expression on Tregs is

increased specifically at the site of inflammation, i.e. the

affected lung. Strikingly, while this was indeed the case for

LS patients who showed significantly increased expression

of ICOS on BAL Tregs compared to blood Tregs (Fig. 4a),

this was not true for Tregs obtained from NLS patients (Fig.

4b). A direct comparison of ICOS expression on BAL and

blood Tregs in patients from whom matched BAL and blood

samples were available revealed a strong tendency to ele-

vated ICOS expression on BAL Tregs (Fig. 4c). However,

due probably to the limited number of patients included in

this survey, the data did not reach statistical significance. In

Fig. 1. Increased ICOS expression on brochoalvolar lavage (BAL) regulatory T cells (Tregs) of sarcoidosis patients. (a) Representative fluorescence

activated cell sorter (FACS) dot-plot gated on BAL CD31 T cells showing the frequencies of CD41 T cells and CD41 forkhead box protein 3 (FoxP3)1

Tregs in sarcoidosis patients and healthy controls. (b) Box-plots represent % CD41 T cells in sarcoidosis patients (n 5 14) and normal controls (n 5 6)

(upper left) and ICOS expression level (as mean fluorescence intensity 5 MFI) on CD41 T cells in patients and controls (upper right). Similarly, box-plots

represent % Tregs in sarcoidosis patients (n 5 13) and healthy controls (n 5 6) (lower left) as well as inducible co-stimulator (ICOS) expression (as MFI)

on Tregs in patients and controls (lower right). P-values were calculated using the Mann–Whitney U-test. (c) Paired comparison was performed for

comparing MFI of ICOS between total CD41 T cells and Tregs among the sarcoidosis patients and (d) healthy controls. P-values were calculated using

Wilcoxon’s matched-pairs test. The lines indicate T cell population and subpopulation derived from the same patient.

P. Sakthivel et al.
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conclusion, our data suggest increased expression of ICOS

on BAL Tregs especially in LS patients who, in contrast to

NLS patients, are characterized by their capacity to recover

spontaneously from sarcoidosis.

ICOS expression on disease-associated TCR AV2S31

CD41 T effector cells is comparable to that observed
on polyclonal CD41 T cells

As DR31 sarcoidosis patients (typically with LS) virtually

always show an accumulation of highly activated and dif-

ferentiated TCR AV2S31CD41 T effector cells in the bron-

choalveolar space, we next sought to characterize ICOS

expression on this particular subset of T effector cells. As

depicted in Supporting information, Fig. S2, we neither

observed any significant differences in ICOS expression

between BAL AV2S31CD41 T cells and total CD41 T cells

in samples obtained from HLA-DR31 sarcoidosis patients,

nor when AV2S31CD41 BAL T cells from DR31 sarcoido-

sis patients were compared to the total CD41 BAL T cells

of healthy controls (Supporting information, Fig. S2a).

Furthermore, there was no difference in ICOS expression

between AV2S31CD41 T effector cells and AV2S3–CD41 T

cells (Supporting information, Fig. S2b). We also compared

the expression level of ICOS on AV2S31CD41 T effector

cells to Tregs in BAL fluid from DR31 sarcoidosis patients

and, more specifically, from LS patients. As observed previ-

ously for the polyclonal CD41 T cell pool (Figs 1 and 3),

we found a significantly increased expression of ICOS on

BAL Tregs from sarcoidosis (Fig. 5a) as well as from LS (Fig.

(a)

(c)

(b)

Fig. 2. Inducible co-stimulator (ICOS)high

regulatory T cells (Tregs) are present in the lung

but not the blood of sarcoidosis patients and are

absent in healthy controls. (a) Box-plots represent

the mean fluorescence intensity (MFI) of ICOS

on brochoalvolar lavage (BAL) Tregs (n 5 13) and

peripheral blood Tregs (n 5 11) of sarcoidosis

patients. (b) Box-plots represent the MFI of

ICOS on BAL Tregs (n 5 6) and peripheral blood

Tregs (n 5 14) of healthy controls. P-values were

calculated using the Mann–Whitney U-test. (c)

Paired comparisons were performed for

comparing MFI of ICOS on BAL Tregs and blood

Tregs within the same sarcoidosis patients

(n 5 10) and healthy controls (n 5 6). P-values

were calculated using Wilcoxon’s matched-pairs

test. The lines indicate T cell subpopulation in

BAL and blood derived from the same patient

and control.

(a)

(b)

(c)

Fig. 3. Elevated inducible co-stimulator (ICOS) expression

on brochoalvolar lavage (BAL) regulatory T cells (Tregs) of

L€ofgren’s syndrome (LS) patients. (a) Box-plots represent

comparative analysis for % Tregs (left) and mean

fluorescence intensity (MFI) of ICOS on Tregs (right) in

LS (n 5 7), non-L€ofgren’s syndrome (NLS) (n 5 6) and

healthy controls (n 5 6). P-values were calculated using

one-way analysis of variance (ANOVA) non-parametric

Kruskal–Wallis test with Dunn’s post-test. (b,c) Paired

comparisons were performed for comparing MFI of ICOS

between total CD41 T cells and Tregs in LS and NLS

patients. P-values were calculated using Wilcoxon’s

matched-pairs test. The lines indicate T cell population

and subpopulation derived from the same patient.

ICOShigh Tregs in the lungs of sarcoidosis patients
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5b) patients when compared to AV2S31CD41 T effector

cells. Thus, we show that with respect to ICOS expression

levels, disease-associated AV2S31CD41 T effector cells do

not differ from the polyclonal BAL CD41 T cells with dif-

ferent TCR usages.

Sarcoidosis is associated with a shift towards a non-
classical monocyte phenotype and elevated ICOS-L
expression level on this monocyte subset

As ICOS mediates its immune regulatory function by bind-

ing to its ligand [14], we next analysed the expression of

ICOS-L on total blood monocytes from sarcoidosis

patients and healthy controls. Interestingly, we observed a

significantly increased expression of ICOS-L on sarcoidosis

blood monocytes when compared to healthy controls (Sup-

porting information, Fig. S3a). Furthermore, when subdi-

viding the patients into LS and NLS, we noticed an

increased expression of ICOS-L on monocytes from LS

patients compared to healthy controls (Supporting infor-

mation, Fig. S3b) that is in accordance with increased

ICOS expression on BAL Tregs specifically in this patient

subset (Fig. 3a). Based on these data, we classified mono-

cytes further into classical and non-classical monocytes on

the basis of their CD14 and CD16 expression profile (Fig.

6a). The non-classical monocytes are usually considered as

proinflammatory cells [32,33]. As expected for an inflam-

matory disease such as sarcoidosis, we observed a shift in

the monocyte population with significantly increased pro-

portion of proinflammatory non-classical monocytes and

decreased frequencies of classical monocytes among the

sarcoidosis patients when compared to healthy controls

(Fig. 6b). Also, the expression of ICOS-L on non-classical

monocytes was significantly higher in patients than in con-

trols (Fig. 6b), while no differences with respect to ICOS-L

expression level were observed on classical monocytes.

Only minor differences were observed regarding the mono-

cyte composition and ICOS-L expression on monocyte

subsets among LS and NLS patients (data not shown),

leading to the overall conclusion that sarcoidosis is associ-

ated with an increased frequency of proinflammatory non-

classical monocytes in the peripheral blood which display

increased ICOS-L expression, while only marginal differen-

ces exist between LS and NLS patient subgroups. There was

a significantly increased frequency of intermediate mono-

cytes (CD1411CD161) in sarcoidosis patients compared

to controls (Supporting information, Fig. S3c). However,

no significant difference was observed in ICOSL expression

on intermediate monocytes (Supporting information, Fig.

S3d).

Discussion

To our knowledge, this is the first study to investigate the

expression of ICOS on T cells and its counterpart ICOS-L

on monocytes in patients with sarcoidosis. In fact, several

studies have been published previously showing an appa-

rent role of ICOS expressed on cells of the inflamed tissues

in perpetuating inflammatory disease pathogenesis

[34–36]. The main reason for showing ICOS to be involved

in disease propagation, rather than in the regulation of

inflammation, might be due to the fact that ICOS expres-

sion was analysed in general on the total CD41 T cell pool

either at the site of inflammation or in the periphery.

In this study, we subdivided T cells into regulatory

(a)

(c)

(b)

Fig. 4. L€ofgren’s syndrome (LS) is characterized

by the specific increase of inducible co-stimulator

(ICOS) expression on lung regulatory T cells

(Tregs), which is more pronounced than in non-

L€ofgren’s syndrome (NLS). (a) Box-plots

represent the mean fluorescence intensity (MFI)

of ICOS on brochoalvolar lavage (BAL) Tregs

(n 5 7) and blood Tregs (n 5 5) in LS patients.

(b) Similarly, box-plots represent the MFI of

ICOS on BAL Tregs (n 5 6) and blood Tregs

(n 5 6) in the NLS patients. P-values were

calculated using the Mann–Whitney U-test. (c)

Paired comparison was performed for comparing

MFI of ICOS between BAL Tregs and blood Tregs

among the same LS and NLS patients. P-values

were calculated using Wilcoxon’s matched-pairs

test. The lines indicate T cell subpopulation in

BAL and blood derived from the same patient.
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T cells (CD41FoxP31 Tregs), sarcoid-specific effector T cells

(AV2S31CD41 T cells) and non-regulatory T cells

(CD41FoxP3– T cells) for evaluating ICOS expression lev-

els. In line with a previous study [9], we observed reduced

Treg frequencies in BAL from sarcoidosis patients. However,

the remaining Tregs were found to possess high-level ICOS

expression. This ICOShigh Treg phenotype was found specif-

ically at the site of inflammation, suggesting a potential

link to enhanced Treg activation and/or function in the

inflamed lung of sarcoidosis patients. Of note, ICOS

Fig. 5. Sarcoidosis patients exhibit increased inducible co-stimulator (ICOS) expression on brochoalvolar lavage (BAL) regulatory T cells (Tregs)

and modest ICOS expression on BAL disease-related T effector cells. Paired comparisons were performed for comparing mean fluorescence

intensity (MFI) of ICOS between the expanded AV2S31 CD41 T cells (which represent sarcoid-specific effector cells) and BAL Tregs of (a) human

leucocyte antigen D-related (HLA-DR31 sarcoidosis patients and (b) HLA-DR31 LS patients. P-values were calculated using Wilcoxon’s

matched-pairs test. The lines indicate T cell subpopulations in BAL derived from the same patient.

Fig. 6. Increased proportion of non-classical blood monocytes with higher inducible co-stimulator ligand (ICOS-L) expression in sarcoidosis

patients. (a) Representative fluorescence activated cell sorter (FACS) dot-plot gated on blood monocyte populations in peripheral blood

mononuclear cells (PBMCs) showing the frequencies of classical, intermediate and non-classical (proinflammatory) monocytes in sarcoidosis

patients (n 5 11) and healthy controls (n 5 13). (b) Box-plots represent the % CD14highCD16low monocytes (classical) in sarcoidosis patients and

healthy controls (upper left) and the intensities of ICOS-L [as mean fluorescence intensity (MFI)] on classical monocytes in patients and controls

(upper right). Box-plots represent the % CD14lowCD16high monocytes (non-classical) in sarcoidosis patients and healthy controls (lower left) and

the intensities of ICOS-L (as MFI) on non-classical monocytes in patients and controls (lower right). P-values were calculated using the Mann–

Whitney U-test.

ICOShigh Tregs in the lungs of sarcoidosis patients

VC 2015 British Society for Immunology, Clinical and Experimental Immunology, 183: 294–306 301



expression on Tregs has already been shown to amplify the

proliferation [37] and to enhance the suppressive functions

of Tregs [38]. Mechanistically, it has been shown that ICOS1

Tregs secrete both IL-10 and transforming growth factor

(TGF)-b which, in turn, suppress the function of several

cell types including DCs and T cells, respectively [19].

Thus, our observation that ICOS expression is increased on

Tregs in the inflamed lungs of sarcoidosis patients is of

potential interest in light of the fact that sarcoidosis is con-

sidered a T cell-mediated inflammatory disease, and disease

control may be directly dependent upon the presence of

highly potent Tregs. Importantly, we observed the highest

ICOS expression on BAL Tregs from LS patients who have

been demonstrated previously to exhibit reduced Th1

responses [39], and are known to be able to recover sponta-

neously from acute sarcoidosis within 2–3 years following

disease onset. Therefore, it is tempting to speculate that

one possible reason for the spontaneous resolution in LS

patients might be linked mechanistically to the presence of

highly efficacious ICOShigh Tregs.

Generally, high-level ICOS expression on T cells was

shown to be limited to the inflammatory zone during the

disease progression [36]. Similarly, we show here that ele-

vated ICOS expression is limited to Tregs present at the

inflammatory site (lung) and is not found on peripheral

blood Tregs from sarcoidosis patients. Moreover, increased

ICOS expression on lung Tregs was evident only in the sar-

coidosis patients and was not observed in healthy controls,

underlining the fact that ICOS over-expressing Tregs in the

lung of sarcoidosis patients exhibit an ‘inflammation-

seeking’ phenotype. Accumulation of ICOShigh Tregs in the

inflamed tissue might be due to the high probability of

migrating ICOS1 Tregs that might express the chemokine

receptor CXCR3 guiding them into the inflamed lungs

[40]. Therefore, we may speculate that the chemoattraction

of ICOS1 Tregs from the periphery to, or their induction/

expansion in, the inflamed lungs might represent a mecha-

nism counteracting ongoing inflammation in the lung

which is particularly efficient in LS patients who recover

spontaneously from acute lung sarcoidosis. In support of

this, we have shown previously that IL-10 expression in

BAL CD41 T cells of LS patients did not differ significantly

from that of healthy controls, but was reduced significantly

in NLS patients [9]. We may speculate that ICOShigh Tregs

in BAL might be the source for IL-10 expression in LS

patients [19]. In line with this hypothesis, it was shown

very recently that spontaneous resolution from acute sar-

coidosis was accompanied mainly by the restoration of

functional Tregs with highly suppressive capabilities [41].

The mechanisms behind disease resolution in sarcoidosis

have not been established definitively. AV2S31CD41 T

effector cells have been proposed to play a significant role

in eliminating a so far unknown sarcoidosis antigen and

thus promote spontaneous resolution in DR31 patients

[42], In addition, Tregs are thought to be a prerequisite for

sarcoidosis resolution, and different underlying mecha-

nisms are currently discussed. One study showed that Tregs

from sarcoidosis patients are partially dysfunctional in sup-

pressing tumour necrosis factor (TNF-a) and IFN-g [12],

whereas another study demonstrated that sarcoidosis is

associated with Tregs dysfunctional in suppression of cyto-

kine secretion and proliferation [41]. Of note, these studies

were based on blood Tregs. Importantly, our study clearly

showed high-level ICOS expression exclusively on lung but

not on blood Tregs in sarcoidosis patients. In this context, it

has been shown that ICOShigh Tregs have a stronger suppres-

sive capacity than ICOSlow Tregs [43]. Also, in the study by

Miyara et al. [12], the suppressive nature of sarcoid BAL

Tregs seemed to be more robust when compared to that of

blood Tregs, which may account for the presence of Tregs

with increased ICOS expression in the lung of sarcoidosis

patients, although this issue has not been addressed

specifically.

ICOS has also been shown to be involved in T helper cell

function supporting antibody production and in the secre-

tion of Th1 and Th17 cytokines in the context of human

autoimmune diseases [34–36]. It was therefore of interest

to determine ICOS expression on effector cells being

involved in the pathogenesis of sarcoidosis. In this study,

we focused on disease-related AV2S31CD41 T effector cells

that are known to display a highly activated phenotype

(CD691, CD281 and HLA-DR1) with lesser expression of

CD25 [44]. Thus, AV2S31CD41 T cells have been classified

as effector cells, as they possess negligible FoxP3 expression

[9] and also produce proinflammatory cytokines such as

IFN-g and TNF-a when stimulated in vitro [45]. Intrigu-

ingly, despite their well-documented T effector cell pheno-

type, the expression of ICOS on BAL AV2S31CD41 T cells

from sarcoidosis patients was multifold lower than on Tregs

from the same patients. Not only AV2S31CD41 T effector

cells, but also other CD41 T cells consisting of FoxP3–

naive and potential effector cells present in the polyclonal

CD41 BAL T cell pool were characterized by a low ICOS

expression compared to Tregs, as there was no difference in

ICOS expression on non-Tregs between patients and con-

trols. Thus, based on its expression pattern, ICOS seems to

play a prominent role in sarcoidosis Tregs (most pro-

nounced in LS Tregs), but is induced only modestly on sar-

coidosis T effector cells.

In addition to our finding that ICOS expression is ele-

vated on Tregs in the inflamed lung of sarcoidosis patients,

it was an interesting observation that this corresponded

with an elevated ICOS-L expression on sarcoid total blood

monocytes. Moreover, monocyte classification based on

CD14 and CD16 expression revealed that the proportion of

circulating non-classical and intermediate blood mono-

cytes were increased among our Swedish sarcoidosis patient

cohort, which is partly consistent with an earlier study per-

formed in Japanese patients [46]. However, that study was

performed before the current classification into three
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monocyte subsets was adopted in 2011 [47]. A shift within

the monocyte population towards the proinflammatory

non-classical monocytes has been documented, as well in

other human inflammatory diseases such as Kawasaki syn-

drome [48], rheumatoid arthritis [32], atherosclerosis [33]

and obesity [49]. Furthermore, elevated levels of proin-

flammatory monocytes were also reported during myco-

bacterial infection [50], which is one of the postulated

causative agents for sarcoidosis. Therefore, it was not unex-

pected to also notice the increased proportion of non-

classical monocytes in inflammatory sarcoidosis. What

was, however, not predictable from previous studies was

our finding that non-classical blood monocytes from sar-

coidosis patients display elevated ICOS-L expression.

Importantly, the up-regulation of ICOS-L on human DCs,

especially plasmacytoid DCs (pDCs), has already been

shown to drive the generation of IL-10-producing Tregs

[26,28]. Furthermore, the up-regulation of ICOS-L on

monocytes/DCs could be induced by inflammatory cyto-

kines such as IFN-g [51], and possibly TNF-a [52], both

potent cytokines implicated in sarcoidosis pathogenesis

[5,53]. Notably, inflammatory cytokines such as TNF-a

and IL-6 can act as a driving factor for the generation of

IL-10-producing Tregs through ICOS/ICOS-L interactions

[27]. As a possible limitation regarding the monocyte anal-

ysis, it should be mentioned that although the great major-

ity of natural killer (NK) cells are confined to the

lymphocyte population (based on forward- and side-

scatter properties in flow cytometric analysis) we cannot

exclude the possibility that some CD161 NK cells may be

present in the monocyte gate. To avoid this potential error

source, future studies should include a pan-monocyte

marker, as was suggested recently [54].

In light of our finding that in sarcoidosis patients

ICOShigh Tregs are detected in the inflamed lungs, and

that this is accompanied by an increased proportion of

non-classical monocytes which over-express ICOS-L, we

hypothesize that the ICOS/ICOS-L axis might indeed be

involved critically in the regulation of ongoing T cell-

mediated inflammation in the lung. This is corroborated

further by the observation that especially LS patients,

with the capacity to spontaneously recover from the dis-

ease, display high-level ICOS expression on BAL Tregs

and elevated ICOS-L expression on blood monocytes.

However, further functional studies are needed to con-

firm experimentally the functional implication of ICOS/

ICOS-L in the course and/or resolution of sarcoidosis.

For future studies, we also need to consider the fact

that FoxP3 alone could not be considered as a definitive

marker to define Treg populations in human subjects,

unless it is confirmed by functional studies [55]. More-

over, prospective studies should be performed to clarify

whether those LS patients who recover exhibit higher

ICOS expression on BAL Tregs compared to patients who

do not recover.

If this were held true, the ICOS expression level on BAL

Tregs could be considered as a potential new prognostic

marker for sarcoidosis. Of note, we have shown previously

in a murine infection model that targeting ICOS on T cells

by ICOS-specific agonistic antibodies can increase the Treg

to T effector cell ratio, thus resulting in reduced immune-

mediated pneumonia [56]. A better understanding of the

contribution of the ICOS/ICOS-L axis in disease progres-

sion and/or recovery might therefore also identify ICOS as

a potential therapeutic target for specific immune interven-

tion in sarcoidosis.
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Fig. S1. Increased inducible co-stimulator (ICOS) expres-

sion on brochoalvolar lavage (BAL) forkhead box protein

3 (FoxP3)1CD41 regulatory T cells (Tregs) compared to

BAL FoxP3–CD41 non-Tregs in sarcoidosis patients. (a)

Representative fluorescence activated cell sorter (FACS)

plot gated on BAL CD31CD41 T cells showing the

expression of ICOS on CD41 T cells in a sarcoidosis

patient and a healthy control [gating according to the

respective immunoglobulin (Ig)G isotype controls]

(upper panel). Representative FACS plot gated on BAL

CD31CD41 T cells showing the expression of FoxP3 ver-

sus ICOS in a sarcoidosis patient and a healthy control

(gating according to the respective IgG isotype controls)

(lower panel). Paired comparisons were performed for

comparing mean fluorescence intensity (MFI) of ICOS on

FoxP31CD41 Tregs and FoxP3–CD41 non-Treg cells in

BAL (b) and blood (c) of sarcoidosis patients and healthy

controls. P-values were calculated using Wilcoxon’s

matched-pairs test. The lines indicate T cell subpopula-

tions in BAL and blood derived from the same patient

and control. Box-plots represent MFI of ICOS on

FoxP3–CD41 non-Treg cells in BAL (d) and blood (e) of

sarcoidosis patients and healthy controls. P-values were

calculated using the Mann–Whitney U-test.

Fig. S2. Inducible co-stimulator (ICOS) expression does

not differ between AV2S31 effector and total CD41 T

cells in brochoalvolar lavage (BAL) of sarcoidosis patients.

(a) Box-plots represent mean fluorescence intensity (MFI)

of ICOS on BAL T cell subsets of sarcoidosis patients and

healthy controls. Here, MFI of ICOS was analysed in

sarcoid-specific T cell receptor (TCR) AV2S31CD41 T

effector cells (n 5 7) and total CD41 T cells in DR31 sar-

coidosis patients (n 5 7), as well as total CD41 T cells in

healthy controls (n 5 6). P-values were calculated using

the Kruskal–Wallis test after Dunn’s post-test. (b) A

paired comparison was performed for comparing MFI of

ICOS between AV2S31 and AV2S3–CD41 T cells in

DR31 patients. The P-value was calculated using Wilcox-

on’s matched-pairs test. The lines indicate T cell subpo-

pulations derived from BAL of the same patient.

Fig. S3. Increased inducible co-stimulator ligand (ICOS-

L) expression on peripheral blood monocytes of sarcoido-

sis patients. (a) Box-plots represent mean fluorescence

intensity (MFI) of ICOS-L on total monocytes of sarcoid-

osis patients (n 5 11) and healthy controls (n 5 13). (b)

ICOShigh Tregs in the lungs of sarcoidosis patients
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Box-plots represent MFI of ICOS-L on total monocytes

of L€ofgren’s syndrome (LS) (n 5 5), non-L€ofgren’s syn-

drome (NLS) (n 5 6) patients and healthy controls

(n 5 13). (c) Box-plots represent the % CD1411CD161

monocytes (intermediate) in sarcoidosis patients and

healthy controls. (d) Box-plot represent the intensities of

ICOS-L (as MFI) on intermediate monocytes in patients

and controls. P-values were calculated using the Mann–

Whitney U-test and Kruskal–Wallis test after Dunn’s

post-test.
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