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Abstract

Rationale: Pulmonary sarcoidosis is generally presumed to be a
T-helper cell type 1- and macrophage-driven disease. However,
mouse models have recently revealed that chronically inflamed
lung tissue can also comprise T follicular helper (Tfh)-like cells
and represents a site of active T-cell/B-cell cooperation.

Objectives: To assess the role of pulmonary Tth- and germinal
center-like lymphocytes in sarcoidosis.

Methods: BAL fluid, lung tissue, and peripheral blood samples
from patients with sarcoidosis were analyzed by flow cytometry,
immunohistology, RNA sequencing, and in vitro T-cell/B-cell
cooperation assays for phenotypic and functional characterization
of germinal center-like reactions in inflamed tissue.

Measurements and Main Results: We identified a novel
population of Tth-like cells characterized by high expression of
the B helper molecules CD40L and IL-21 in BAL of patients with

Pulmonary sarcoidosis is an interstitial lung
disease (ILD) of unknown origin,
characterized by a high frequency of lung-
infiltrating CD4 " T cells, conversely to the
predominance of CD8™ T cells found in
most other ILDs (1, 2). Sarcoidosis-
associated CD4 " T cells are strongly
polarized toward a T-helper cell type 1 (Th1)

phenotype (3-5) and are clonally expanded,
although disease-driving antigens have not
been identified yet. Th1 cell-derived IFN-y
leads to macrophage activation and
granuloma formation and is generally
assumed the major disease-contributing
factor (1, 2). Interestingly, reports from the
1980s and early 1990s described the presence

sarcoidosis. Transcriptome analysis further confirmed a
phenotype that was both Tth-like and tissue resident. BAL T cells
provided potent help for B cells to differentiate into antibody-
producing cells. In lung tissue, we observed large peribronchial
infiltrates with T and B cells in close contact, and many IgA™
plasmablasts. Most clusters were nonectopic; that is, they did not
contain follicular dendritic cells. Patients with sarcoidosis also
showed elevated levels of PD-1"¢" CXCR5~ CD40L"&" [COS"€"
Tth-like cells, but not classical CXCR5" Tth cells, in the blood.

Conclusions: Active T-cell/B-cell cooperation and local
production of potentially pathogenic antibodies in the inflamed
lung represents a novel pathomechanism in sarcoidosis and
should be considered from both diagnostic and therapeutic
perspectives.

Keywords: pulmonary sarcoidosis; T-cell/B-cell cooperation;
follicular helper-like T cells; lymphocytic lung infiltrates; peripheral
T-helper cells (Tph)

of B cells in the lung tissue in sarcoidosis (6,
7). However, the role of B cells in sarcoidosis
and other granulomatous lung diseases
remains ill-defined. It is unknown whether
T-helper cells interact with B cells in
sarcoidosis. Cognate T-cell/B-cell
cooperation normally takes place in
secondary lymphoid organs during the
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At a Glance Commentary

Scientific Knowledge on the
Subject: Pulmonary sarcoidosis has
previously been considered to be
mainly a T-helper type 1- and
macrophage-driven disease. Recently,
a novel population of T follicular
helper (Tth)-like (also known as T
peripheral helper) cells that
promotes B-cell responses in
inflamed nonlymphoid tissues has
been described. These cells lack the
classical Tth markers BCL-6 and
CXCRS5, but they express high levels
of the two key B-cell helper
molecules, CD40L and IL-21.

What This Study Adds to the
Field: We demonstrate for the first
time the presence of Tth-like cells in
the lungs of patients with pulmonary
sarcoidosis. They coproduce high
levels of IFN-vy and IL-21 and
provide potent B-cell help in vitro.
In the lung tissue, they are found in
large lymphocytic infiltrates in close
contact with B cells, indicating that
they drive the local generation of
plasmablasts. Consistent with this,
BAL fluid from patients with
sarcoidosis contains high
concentrations of immunoglobulins.
These findings highlight an
underappreciated role of T-cell/B-cell
collaboration in sarcoidosis.
Moreover, elevated frequencies of
circulating Tth-like cells in
peripheral blood may be a useful
marker for monitoring sarcoidosis
disease activity.

germinal center (GC) reaction. The GC
reaction involves a specialized population of
T-helper cells, called T follicular helper (Tth)
cells, which interact with antigen-specific

B cells to support their expansion, antibody

affinity maturation, and differentiation into
antibody-producing plasma cells or memory
B cells (8, 9). Tth cells are characterized by
the lineage-defining transcription factor
BCL-6, high expression of PD-1, the
chemokine receptor CXCR5, which enables
them to enter the B-cell zone in secondary
lymphoid organs, and high levels of IL-21 (8,
9). However, under chronic inflammatory
conditions, activated T and B cells are also
frequently found in nonlymphoid tissues,
substantially contributing to tissue damage
through the production of proinflammatory
cytokines and pathogenic antibodies. Still, a
frequently underestimated aspect is their
ability to actively interact and propagate the
pathological inflammatory response in the
inflamed tissue (10). In a mouse model of
lung inflammation, we previously discovered
a so far unknown population of Tth-like cells
that drive the local generation of GC-like

B cells and plasmablasts producing large
amounts of antibodies directly in the
inflamed tissue (11). Even though these Tth-
like cells lack the classical Tth cell markers
BCL-6 and CXCR5, they have potent B
helper capabilities owing to high production
of IL-21 and CD40L, two major factors for
B-cell activation and differentiation. Tth-like
cells are found in close contact with antigen-
specific B cells within unstructured
lymphocytic infiltrates in the lung, which
lack follicular dendritic cells (FDCs) and
other signs of ectopic lymphoid structures
(10, 11).

Here, we asked whether local
T-cell/B-cell cooperation in the lung might
play a role for the pathogenesis of sarcoidosis
and whether lung-infiltrating T cells exhibit
Tth-like features. Some results of these
studies have been previously reported in the
form of an abstract (12).

Methods

Patients

A total number of 33 patients with
sarcoidosis were included in this study. A
diagnosis of pulmonary sarcoidosis was

made by a board-certified pulmonologist
according to American Thoracic Society,
European Respiratory Society, and World
Association for Sarcoidosis and Other
Granulomatous Disorders guidelines (13,
14). Criteria specifically included
compatible clinicoradiological findings,
the exclusion of relevant differential
diagnoses, especially pulmonary
tuberculosis, and the histopathological
finding of granulomatous inflammation in
all patients. From these patients, different
types of samples were analyzed as outlined
in Table 1. BAL samples were obtained
during routine bronchoscopy for
diagnostic purposes by sequential
instillation of a total volume of 150 ml
NaCl solution using a flexible fiberoptic
bronchoscope (15). Peripheral blood
mononuclear cells (PBMCs) were
prepared from blood by Ficoll density
centrifugation. Frozen lung tissue samples
were provided by the Universities of
Giessen and Marburg Lung Center
Giessen Biobank, member of the German
Center for Lung Research Platform
Biobanking. As a control group for flow
cytometric analyses of T and B cells from
peripheral blood, 16 healthy volunteers
were recruited to match the patient group
in average age and sex distribution. As a
control group for the immunoglobulin
analysis from BAL supernatants, seven
patients with non-ILDs (idiopathic cough,
lung cancer, pulmonary metastases, or
patients without apparent lung disease
receiving BAL for exclusion of pulmonary
tuberculosis) were enrolled. As a positive
control for T and B cells from a secondary
lymphoid organ, palatine tonsils were
obtained from four patients undergoing
routine tonsillectomy. For flow cytometry,
cells were prepared from the tissue by
mechanical disruption and Ficoll density
centrifugation. For histology, tissue blocks
were snap-frozen in liquid nitrogen and
stored at —80°C. All human samples were
obtained after informed consent and in
accordance with the local ethics
committee (IRB, EA2/086/16).
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Table 1. Sarcoidosis Patient and Control Cohorts: Demographics and Clinical Characteristics

Patients with

Sarcoidosis
Cohort 1
Tissues analyzed BAL cells, BAL
supernatant,
blood
Total number 12
Age, yr, 411+10.4
mean *= SD
Sex, M/F 6/6
CD4*/CD8™ 92+77
ratio,
mean + SD
Lymphocytic 26.4+14.7
alveolitis,
mean + SD

Patients with

Patients with

Patients with

Sarcoidosis Sarcoidosis Sarcoidosis Control Control
Cohort 2 Cohort 3 Cohort 4 Cohort 1 Cohort 2
BAL cells, BAL BAL supernatant Frozen lung Blood BAL supernatant
supernatant biopsies
6 7 16 7
45.3+13.4 57.9+19.1 49.6+9.6 39.4+12.3 58.1 +15.8
4/2 4/3 5/3 8/8 5/2
47+1.6 5.3*+57 n/a n/a n/a
31.8+18.6 26.5% + 15.5 n/a n/a n/a

Definition of abbreviation: n/a=not available.

Flow Cytometry

For analysis of cytokine production, cells
were restimulated for 4 hours with phorbol
12-myristate 13-acetate and ionomycin, with
brefeldin A added for the last 3 hours. To
assess CXCL13 production, cells were
activated for 24 hours with plate-bound anti-
CD3 and anti-CD28 (10 pg/ml each), with 5
pg/ml brefeldin A added for the last 5 hours.
Single-cell suspensions were stained on ice
with the antibodies listed in Table E1 in the
online supplement. Fc receptors were
blocked with 1 mg/ml human IgG. Live/dead
discrimination was performed by staining
with succinimidyl esters as described
previously (16). Cells were fixed with either
2% paraformaldehyde or the eBioscience
Transcription Factor Staining Kit. For
intracellular staining of cytokines or
chemokines, cells were permeabilized with
0.5% saponin. Cells were acquired on an
LSRFortessa or Symphony Flow Cytometer
(Becton Dickinson) and further analyzed
using FlowJo Version 9.9 (Tree Star).

Immunohistology

Frozen lung sections of 8 um were fixed
with acetone or 2% paraformaldehyde (for
staining of nuclear factors) and stained
with the antibodies listed in Table E2.
Nuclei were counterstained with DAPI
and slides mounted with Fluoromount
(Sigma-Aldrich). Specimens were
analyzed on a Carl Zeiss LSM 880 with
ZEN 2.3 software.

Transcriptome Analysis
T cells from BAL, palatine tonsil, and
PBMCs were sorted on an ARIA II flow
sorter (Becton Dickinson) as DAPI ™
CD14~ CD16 CD19™ CD3" CD4"
CD45RA~ CD45RO™. Tonsillar T cells
were further sorted for CXCR5/PD-1
double-positive or -negative to
discriminate Tth and non-Ttfh cells. RNA
was isolated using the Qiagen RNeasy
Micro Kit. Libraries were prepared as
described recently (16) and sequencing
performed on a NextSeq500 (Illumina).
Raw sequences were mapped to the
GRCh37/hg19 genome. Differential gene
expression was analyzed using DESeq2
(17) and was considered significant when
the adjusted P value was less than 0.05 and
the log, fold change at least 1.3. These
differences (~30%) can already result in
significant biological differences in overall
biology, especially for transcription
factors (16).

Data can be accessed in the NCBI Gene
Expression Omnibus repository, accession
number GSE162712.

In Vitro T-Cell/B-Cell

Cooperation Assay

Naive T cells from PBMCs (CD19~ CD4™
CD45RA™), memory T cells from BAL
(CD19~ CD16~ CD14~ CD4™"
CD45RA "), and non-Tfh memory cells
(CD19~ CD4" CD45RA™ CXCR5 ") or
Tth cells (CD19~ CD4" CD45RA ™

Bauer, Mdiller, Volkers, et al.: Follicular Helperlike T Cells in Sarcoidosis

CXCR5™") from tonsils were sorted on an
ARIA 1II flow sorter. Sorted T cells were
cocultured for 7 days with heterologous
tonsillar memory B cells (CD19™ CD4~
IgD™ CD38 ) ata 1:1 ratio in the
presence of 4 ng/ml staphylococcal
enterotoxin B (Toxin Technology) as
described previously (18). To block T-cell
help, an antibody against CD40L (clone
TRAP1; 20 pg/ml) and/or recombinant
soluble IL-21 receptor (R&D Systems; 10
pg/ml) were added.

Statistical Analysis

Data were analyzed using GraphPad Prism 8.
After checking for normal distribution
(Shapiro-Wilk test), significant differences
were determined by either ordinary one-way
ANOVA, Kruskal-Wallis, unpaired ¢, or
Mann-Whitney U test. For comparisons with
eight or fewer data points, nonparametric
tests were used. For transcriptome data, the
Wald test from the DESeq2 package (17) was
applied. Cytokine coexpression was analyzed
by comparing the observed percentage of
double-positive cells with the expected value
calculated for random coincidence of two
independent variables. For evaluation of
coordinate or stochastic expression, the
@-correlation coefficient was calculated. As
for cytokine coexpression, this value rarely
exceeds 0.4, coefficients of ¢ < —0.1 or

¢ = 0.1 were considered significant in this
analysis (19). For all tests, no data were
excluded.
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Figure 1. Sarcoidosis-affected BAL T cells lack classical T follicular helper (Tfh) cell markers but express high levels of CD40L and IL-21.
Antigen-experienced CD4" T cells (CD45RO™; for complete gating, see Figure E1 in the online supplement) from BAL of a patient with
sarcoidosis, tonsillar tissue, and peripheral blood of healthy donors (CD45RO-negative [naive] cells are shown as additional control) were
analyzed by flow cytometry. (A and C) Frequency of T cells with a CXCR5" PD-1* Tfh and CXCR5"* PD-1*" germinal center Tfh cell
phenotype. (B and D) Analysis of CD40L expression (no restimulation; geometric mean fluorescence intensity [MFI]) and IL-21 (after short-term
restimulation). Representative flow cytometry data and statistical analysis are shown. Individual samples are depicted by symbols with bars
showing the mean. Data are from 10 sarcoidosis-affected BAL (11 for IL-21), 5 tonsil, and 16 healthy donor blood samples. *P < 0.05,
*P<0.01, **P <0.001, and ****P < 0.0001 (Kruskal-Wallis test). ns = not significant (P=0.05, Kruskal-Wallis test); Sarc = sarcoidosis.
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Results

Lung-Infiltrating T Cells from Patients
with Sarcoidosis Exhibit a Tfh-

like Phenotype

Lung-infiltrating T cells were analyzed from
the BAL fluid of 18 patients with sarcoidosis
with pulmonary involvement (Table 1). To
compare their phenotype to T cells from a
secondary lymphoid organ and circulating
peripheral T cells, tonsillar cells from
otherwise healthy individuals undergoing
routine tonsillectomy and blood samples
from healthy volunteers were obtained.
Multicolor flow cytometry was used for
detailed characterization of CD4 " T cells
from these three sites. As expected, the
frequency of T cells with an antigen-
experienced phenotype (CD45RO ") varied
substantially from 42.7% (#10.8) in blood,
61.5% (*3.7) in tonsils, t0 98.7% (*+1.1) in
BAL. Thus, we directly compared CD45RO ™
CD3" CD4" T cells and additionally
excluded FoxP3™ regulatory T cells from
analysis (Figure E1).

As expected, tonsillar samples contained
a large population of classical CXCR5 ™"

PD- 1" Tth as well as a unique
subpopulation of CXCR5* ™ PD-1"" GC
Tth cells, whereas in the blood only a small
population of memory Tth cells was present.
In contrast, bona fide CXCR5" PD-1" Tth
cells were absent in sarcoidosis-affected BAL
(Figures 1A and 1C). However, when we
analyzed expression of the two functionally
important Tth molecules, CD40L and IL-21,
their expression in sarcoidosis-affected BAL
T cells was more than twice as high as in
tonsillar CD45RO ™ T cells (Figures 1B and
1D). In both sarcoidosis-affected BAL and
tonsillar T cells, IL-21 production and
CD40L expression was clearly associated
with high expression of PD-1, one of the
prototypical Tth cell markers, which, in
CD4" T cells, is not a marker of functional
“exhaustion” but marks T cells with high
B-cell helper capacity (8).

As reported (3-5), around 70% of
sarcoidosis-affected BAL T cells produced
IFN-vy upon restimulation, which is in stark
contrast to tonsillar T cells with only around
10% IFN-vy producers (Figure 2A).
Moreover, IFN-y production in sarcoidosis-
affected BAL T cells was associated with
IL-21 (correlation coefficient
¢ =0.22 = 0.06), whereas tonsil and healthy
donor blood were dominated by T cells
producing IFN-vy alone (¢ = 0.00 = 0.03 and

@ =—0.05 = 0.04, respectively). Sarcoidosis-
affected BAL T cells also expressed high
levels of IL-2 but reduced levels of IL-17 in
comparison to tonsillar T cells. Again,
expression of IL-2 in sarcoidosis-affected
BAL was associated with the Tth cytokine
IL-21 (¢ =0.22 = 0.06). A detailed analysis of
the percentage of CD4" CD45RO™ T cells
producing IL-21, IL-2, IL-17, or IFN-y alone
(1+),IL-21 in combination with one of the
other cytokines (2+), IL-21 in combination
with two other cytokines (3+), all four
cytokines together (4+), or none of these
cytokines (0), revealed that peripheral blood
of healthy donors was dominated by cells
producing IL-2 alone and tonsils by
nonproducers (Figure 2B). In contrast,
sarcoidosis-affected BAL contained a high
proportion of polyfunctional T cells, that is,
cells producing IL-21 in combination with a
second or even third proinflammatory
cytokine.

In accordance with their presence in the
lung, sarcoidosis-affected BAL T cells
expressed high levels of the tissue-homing
receptor CXCR3 and CD69, which is
inversely regulated to sphingosine-1-
phosphate receptor and thereby considered a
tissue-residence marker (20) (Figure 2C).
Taken together, pulmonary CD4™ T cells in
sarcoidosis lack classical Tth cell markers
such as CXCR5 but express high levels of
functionally important molecules for B-cell
help. Additionally, they are characterized by
exceptionally high production of IFN-y and
IL-2 in combination with IL-21 and markers
of tissue residency. Thus, they closely
resemble Tth-like cells from murine lung
tissue (11, 21).

Transcriptome Analysis Reveals
Similarities and Differentiating
Features of Pulmonary Tfh-like Cells
and Classical Tonsillar Tth Cells

To obtain more comprehensive insights into
similarities and differences between lung-
infiltrating T cells and classical tonsillar Tth
cells, we assessed the transcriptome of BAL
T cells from five patients with sarcoidosis
through RNA sequencing. Tth and non-Tth
effector cells from two tonsils and memory
CD4™" T cells from peripheral blood of three
healthy donors were sorted for comparison.
This sample size resulted in clearly separated
clusters for each group in a principal
component analysis of the transcriptome
data (data not shown). Of the 12,660
significantly expressed genes in this analysis
(>50 reads for at least one sample), we

Bauer, Muller, Volkers, et al.: Follicular Helper—like T Cells in Sarcoidosis

found 1,068 genes (8.4%) that were
differentially expressed (log, fold

change = 1.3 and adjusted P value < 0.05)
between sarcoidosis-affected BAL T cells and
tonsillar Tth cells (Figure 3A). To examine
the remaining 11,592 genes in more detail,
we focused on Tth signature genes, that is,
genes that were differentially expressed
between tonsillar Tth and non-Tth cells.
Within these Tth signature genes, the
expression pattern in sarcoidosis-affected
BAL T cells showed striking similarity to
tonsillar Tth cells (Figure 3B). For further
in-depth comparison, we selected the 200
most differentially regulated genes between
Tth and non-Tth cells to generate a Tth cell
gene signature list (Table E4). Gene set
enrichment analysis revealed a strong
enrichment of the Tth cell signature in
pulmonary T cells compared with peripheral
blood memory T cells (Figure 3C). Given the
strong Th1 polarization of sarcoidosis-
affected BAL T cells (3-5), we performed a
similar analysis with a published Th1 gene
signature (22) and found a similar, albeit

less pronounced, enrichment

(Figure 3D).

To gain further insights into the
relationship between classical Tth cells
and sarcoidosis-affected BAL T cells, we
analyzed expression of transcription
factors known to be important for Tth
cells (8). Sarcoidosis-affected BAL T cells
and classical tonsillar Tth cells showed a
similar expression pattern of BATF, a
factor with higher expression in Tth than
non-Tth cells, and KLF2 and BACH2,
which need to be kept at low levels to
maintain the Tth cell phenotype (Figure
4A). However, other hallmark
transcription factors of classical Tth cells,
like BCL6 and ASCL2, were not detectable
in sarcoidosis-affected BAL T cells. In line
with their high IFN-y production,
expression of TBX21 (encoding T-bet) was
substantially higher in BAL compared
with tonsillar T cells. We also analyzed
several chemokine receptors important
for T-cell homing (23) (Figure 4B).
Interestingly, sarcoidosis-affected BAL
T cells showed a marked upregulation of
chemokine receptors known to guide
T cells into inflamed tissues with a more
than 15-fold higher expression of CCR2,
CCR5, CCR8, CXCR3, CXCR6,
and CX3CRI compared with tonsillar Tth
cells. Expression of these chemokine
receptors is in line with published studies
showing enhanced production of the
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sarcoidosis, tonsillar tissue, and peripheral blood of healthy donors were analyzed by flow cytometry. Plots are gated on antigen-experienced
(CD45RO™) CD4" T cells except for the “naive” panel, which was gated on CD45RO™ cells. (A) Analysis of IL-21, IFN-y, IL-2, and IL-17
production by intracellular staining after short-term restimulation in vitro. (B) Cytokine coexpression analysis indicating the percentage of cells
producing neither IL-21, IFN-y, IL-2, nor IL-17 (0), a single one of these four cytokines (1+), IL-21 in combination with one of the other cytokines
(2+), IL-21 together with two of the other cytokines (3+), and all four cytokines together (4+). (C) Analysis of CD69 and CXCR3 expression.
Representative flow cytometry data and statistical analysis are shown. Individual samples are depicted by symbols with bars showing the mean.
Data are from 11 sarcoidosis-affected BAL (7 for IFN-y and 10 for CD69 and CXCR3), 5 tonsil, and 16 healthy donor blood samples. *P< 0.05,
**P<0.005, **P<0.001, and ****P<0.0001 (Kruskal-Wallis test). ns = not significant (P=0.05, Kruskal-Wallis test); Sarc = sarcoidosis.
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Figure 2. (Continued).

corresponding chemokine ligands,
CCL16, CCL5, CCL1, CCL8, CXCLI10,
CXCL16, and CX3CL1, in the lung of
patients with sarcoidosis (24-28). Overall,
global transcriptome analysis confirmed
that T cells from sarcoidosis-affected
lungs share a number of Tth features but
express unique factors for tissue homing,
which is in line with their presence in
inflamed, nonlymphoid lung tissue.

Lung-Infiltrating T Cells Provide
Potent B-Cell Help

To confirm that T cells from sarcoidosis-
affected lungs not only express molecules
important for B-cell help but can actually
drive B-cell differentiation, we used an

in vitro T-cell/B-cell cooperation assay, based
on the coculture of T cells with heterologous
B cells (isolated from tonsils) in the presence
of superantigen (Staphylococcus enterotoxin
B) at low concentration (18). As a reference,
we used naive T cells from healthy donor
blood and GC Tth and non-Tth effector cells
isolated from tonsils. Sarcoidosis-affected
BAL T cells were almost equally potent as
classical Tth cells in inducing B-cell
differentiation into CD27"8" CD38"&"
plasmablasts (Figure 5A). This is an
impressive finding, considering that sorted
GC Tth cells with a very high expression of

IL-21 (>80% producers) and CD40L were
compared with total sarcoidosis-affected
BALT cells. T-cell help was almost
completely abrogated by neutralization of
IL-21 but not CD40L blockade. These
findings were corroborated by determination
of immunoglobulins in the culture
supernatant by ELISA, demonstrating robust
production of IgM, IgG, and IgA upon
coculture with sarcoidosis-affected BAL Tth-
like cells (Figure 5B).

Moreover, there is strong evidence
that sarcoidosis-affected BAL T cells not
only provide B-cell help in vitro, but
that similar reactions take place in the
inflamed lung in vivo. When we
analyzed BAL supernatant from 17
patients with sarcoidosis compared with
patients with non-ILDs, we observed
markedly elevated levels of all
immunoglobulin subclasses in
sarcoidosis-affected BAL samples (Figure
5C). Taken together, these data
demonstrate that T cells from patients
with sarcoidosis possess a B-cell helping
capacity and may contribute to lung
pathology through the production of
proinflammatory cytokines and through
their ability to provide help for plasma
cell generation and antibody production
within inflamed lung tissue.

Bauer, Muller, Volkers, et al.: Follicular Helper—like T Cells in Sarcoidosis

Sarcoidosis-affected BAL Is
Dominated by Antigen-experienced

B Cells with Characteristics of
Autoimmune-associated and Tissue-
Resident Populations

The presence of Tth-like cells in the lungs of
patients with sarcoidosis raised the obvious
question of the phenotype of lung-infiltrating
B cells. Compared with secondary lymphoid
organs, the frequency of B cells in
sarcoidosis-affected BAL was generally low
(0.7% = 0.4%), but B cells were regularly
found in all samples analyzed. Except for one
patient, CD27""" CD38™#" plasmablasts
were not present in the BAL. The vast
majority of B cells in the lungs exhibited a
CD27" antigen-experienced phenotype, with
less than 20% of B cells being naive (CD27
IgD ™), which contrasts with 50% and 70%
naive cells in tonsils and blood, respectively
(Figure 6). Moreover, the high frequency of
class-switched (IgD ) B cells suggests their
origin from a T cell-dependent immune
response. Although not as pronounced as in
tonsils, a subset of sarcoidosis-affected BAL
B cells exhibited a proliferative (Ki-67")
CD38" GC-like phenotype. A high
proportion of sarcoidosis-affected BAL

B cells expressed CD69, CXCR3 and Fc
receptor-like 4 (Figure 6), which are typical
markers of tissue-resident memory B cells
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(29). These cells also coexpressed CD11c,
had lower levels of CD21 compared with
tonsillar and healthy donor blood B cells
(Figure 6), and were negative for IgD (Figure
E2). With this expression pattern, they at
least partially resembled the phenotype of
CD11c*™ CD21Y CD27 /IgD ™~ (“double-
negative”) T-bet” “autoimmunity-
associated” or “inflammatory” B cells
(30-34). Contrary to this, however, they
expressed high levels of CD27 and CXCR5
(Figure E2).

Large Numbers of B Cells Are Present
in Sarcoidosis-affected Lung Tissue
Data from a mouse lung inflammation
model have demonstrated that GC-like

B cells are trapped within the dense
interstitial tissue infiltrates and are not
present in the BAL (unpublished results).
This necessitates the additional analysis of

B cells not only from BAL but also directly in
the lung tissue. In stark contrast to the
findings in BAL, immunohistological
analysis of lung tissue samples from eight
patients with sarcoidosis revealed large
numbers of B cells, which in some cases even
outnumbered T cells. B cells were frequently
in contact with T cells and typically found in
large peribronchial lymphocytic infiltrates
that exhibited varying sizes and degrees of
organization (Figures 7A-7C and Figure E3).
In contrast, T cells were also present as single
cells scattered within the tissue. Whereas
most infiltrates were FDC negative (Figures
7A and 7B), only a few infiltrates displayed
typical signs of ectopic lymphoid tissue with
separate T- and B-cell areas and an FDC
network (Figure 7C). In contrast, there

Figure 3. (Continued). BAL vs. Tth and 391
genes with lower expression). (B) Display of
genes, which are specific for Tth cells
(differentially regulated between Tfh and non-
Tth cells; 994 genes with higher and 822
genes with lower expression), and
comparison to healthy donor peripheral blood
and sarcoidosis-affected BAL T cells. (C)
Gene set enrichment analysis using the
Broad Institute software package (http://www.
gsea-msigdb.org/gsea/index.jsp) and a
signature of the top 200 genes up- or
downregulated between tonsillar Tfh and non-
Tfh cells. (D) Gene set enrichment analysis
using a published Th1 signature of genes up-
or downregulated between naive CD4* T
cells and CD4™ T cells cultured in vitro for 48
hours under Th1i-polarizing conditions (22).
FDR = false discovery rate; NES = normalized
enrichment score; Sarc = sarcoidosis; Th1=T-
helper cell type 1.
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appeared no direct T/B contact within lung
granulomas. These consisted mainly of
CD64" macrophages with scattered T cells,
whereas B cells typically surrounded the
granuloma (Figure 7D). Within T/B
infiltrates, several B cells displayed a Ki-67
proliferative phenotype (Figure 7E). In
contrast to sarcoidosis-affected BAL, lung
tissue also contained a large number of
plasmablasts, mainly of IgA isotype, which
were typically found near but not within the
T/B clusters (Figures 7F and 7G). Few
CD11c" B cells were present within
infiltrates (Figure 7H). Thus, the lymphocyte
composition of the lung tissue markedly
differed from BAL, resulting in an
underestimation of B-cell frequencies. The
close contact of T and B cells in GC-like but
nonectopic infiltrates suggests sustained T/B
cooperation leading to the local generation of
plasmablasts.

Tth-like Cells Are Enriched in the
Peripheral Blood of Patients with
Sarcoidosis

Tth and Tth-like memory cells can also be
found as a circulating population in
peripheral blood, which is easier to obtain
for immunological analysis compared
with BAL and lung tissue and thus
accessible for diagnostic purposes (35).
Costaining for CXCR5 and PD-1
discriminates three functionally distinct
populations (Figure 8A): I) CXCR5-
negative PD-1 single-positive cells
considered to be the circulating correlate
of tissue-resident Tth-like cells (36); 2)
CXCR5/PD-1 double-positive cells, which
functionally and transcriptionally
resemble classical Tth cells from
secondary lymphoid organs (37, 38); and
3) a CXCRS5 single-positive population,
which also represents circulating Tfh cells
but lacks the capacity to provide
immediate B-cell help (38). Compared

Figure 4. (Continued). shown in Figure 3. (A)
Display of key transcription factors important
for the differentiation of Tfh cells. (B) Analysis
of chemokine receptors important for tissue
homing. Individual samples are depicted by
symbols with bars showing the mean.
Sarcoidosis-affected BAL T cells (5 patients)
were compared with Tfh and non-Tfh cells
from tonsils (2 donors) and memory T cells
from peripheral blood (3 healthy donors).
Significance was determined according to
Wald. *P<0.05, **P<0.01, ***P<0.001, and
****P<0.0001. ns = not significant (P= 0.05).
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Figure 5. BAL T cells provide potent help for the differentiation of B cells into plasmablasts. (A) Heterologous memory B cells were cocultured
with no T cells (Ctr), naive CD4* T cells from blood, sarcoidosis-affected BAL CD4 ™ T cells, non-T follicular helper and germinal center T
follicular helper cells from tonsils for 7 days in the presence of superantigen (staphylococcal enterotoxin B). T-cell help was blocked by addition
of an antibody against CD40L and neutralization of IL-21 with recombinant soluble IL-21 receptor. Percentage of B cells with a plasmablast
phenotype (CD27"9" CD38") was determined by flow cytometry. Representative flow cytometry data and statistical analysis of two to seven
independent experiments are shown. Each experiment is depicted by a different symbol and consisted of one to three individual cell culture
wells. Only statistically significant differences are indicated. (B) Analysis of the culture supernatants from the experiment above for IgM, IgA,
and IgG by ELISA. (C) BAL supernatants from 17 patients with sarcoidosis (10 patients from the study cohort and seven additional samples)
(Table 1) and 7 control subjects (idiopathic cough, lung cancer, pulmonary metastases, or patients without apparent lung disease receiving BAL
for exclusion of pulmonary tuberculosis) were analyzed for immunoglobulin subclasses by ELISA. Capture and biotinylated detection antibodies
for ELISA are listed in Table E3. Human Immunoglobulin Calibrator (The Binding Site) was used as standard. Bars in all panels display mean
with SEM. *P<0.05, **P<0.01, **P<0.001, and ***P<0.0001. Statistical tests: Kruskal-Wallis test (A) and Mann-Whitney U test (B and C).
Sarc = sarcoidosis; Tfh =T follicular helper cell.

with age-matched healthy donor controls,
the population of circulating PD-1"
CXCR5 "~ Tth-like cells was greatly
increased in patients with sarcoidosis,
whereas classical CXCR5" PD-1" Tth

cells were unchanged and the CXCR5
single-positive population even decreased
(Figure 8A). Another hallmark of classical
Tth as well as Tth-like cells is their ability
to produce the chemokine, CXCL13 (36,

39-41). Intracellular staining for CXCL13
after restimulation in vitro revealed a
small but elevated population within the
PD-1 single-positive and PD-1/CXCR5
double-positive population compared
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Figure 6. Sarcoidosis-affected BAL is strongly enriched in antigen-experienced B cells with an effector-memory phenotype. Flow cytometry
analysis of B cells from sarcoidosis-affected BAL, tonsil, and healthy donor peripheral blood. For full gating, see Figure E1 in the online
supplement. Representative flow cytometry data and statistical analysis for B cells with a naive or switched effector-memory phenotype (CD27
IgD* vs. CD27* IgD ™), germinal center-like phenotype (CD38" Ki-67"), “autoimmune B-cell” phenotype (FcRL4* CD11c™ and CD21'°%),
tissue-resident (CD69™), or CXCR3™ phenotype. Data are from 4-8 sarcoidosis-affected BAL, 5 tonsil, and 16 healthy donor blood samples.
Individual samples are depicted by symbols with bars showing the mean. **P<0.01, ***P<0.001, and ***P<0.0001 (Kruskal-Wallis test).

MFI =mean fluorescence intensity; ns = not significant (P= 0.05, Kruskal-Wallis test); Sarc = sarcoidosis.

with double-negative memory T cells
(Figure 8B). In addition, the transcription
factor c-MAF, which is functionally
important for Tth cell development (8),
was increased in both Tfh and Tth-like
cells (Figure 8C).

Expression of CD40L and ICOS, a
marker of recently activated T cells, was
highly significantly increased in
sarcoidosis CD45RO™ T cells compared
with healthy donor blood samples (Figure
8D). In addition, several chemokine
receptors important for homing to
inflamed tissue, such as CCR2, CCR5,
CCRS, and CX3CR1, were highly
increased, supporting the idea of recent
egress from the inflamed tissue (Figure
8E). Thus, analysis of peripheral blood

T cells to assess Tth-like phenotypes
should be further explored as a useful
biomarker to monitor sarcoidosis disease
activity.

Discussion

The pathogenesis of sarcoidosis remains
enigmatic with controversial discussions
about whether clonally expanded cells in the
lung recognize an infectious agent or a self-
antigen. In fact, sarcoidosis shares many
characteristics with autoimmune diseases,
including association with certain HLA
genotypes and clonally expanded T-cell
populations (42). For most autoimmune
diseases, B cells have been recognized as key

Bauer, Muller, Volkers, et al.: Follicular Helper—like T Cells in Sarcoidosis

players in immunopathology. They are
producers not only of potentially self-reactive
antibodies but also proinflammatory
cytokines and play a major role as antigen-
presenting cells for T cells under conditions
of limited antigen supply. It is therefore
surprising that sarcoidosis research has
focused almost exclusively on
IFN-y-producing T cells and macrophages
and has overlooked T-cell/B-cell cooperation
as an aspect of sarcoidosis
immunopathology.

In this study, we demonstrate that lung-
infiltrating T cells from patients with
sarcoidosis not only produce large amounts
of IFN-vy but also serve as a key source for
the B-cell helper cytokine IL-21. With a
CXCR5 BCL-6" phenotype but very potent
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Figure 7. Sarcoidosis lung contains large T- and B-cell infiltrates. Lung sections from patients
with sarcoidosis were stained with different combinations of fluorescently labeled antibodies
(Table E2 in the online supplement) and analyzed by confocal laser-scanning microscopy.
(A-C) Staining for T cells (CD3, magenta), B cells (CD20, yellow), and follicular dendritic cells
(FDCs) (white). Representative examples for a loose infiltrate (A), an unstructured, FDC-
negative infiltrate (B), and an FDC-positive infiltrate with clearly separated T- and B-cell zones
(C) are shown. (D) Example for a large granuloma, containing CD64-positive macrophages

B-cell helper qualities, they resemble Tth-like
cells originally identified in an antigen-driven
murine lung inflammation model (11, 21).
Tth-like cells, also named peripheral
T-helper cells, have now been identified in
rheumatoid arthritis (36), systemic sclerosis
(43, 44), celiac disease (44), lupus nephritis
(40), and several other human autoimmune
conditions (35). A common characteristic of
these Tth-like/peripheral T-helper cells is
their preferential presence in inflamed
nonlymphoid tissue, where they provide help
for tissue-infiltrating B cells. Because of this
“hidden” localization, this T-cell subset has
only recently been investigated in more
detail. Notably, studies from mouse models
show that tissue-infiltrating T cells far
outnumber their antigen-specific
counterparts in secondary lymphoid organs
(11). Furthermore, T-cell lymphopenia in
peripheral blood typically observed in
patients with sarcoidosis seems to be the
result of enhanced recruitment into sarcoid
lesions in nonlymphoid tissues (1).
Therefore, tissue-resident T cells need to be
investigated in more detail for their disease-
driving potential and as a therapeutic target.
In addition to extensive studies of human
tissues from various stages of sarcoidosis and
potentially other ILDs, this should be further
explored in suitable animal models.

In the past, research on T/B cooperation
in nonlymphoid tissues focused on ectopic
lymphoid structures, which contain FDCs
and separated T- and B-cell zones as a
hallmark feature, thereby fully resembling
GC in secondary lymphoid organs.
Development of ectopic lymphoid structures,
also called inducible bronchus-associated
lymphoid tissue, in the lung requires strong
stimuli like viral infections (10). Lung-
infiltrating CD4" T cells in such models
express CXCR5 or at least depend on BCL-6
for their development and thereby differ

Figure 7. (Continued). (white), scattered

T cells (magenta), and few B cells (yellow),
which are exclusively located at the border of
the granuloma. (E) Staining for B cells
(yellow) and the proliferation marker Ki-67
(magenta). (F and G) Analysis of plasma
cells with costaining of CD20 (yellow) and
IgA (magenta) (F) and CD138 (white) in
combination with CD3 (magenta) and CD20
(yellow) (G). (H) Costaining of CD20 (yellow)
and CD11c (magenta). In addition to CD11¢c™
B cells, strong staining of alveolar
macrophages is observed. Nuclei in all
panels are stained with DAPI (blue). Scale
bars, 100 um.
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Figure 8. Peripheral blood T cells from patients with sarcoidosis have an activated T follicular helper (Tfh)-like phenotype and display signs of

recent tissue egress. (A) Peripheral blood CD4* CD45RO™ memory T cells from patients with sarcoidosis (Sarc blood) and age-matched
healthy donors (HD blood) were analyzed by flow cytometry for coexpression of CXCR5 and PD-1. Representative staining and analysis of

CXCR5~ PD-1* Tfh-like (SP) and PD-1" CXCR5™" classical Tth cells with further subdivision into double-positive (DP) (CXCR5" PD-1%) versus
CXCR5" PD-1" single-positive subsets. (B) Blood memory CD4" T cells from patients with sarcoidosis were sorted according to CXCR5 and
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substantially from lung-infiltrating T cells in
patients with sarcoidosis (45-48).
Furthermore, our study confirms the early
finding of Fazel and colleagues (7) that
sarcoidosis-affected lungs contain very few
ectopic lymphoid structures, but at the same
time shows that T/B cooperation can also
occur in unstructured lymphocytic infiltrates.

We also demonstrate that Tth-like
responses in lung tissue are reflected by
increased frequencies of circulating PD-1"8"
CXCR5~ CD40L"8" ICOS"#" Tth-like cells in
peripheral blood of patients with sarcoidosis,
whereas classical CXCR5 " Tth cells were
unchanged in our study. These findings may
have diagnostic potential and should be
further explored in clinical studies with larger
patient cohorts. Two recent studies of
circulating CXCR5 " Tth cells reported both
increased (49) and decreased (50) frequencies
in patients with sarcoidosis, suggesting that
Tth-like rather than classical Tth cells may be
useful for disease monitoring.

Although the presence of B cells in
lung tissue in sarcoidosis has been known
for almost four decades (6, 7), our study
provides the first detailed phenotypic
description of B cells from BAL and lung
tissue. The antigen-experienced and class-
switched B-cell phenotype strongly suggests
that BAL B cells arise directly from T
cell-dependent GC-like reactions in lung
tissue. It will be important to determine
whether these B cells represent a clonally
expanded population. If so, this could be
key to identifying the disease-driving
antigen in sarcoidosis. The concept that
B cells in sarcoidosis respond to
autoantigens is further corroborated by
enhanced levels of antinuclear antibodies in
the serum (51, 52), a high degree of B-cell
receptor hypermutation in blood (53), and
a high percentage of B cells with the
phenotype of age-associated (ABC-like)

B cells, which are typical for multiple
autoimmune diseases (31-34, 54). A pivotal

role of B cells in sarcoidosis pathology is
also supported by the finding that serum
levels of BAFF, an important survival
factor for B cells, directly correlate with
disease activity (55-57). Finally, it has been
demonstrated that patients with sarcoidosis
can be successfully treated with B
cell-depleting antibodies like Rituximab
(58-60). Taken together, the identification
of Tth-like cells in the lung changes the
current paradigm of sarcoidosis as a
primarily Thl cell-driven disease and
warrants further investigation of Tth-like
cells and B cells as disease drivers in
sarcoidosis. M
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