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Abstract
Sarcoidosis is a T-cell driven inflammatory disease characterized by granuloma formation.

Mononuclear phagocytes (MNPs)—macrophages, monocytes, and dendritic cells (DCs)—are likely

critical in sarcoidosis as they initiate and maintain T cell activation and contribute to granu-

loma formation by cytokine production. Granulomasmanifest primarily in lungs and lung-draining

lymphnodes (LLNs) but these compartments are less studied compared tobloodandbronchoalve-

olar lavage (BAL). Sarcoidosis can presentwith an acute onset (usually Löfgren’s syndrome (LS)) or

a gradual onset (non-LS). LS patients typically recoverwithin 2 yearswhile 60%of non-LS patients

maintain granulomas for up to 5 years. Here, four LS and seven non-LS patients underwent bron-

choscopy with endobronchial ultrasound-guided transbronchial needle aspiration (EBUS-TBNA).

From each patient, blood, BAL, endobronchial biopsies (EBBs), and LLN samples obtained by

EBUS-TBNA were collected and MNPs characterized using multicolor flow cytometry. Six MNP

subsets were identified at varying frequencies in the anatomical compartments investigated.

Importantly, monocytes andDCsweremostmaturewithmigratory potential in BAL and EBBs but

not in the LLNs suggesting heterogeneity in MNPs in the compartments typically affected in sar-

coidosis. Additionally, in LS patients, frequencies of DC subsets were lower or lacking in LLNs and

EBBs, respectively, compared to non-LS patients that may be related to the disease outcome. Our

work provides a foundation for future investigations of MNPs in sarcoidosis to identify immune

profiles of patients at risk of developing severe disease with the aim to provide early treatment to

slow down disease progression.
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1 INTRODUCTION

Sarcoidosis is an inflammatory disease of unknown etiology affect-

ing multiple organs with appearance of non-necrotizing granulomas.

Ninetypercentof sarcoidosis patients presentwith granulomas in their

lungs and in lung-draining lymph nodes. The clinical presentation can

be heterogeneous and diagnostic tools include chest radiography and

confirmation of granulomas in biopsies from the affected tissue(s).1

Sarcoidosis can present with either an acute onset (usually Löfgren’s

syndrome (LS)) associated with more favorable disease outcome or a

Abbreviations: BAL, bronchoalveolar lavage; DC, dendritic cell; EBB, endobronchial biopsy; EBUS-TBNA, endobronchial ultrasound-guided transbronchial needle aspiration; LLN, lung-draining

lymph node;MNP, mononuclear phagocyte
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gradual onset (non-LS). Among non-LS patients, up to 30% maintain

symptoms for up to 3 years and develop chronic, sometimes progres-

sive, disease that requires treatment.2

Mononuclear phagocytes (MNPs): alveolar macrophages (AMs),

monocytes and dendritic cells (DCs), reside in the respiratory tract to

help maintain tolerance but also to initiate immune responses when

encountering harmful agents. As T cells are critical in driving disease

progression in sarcoidosis,3,4 a more detailed understanding of MNPs

that initially activate and modulate T cell responses could provide

greater insight on sarcoidosis pathogenesis. We recently developed
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protocols and characterized MNPs in healthy controls and identified

classical, intermediate, and non-classical monocytes distinguished by

their differential expression of CD14 and CD16 as well as CD123+

plasmacytoid DCs (PDCs) and CD1c+ and CD141+ myeloid DCs

(MDCs) in the respiratory tract.5,6 The different subsets of DCs and

monocytes have common but also unique features.7 Classical mono-

cytes circulate in blood and either extravasate into tissues or differ-

entiate into intermediate monocytes and non-classical monocytes.8

All monocytes can secrete proinflammatory cytokines but classical

and intermediate monocytes are the most potent producers, while

non-classical monocytes mainly perform immunosurveillance in blood

and tissues.9 Intermediate monocytes are expanded in the circula-

tion of patients with infections, autoimmune, and inflammatory dis-

eases including sarcoidosis.10–12 However, respiratory monocytes are

less studied and it remains to be elucidated if intermediate mono-

cytes also expand in the lungs of sarcoidosis patients and whether

monocytes and DCs contribute to cytokine-mediated granuloma for-

mation similar to AMs.13 DCs, in particular CD1c+ MDCs, potently

present antigen to and activate CD4 T cells that drive disease,14,15

while CD141+ MDCs are superior at cross-presentation to CD8 T

cells.16,17 CD123+ PDCs are potent type I interferon producers and

themost commonDC subset in lymphoid tissue.18,19 MNPs fromblood

andBAL have been studied in sarcoidosis patientswith somewhat con-

flicting results.20 However, a detailed description comparing anatom-

ical compartments including lung tissue and the lung-draining lymph

nodes and distinguishing between clinical phenotypes (LS and non-LS

sarcoidosis patients) is lacking. The significance of this strategy was

shown in previous studies where the elevated CD4/CD8 T cell ratio in

BAL used for diagnosis could not be observed in LLN samples obtained

using endobronchial ultrasound-guided transbronchial needle aspira-

tion (EBUS-TBNA).21,22 Taken together, this underlines the importance

of doing comparative studies in different anatomical compartments

side-by-side within the same patient to elucidate how the immune

response shapes clinical symptoms.

Here, we investigated distribution, phenotype and functional mark-

ers of monocytes and DC subsets from BAL, endobronchial biop-

sies (EBBs), LLNs, and blood within the same sarcoidosis patient in

a cohort of LS and non-LS sarcoidosis patients. We found that while

monocytes and DCs resided in all compartments investigated, the dif-

ferent cell subsets displayed differential distribution and maturation

status including differential chemokine receptor expression. Impor-

tantly, cells fromBAL samples were not necessarily a reflection of cells

obtained from endobronchial tissue or LLNs suggesting heterogeneity

in distribution and function inMNPs that can result in different disease

outcome in LS and non-LS sarcoidosis patients.

2 MATERIAL AND METHODS

2.1 Study design and patient characteristics

Eleven sarcoidosis patients between the age of 30 and 58 were

included in this study. All patientswere referred to theUniversity Hos-

pital, Umeå to undergo bronchoscopy. Patients were diagnosed with

sarcoidosis as defined byWASOG guidelines23 based on clinical signs,

chest radiography findings, andnon-caseating granulomas in the lymph

nodes and/or endobronchial biopsy (Table 1). We identified LS sar-

coidosis patientsbasedon the clinical signs (enlarged lymphnodes, ery-

thema nodosum or periarticular arthritis) as well as blood parameters

(Table 1). At time of bronchoscopy, all LS patients still had enlarged

lymph nodes, as assessed by computer tomography prior to the bron-

choscopy, to conduct EBUS-TBNA. Informed consent was obtained

prior to thebronchoscopy. The studywas approvedby the regional eth-

ical review board in Umeå, Sweden and performed according to the

declaration of Helsinki.

2.2 Bronchoscopy

Venous blood (32 ml) was drawn from each patient in Vacutainer CPT

tubes (BD) before treatment with oral midazolam (4–8 mg) and gly-

copyrronium (0.2–0.4 mg) i.v. 30 min prior to the bronchoscopy. Lido-

caine was administered in larynx and bronchi for topical anesthesia.

A Fujinon bronchoscope (FUJIFILM Corporation, Tokyo, Japan) was

inserted through the mouth. First, EBBs were taken from the major

carinas of the bronchial tree from one side of the lung. To detect gran-

ulomas, EBBs were fixed in paraffin and 4 𝜇m-thick sections were

stainedwithhematoxylin andeosin. To avoidblood contamination, BAL

with 3 × 60 ml of a saline solution was performed on the contralat-

eral side (middle or lingual lobe). EBUS-TBNA was performed to sam-

ple mediastinal and hilar LLNs. LLN aspirates were initially assessed

for representability using on-site cytology by transferring LLN aspi-

rates onto glass slides followed by methanol fixation and Diff-Quik

stain using Eosin G and Thiazine.

2.3 Single cell preparations from blood, respiratory

specimens, and lymph nodes

Peripheral bloodmononuclear cells (PBMCs) were isolated from blood

collected in CPT tubes according to the manufacturer´s protocol. BAL

samples were kept on ice, filtered through a 100 𝜇m nylon filter

(Syntab) and centrifuged at 400 × g for 15 min. EBBs were processed

as described earlier.6 In brief, EBBs were collected in RPMI 1640 with

2% fetal calf serum (FCS). Biopsies were washed in HBSS (Sigma–

Aldrich) for 5 min and incubated with 5 mM 1,4-DTT (Sigma–Aldrich)

for 15min. Incubations were performed on a rocker at 30 rpm at room

temperature. Single biopsies were transferred to a 48-well plate and

incubated with 0.25 mg/ml Collagenase II and 0.2 mg/ml DNase (both

Sigma–Aldrich) in RPMI1640 for 60min at 37◦C.After digestion, biop-

sieswere filtered through a 40𝜇mcell strainer (BD). LN aspirateswere

filtered through a 40 𝜇m nylon cell strainer, centrifuged at 300 × g for

10min. Lysis of red blood cells (RBC)was performedwith 1×RBC lysis

buffer (University laboratories, Karolinska Hospital, Solna) for 5 min

and subsequently centrifuged at 300 × g for 5 min. Cells were counted

manually and Trypan Blue was used to assess viability.

2.4 Flow cytometry

Cell suspensions were incubated with LIVE/DEAD Fixable Aqua Dead

Cell Stain Kit (Life Technologies). Fc receptors were blocked using
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F IGURE 1 Sufficient numbers of viable cells recovered from four anatomical locations from the same sarcoidosis patient. (A) Bronchoscopy
was performed on seven non-LS and four LS sarcoidosis patients to obtain endobronchial biopsies (EBBs) from the main bronchial divisions of
one lung, while bronchoalveolar lavage (BAL) was performed to retrieve aspirates from the lower airways from the contralateral side to avoid
contamination due to bleeding. Subsequently, lung-draining lymph node (LLN) aspirates were collected using endobronchial ultrasound-guided
transbronchial needle aspiration (EBUS-TBNA) sampling themediastinal and hilar lymph nodes. Patients provided blood samples prior to the bron-
choscopy and peripheral bloodmononuclear cells (PBMCs) were isolated. All sampleswere processed immediately after the bronchoscopy. Repre-
sentative imageof non-necrotizing granuloma in (B) LLNs (Diff-Quik staining) and (C) EBBs (hematoxylin andeosin staining) of a sarcoidosis patient.
(D) Total number and (E) percentage of viable cells in single cell suspensions of PBMC (circle), BAL (square), EBBs (triangle) and LLNs (diamond) in
non-LS (filled symbols) and LS sarcoidosis patients (open symbols) were determined using Trypan Blue exclusion stain and manual counting with a
Bürker counting chamber under a light microscope. One aspirate from the LLN with reduced viability (<10%) was excluded from further analysis.
Lines indicatemedian values. n= 11 for all samples except LLNswith n= 10

FcR block (Miltenyi) followed by staining with antibodies against sur-

face molecules CD1c (AD5-8E7; Miltenyi), CD3 (SP34-2 and SK7;

BD), CD11c (B-Ly6; BD), CD14 (M5E2; BD), CD16 (3G8; Biolegend),

CD19 (HIB19; Biolegend), CD20 (L27; BD), CD45 (HI30; Biolegend),

CD56 (HCD56; Biolegend), CD66abce (TET2; Miltenyi), CD80 (2D10;

Biolegend), CD123 (7G3; BD), CD141 (AD5-14H12; Miltenyi), CCR7

(G043H7; Biolegend), and HLA-DR (G46-6; BD) for 15 min at 4◦C in

PBSwith 2%FCS and fixedwith 1%paraformaldehyde. Cellswere ana-

lyzed using an LSRII flow cytometer (BD) and datawere analyzed using

FlowJo X software (Tree Star).

2.5 Statistical analysis

For all experiments, data are shown as median. Data were analyzed

using GraphPad Prism version 6.0 (GraphPad Software). To assess

statistical significance, non-parametric Kruskal–Wallis with Dunn’s

test correcting for multiple comparisons and the Mann–Whitney U

unpaired t-test were used. Confidence levels lower than P< 0.05were

considered significant.

3 RESULTS

3.1 Consistent numbers of viable cells are obtained

from sarcoidosis patient lymph node aspirates

after EBUS-TBNA

In this study, 11 patients with sarcoidosis were included of which

4 were clinically characterized with Löfgren’s syndrome. All patients

underwent bronchoscopy to sample EBBs, BAL and subsequently,

the lung-draining mediastinal and hilar lymph nodes using EBUS-

TBNA (Fig. 1A). LLNs were evaluated for granulomas on-site (Fig. 1B)

and assessed positive for 10 out of 11 patients. Presence of gran-

uloma in EBBs was also evaluated (Fig. 1C). As a complement to

immunohistochemical analysis of tissue biopsies, we recently estab-

lished a protocol to digest human EBBs to single-cell suspensions

for detailed analysis of immune cell composition by flow cytometry,6

which we now implemented on EBB samples from the sarcoidosis

patients. Across patients, equivalent cell numbers of single cells from

all sampling sites (Fig. 1D) with overall consistent cell viability within

each compartment (Fig. 1E) were obtained. Notably, LS patients had

lower viability of BAL cells compared to non-LS patients. In summary,

we obtained sufficient cell numbers from the sampling compartments

to perform detailed analysis by flow cytometry.

3.2 Mononuclear phagocytes aremore frequent in

blood than in the lungmucosa and lymph nodes

All samples were processed immediately after collection and stained

with a validated panel of antibodies against phenotypic and activation

markers to identify and characterizeMNPs.We identified live, CD45+

leukocytes in PBMCs, BAL, EBBs, and LLNs using flow cytometry and

compared frequencies between the compartments (Supplementary

Fig. 1 and Fig. 2A and B). In BAL samples, AMswere excluded from fur-

ther analysis based on high autofluorescence to avoid mischaracteri-

zation of other MNPs (Fig. 2A, BAL sample, Supplementary Fig. 1B).

MNPs were identified among the leukocytes based on their expres-

sion of HLA-DR and lack of lineagemarkers (CD3, CD19, CD20, CD56,

and CD66abce) (Fig. 2C) and frequencies compared between the four
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graphs showmedian values

compartments (Fig. 2D). Taken together, our data show that total

MNPs could be identified in all four compartments. However, depend-

ing on the sampling site, differences in distributionwere observedwith

highest frequencies of MNPs in blood followed by BAL, EBB, and LLN

in all sarcoidosis patients.

3.3 Differential distribution ofmonocyte andDC

subsets in blood, lungs, and lymph nodes

in sarcoidosis patients

Wenext characterized sixMNP subsets in blood, BAL, EBBs, and LLNs.

Among live, CD45+, lineage−, HLA-DR+ MNPs, CD123+ plasmacytoid

dendritic cells (PDCs) were identified and from the CD11c+, CD123−

cells, three distinct monocyte subsets were identified: CD14+CD16−

classical monocytes, CD14+CD16+ intermediate monocytes and

CD14− CD16+ non-classical monocytes (Fig. 3A). In addition, two

myeloidDC (MDC) subsetswere identifiedby their expressionofCD1c

(CD1c+ MDC) and CD141 (CD141+ MDC) (Fig. 3A). We identified

three DC and three monocyte subsets in all compartments, with the

exception of intermediate and non-classical monocytes that were not

detected in EBBs (Fig. 3A), which is in line with our previous observa-

tion in healthy volunteers6 (Supplementary Table 1).Overall, the distri-

bution of monocyte subsets in the different compartments was strik-

ingly different (Fig. 3B) with EBBs containing only classical monocytes

and BAL, unlike blood and LLNs, displaying a majority of proinflamma-

tory intermediate monocytes (Fig. 3C). Three DC subsets were iden-

tified in varying frequencies in all the compartments (Fig. 3D). CD1c+

MDCs were the most common subset in blood, BAL, and EBBs while

CD123+ PDCs were most abundant in LLNs (Fig. 3E). Taken together,

our data show a higher frequency of DCs in BAL, EBBs, and LLNs than

in blood suggesting a recruitment of DCs to the site of inflammation in

sarcoidosis patients.

3.4 Lack of CD141+ MDCs in EBBs and reduced

frequencies of CD123+ PDCs in LLNs of LS compared

to non-LS patients

For comparison of total monocytes and DCs, we included data from

healthy controls (HC) generated in Baharom et al.,6 an earlier study of

our group. The distribution of totalmonocytes and totalDCs (threeDC

andmonocyte subsets, respectively) in blood, BAL, and EBBswas com-

parable between healthy controls,6 LS and non-LS patients (Fig. 4A).

While no data is available on HC in LLNs, non-LS, and LS patients dis-

played different distribution of monocytes and DCs (Fig. 4A). Non-LS

patients had more DCs than monocytes in LLNs, while LS patients had

predominantlymonocytes (Fig. 4A). However, of the individual subsets

in LLNs, only CD123+ PDCs were significantly lower in LS patients

compared to non-LS patients (Fig. 4B). Furthermore, no CD141+

MDCs were detected in EBBs of LS patients (Fig. 4B). Taken together,

LLNs displayed the most pronounced difference in MNP distribution

comparing LS and non-LS patients.

3.5 Monocytes andDCs in sarcoidosis patients

aremoremature in BAL and EBBs compared

to peripheral blood

We next assessed the maturation status of MNPs by analyzing their

surface expression of HLA-DR and CD80, which are upregulated

upon MNP maturation to facilitate optimal T cell activation.24 In sar-

coidosis, enhanced maturation of MNPs could be an indicator of the
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inflammatoryprocesses in thedifferent anatomical compartments.We

found the most distinct differences in HLA-DR expression on classi-

cal monocytes in all compartments; HLA-DR expression was lowest

in blood and LLNs, followed by BAL and highest in EBBs (Fig. 5A).

In contrast, CD80 expression on classical monocytes was highest in

cells from BAL followed by EBBs, LLNs, and blood (Fig. 5B). No differ-

ences in HLA-DR and CD80 expression were observed on intermedi-

ate monocytes across the tissues (Fig. 5C and D) while non-classical

monocytes displayed a similar HLA-DR and CD80 expression to the

classical monocytes (Fig. 5E and F). Similar to monocytes, all DC sub-

sets in blood and LLNs had comparable levels of HLA-DR while DCs in

BALandEBBshad an increased expression (Fig. 5G–M).Nodifferences

were observed between non-LS and LS sarcoidosis patients but over-

all, cells mostmaturewere found in BAL and EBBs possibly reflecting a

more pronounced activation ofMNPs in the tissue.

3.6 Highest frequency of CCR7 expression in the

respiratorymucosa on classical monocytes and in BAL

on CD1c+ MDCs

Typically, antigen-presenting cells including DCs and monocytes

migrate from peripheral tissues to draining lymph nodes to present

antigen to cognate T cells for the induction of adaptive immune

responses. Thus, migration from blood and tissue to lymph nodes is

an important aspect of MNP function. To determine the migratory

potential ofMNPs,we analyzed their expression ofCCR7, a chemokine

receptor facilitating the migration of MNPs to the draining lymph

nodes. Monocytes and DCs in PBMCs did not express CCR7 (Fig. 6A–

F, and Supplementary Fig. 2). Interestingly, only low frequencies of

monocytes and DCs in LLNs expressed CCR7 despite its function to

home cells to lymphoid tissue. Instead, the highest frequency of CCR7
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expressing cells was identified in EBBs and BAL. Among monocytes,

classicalmonocytes in EBBs displayed the highest frequency of CCR7+

cells (Fig. 6A). Intermediate and non-classical monocytes showed no

or low frequencies of CCR7+ cells in all compartments (Fig. 6B and

C). A significantly higher proportion of CD1c+ and CD141+ MDCs in

BAL expressed CCR7 compared to cells in EBBs (Fig. 6D and E). Taken

together, ourdata showthat innon-LSandLS sarcoidosis patients, clas-

sical monocytes and DCs in BAL and EBBs express CCR7, suggesting

that the cells have received signals to migrate to draining LNs to inter-

act with T cells.

4 DISCUSSION

Here, we characterized the phenotype and distribution of monocytes

and DCs within the same patient from four anatomical compartments

that are directly or indirectly affected by inflammation and granu-

loma formation during sarcoidosis. In the LS and non-LS patients, we

identified most but not all MNP subsets in the compartments investi-

gated. However, the MNP subsets were differentially distributed and

showed varying maturation status depending on their location. Cells

from BAL were not necessarily a reflection of cells obtained from

EBBs or LLNs, suggesting heterogeneity in distribution and function

of MNPs in the compartments typically most affected by sarcoidosis.

Importantly, LS andnon-LS patients had adifferent distribution of total

monocytes and DCs in LLNs. This study highlights important differ-

ences in MNP distribution and activation across the anatomical com-

partments within the same patient as well as between different clini-

cal phenotypes of sarcoidosis. Specifically, we found that distribution

and activation of MNPs depend on the anatomical location sampled

as well as their activation. These findings highlight that data gener-

ated from sarcoidosis patients has to be analyzed with caution and

under consideration from the sampling site as the local environment

might alter functional aspects of MNPs. Furthermore, we found dif-

ferences in the distribution of DCs between LS and non-LS patients

that might be related to different expression of chemokine receptors

resulting in altered migratory capacity. Albeit with a limited patient

number, our study provide data thatMNPsmay be connectedwith sar-

coidosis pathogenesis and that our findingsmerit further investigation

in future studies.

MNPs are important in sarcoidosis both in activation and mainte-

nance of pathogenic T cells as well as in contribution to granuloma for-

mation by excessive TNF production by macrophages in the lungs of

sarcoidosis patients.25 However, MNPs have mainly been studied in

blood and BAL of sarcoidosis patients and generated heterogeneous

data.26–28 This could partly be due to clinical heterogeneity among

patients and limited differentiation between patients with acute and

gradual disease onset. An important novelty of this study is the side-

by-side investigation of MNP subsets in blood, BAL, EBBs, and LLNs
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F IGURE 5 Monocytes and DCs are more mature in EBBs and BAL than in blood or LLNs. Maturation of monocytes and DCs was assessed
by surface expression of HLA-DR and CD80 using flow cytometry. Histograms from one representative non-LS sarcoidosis patient show (A and
G) HLA-DR and (D and K) CD80 surface expression on (A and B) classical monocytes and (G and H) CD1c+ myeloid DCs. Bar graphs show mean
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non-LS and LS sarcoidosis patients (HLA-DR: n = 8; CD80: n = 3). Bars show mean±SD. n.d. = not detectable. Statistical analysis was performed
using the non-parametric Kruskal–Wallis with Dunn’s test for correction of multiple comparisons. *P< 0.05, **P< 0.01

from the same individual in both non-LS and LS sarcoidosis patients.

MNPs in BAL were different from those in EBBs with respect to dis-

tribution andmaturation. Interestingly, while intermediate monocytes

were the major MNP subset in BAL, this subset was lacking in EBBs,

similar to previously published data on healthy volunteers.6 Despite

the challenges in obtaining samples frommultiple compartments from

the same patient, it will be critical to, in extended studies, more fully

determine the function of the different DC and monocyte populations

to precisely delineate their role in sarcoidosis. Especially since environ-

mental cues and inflammation in tissues havebeen shown to alterMNP

phenotype and function and studies in blood cells are unlikely to rep-

resentMNP in tissue.6,15,29–31 Thus, additional methods, such as func-

tional assessment of sorted cells, RNA sequencing or epigenetic anal-

yses, in combination with correlating these data to clinical parameters

as well as following the disease progression of the patients are likely

required to fully understandMNP biology in sarcoidosis.

Additionally, it is necessary to compare functional aspects of MNP

subsets from sarcoidosis patients with MNPs from healthy controls

as indicated in the different distribution (Fig. 4 and Supplementary

Table 1). Compared to our data generated from healthy volunteers,6

frequencies of CD1c+ MDCs in blood of sarcoidosis patients was

decreased (Supplementary Fig. 1). This is in line with previous data

fromothers.27 Additionally, in EBB of sarcoidosis patients, frequencies

of CD1c+ MDCs and classical monocytes were increased compared to

healthy controls (Supplementary Table 1), a finding that we will follow

up on in future studies of larger patient cohorts.

The primary reason to perform bronchoscopy and collect EBBs

in sarcoidosis patients, was to verify presence of granulomas, which



LEPZIEN ET AL. 805

PBMC
BAL

EBB LN
0

5

10

15

%
 C

C
R

7+  C
M

LN

PBMC

BAL

EBB

LN

PBMC

BAL

EBB

0

5

10

15

%
 C

C
R

7+  I
M

PBMC
BAL

EBB LN

n.d. 0

5

10

15

%
 C

C
R

7+  N
C

M

PBMC
BAL

EBB LN

n.d.

%
C

C
R

7+  C
D

1c
+  D

C
0

5

10

15

20

PBMC
BAL

EBB LN

%
C

C
R

7+  C
D

14
1+  D

C

0

5

10

15

20

PBMC
BAL

EBB LN

%
C

C
R

7+  C
D

12
3+  D

C

0

5

10

15

20

PBMC
BAL

EBB LN

CD1c+ 

myeloid DC

classical
monocytes

intermediate
monocytes

non-classical
monocytes

CD141+ 

myeloid DC
CD123+ 

plasmacytoid DC

**

* * * *

CCR7

CCR7

A B C

D E F

1

3

5

3

1

15

1

5

F IGURE 6 Monocytes and DCs in BAL and EBBs but not blood and LLNs express CCR7. Flow cytometry and staining for CCR7 was used to
assess the prerequisites for monocytes and DCs to migrate to the lymph node. Dot plots show the expression of CCR7 in (A) classical mono-
cytes (green), (B) intermediate monocytes (red), and (C) non-classical monocytes (blue), and (D) CD1c myeloid DCs (coral), (E) CD141 myeloid
DCs (maroon), and (F) plasmacytoid DCs (teal) in the four different compartments. Graphs show the frequency of CCR7+ cells of respectivemono-
cyte and DC populations in PBMCs (circle), BAL (square), EBBs (triangle), and LLNs (diamond); LS open symbols and non-LS closed symbols. n = 4
in PBMC and BAL (non-LS: n = 2, LS: n = 2) while for EBBs n = 8 (non-LS: n = 4, LS: n = 4) and LLNs n = 7 (non-LS: n = 4, LS: n = 3). Lines indicate
the median. n.d. = not detectable. Statistical analysis was performed using the non-parametric Kruskal–Wallis with Dunn’s test for correction of
multiple comparisons. *P< 0.05

limited research analysis to three to four biopsies per patient and

resulted in lower cell yield (median200,000 cells) compared toour pre-

vious study on healthy volunteers, where six to nine biopsieswere pro-

cessed (median 1.5 million cells6). Furthermore, viability of EBB cells

was lower in sarcoidosis patients (median 37%) compared to samples

from healthy volunteers (70%),6 in line with reduced viability after

enzymatic digestion when fewer biopsies are processed.6 However,

reduced viability could also reflect an ongoing inflammation resulting

in cells that are more sensitive to processing and could cause cell mat-

uration. Indeed, we observed 40% viable CD45+ leukocytes in EBBs

of sarcoidosis patients (Fig. 2B) compared to only 10% CD45+ cells

in EBBs from healthy volunteers,6 in support of inflammation-induced

leukocyte infiltration. We have previously reported that LS patients

have a higher IL-17, IL-2, and IL-22 production but lower IFN-𝛾 in BAL

T cells compared to non-LS patients.32 This elevated cytokine pro-

duction may be linked to the reduced viability we observed in BAL

cells from LS patients compared to non-LS patients in the present

study (Fig. 1E).

Sampling LLNs in sarcoidosis patients for analysis of MNPs has

not been widely used. Only 1% of LLN cells are MNPs (Fig. 2D), and

to obtain sufficient numbers of cells for analysis, a prerequisite is

enlarged LLNs. Generating equivalent EBUS-TBNA data from a suit-

able non-sarcoidosis control group is challenging since normal-size

LLNs would yield too few cells. Instead, we focused on comparing

MNPs in LLNs from non-LS versus LS patients. We observed signif-

icant differences in the overall distribution of LLN monocytes ver-

sus DCs from LS and non-LS patients (Fig. 4A) suggesting that MNPs

directly or indirectly could contribute to disease outcome. The expres-

sion of chemokine receptors onMNPs is needed for optimal migration

between tissues. A suitable target that could explain different distribu-

tion due to migratory behavior could be CCR2 as different haplotypes

in LS and non-LS sarcoidosis patients were described.33,34

The different distribution of LLNMNPs in LS patients could poten-

tially have impact on granuloma formation since pulmonarymonocytes

produce higher levels of granuloma-promoting cytokines like TNF than

DCs upon activation.6,35 Additionally, we found significantly lower fre-

quencies of LLN CD123+ PDCs in LS compared to non-LS patients.

PDCs are potent producers of type I interferons that promote Th1

skewing. IFN-𝛾 producing Th1 cells in lungs are associated with dis-

ease progression in non-LS patients.36–39 It remains to be determined

if the low frequency of LLN PDCs in LS patients is directly associ-

atedwith better disease prognosis. Furthermore, the LS patients in this

study had no detectable CD141+ MDCs in lung tissue (EBB). CD141+

MDCs specialize in cross-presentation, a process promoted by type I

interferons.40Whether the comparably low levels of type I IFNproduc-

ing PDCs in LLNs of LS patients is related to the absence of CD141+

MDCs in lungs of LS and how this translates into T cell responses

remains to be understood. To elucidate this, future experiments should

focus on analyzing the capability of monocytes and DCs from LS and

non-LS patients to produce cytokines and to activate T cells.

Our study cohort included 11 male patients, which does not reflect

the overall incidence of newly diagnosed sarcoidosis patients with

respect to gender.41 The uneven gender distribution is likely a con-

sequence of the fact that we were unable to consecutively include

all newly diagnosed sarcoidosis patients over the study period, which

by chance resulted in a cohort of only male patients. We investi-

gatedwhether our experimental data correlatedwith clinical data such

as duration, severity of symptoms, lung function or blood chemistry
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(Table 1) but could not identify statistically significant correlations in

this limited cohort.

Our data highlight the importance of analyzing samples from differ-

ent compartments side-by-side from the same individual as donor vari-

ability and the influence of clinical heterogeneity can potentially mask

differences. In future and ongoing studies, functional as well as tran-

scriptional and epigenetic analyses of highly purified cell subsets from

different anatomical compartments can provide more insight into the

different cell populations. A larger study cohort including both gen-

ders as well as different stages of the disease with different clinical

characteristics and patients with LS must follow for correlation anal-

yses linking MNPs and clinical phenotype. With that detailed knowl-

edge, sarcoidosis patients with poor prognosis could potentially be

identified and treated at an early stage by specifically targeting path-

ways involved in pathogenesis of sarcoidosis and alleviate symptoms

of chronic sarcoidosis patients.
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