ERJ Express. Published on September 1, 2016 as doi: 10.1183/13993003.01826-2015

CrossMark

Eur Respir J 2016; In press

DOI:

ORIGINAL ARTICLE
IN PRESS | CORRECTED PROOF

Peripheral blood myeloid-derived
suppressor cells reflect disease status
in idiopathic pulmonary fibrosis

Isis E. Fernandez’, Flavia R. Greiffo!, Marion Frankenberger1, Julia Bandres',
Katharina Heinzelmann', Claus Neurohr?3, Rudolf Hatz?, Dominik Hart(*®,
Jiirgen Behr?? and Oliver Eickelberg'

Affiliations:  "Comprehensive Pneumology Center, Ludwig-Maximilians-University, University Hospital
Grosshadern, and Helmholtz Zentrum Miinchen, Member of the German Center for Lung Research, Munich,
Germany. 2Asklepios Fachkliniken Miinchen-Gauting, Munich, Germany. *Comprehensive Pneumology Center,
Medizinische Klinik und Poliklinik V, Klinikum der Ludwig-Maximilians-Universitat, Member of the German Center
of Lung Research (DZL), Munich, Germany. “Children’s Hospital of the University of Tiibingen, Pediatric
Infectiology, Immunology and Cystic Fibrosis, Tiibingen, Germany. °Roche Pharma Research and Early
Development (pRED), Immunology, Inflammation and Infectious Diseases (I3) Discovery and Translational Area,
Basel, Switzerland.

Correspondence: Oliver Eickelberg, Comprehensive Pneumology Center, Ludwig-Maximilians-University and
Helmholtz Zentrum Miinchen, Max-Lebsche-Platz 31, 81377 Munich, Germany.
E-mail: oliver.eickelberg@helmholtz-muenchen.de

ABSTRACT Idiopathic pulmonary fibrosis (IPF) is a fibroproliferative disease with irreversible lung
function loss and poor survival. Myeloid-derived suppressor cells (MDSC) are associated with poor
prognosis in cancer, facilitating immune evasion. The abundance and function of MDSC in IPF is
currently unknown.

Fluorescence-activated cell sorting was performed in 170 patients (IPF: n=69; non-IPF interstitial lung
disease (ILD): n=56; chronic obstructive pulmonary disease (COPD): n=23; healthy controls: n=22) to
quantify blood MDSC and lymphocyte subtypes. MDSC abundance was correlated with lung function,
MDSC localisation was performed by immunofluorescence. Peripheral blood mononuclear cell (PBMC)
mRNA levels were analysed by qRT-PCR.

We detected increased MDSC in IPF and non-IPF ILD compared with controls (30.99+15.61% versus
18.96%8.17%, p<0.01). Circulating MDSC inversely correlated with maximum vital capacity (r=-—0.48,
p<0.0001) in IPF, but not in COPD or non-IPF ILD. MDSC suppressed autologous T-cells. The mRNA
levels of co-stimulatory T-cell signals were significantly downregulated in IPF PBMC. Importantly,
CD33*CD11b" cells, suggestive of MDSC, were detected in fibrotic niches of IPF lungs.

We identified increased MDSC in IPF and non-IPF ILD, suggesting that elevated MDSC may cause a
blunted immune response. MDSC inversely correlate with lung function only in IPF, identifying them as
potent biomarkers for disease progression. Controlling expansion and accumulation of MDSC, or blocking
their T-cell suppression, represents a promising therapy in IPF.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic and lethal fibroproliferative disease of the lung, with
unknown aetiology. IPF is characterised by an irreversible loss of lung function with a median survival, or
time to lung transplantation, of 2-3 years after diagnosis. The natural history of IPF is highly variable and
unpredictable between patients [1]. In the past years, many advances have been accomplished with respect
to better delineating dominant pathomechanisms and improved diagnosis, monitoring or treatment of IPF.
These efforts have led to the approval of two new therapeutics, pirfenidone and nintedanib, which slow
down lung function decline in IPF [2].

While the exact pathophysiology of IPF remains unknown, several key drivers of disease initiation and
progression have been unravelled, including repetitive microinjuries to the bronchial and alveolar
epithelium [3], aberrantly activated fibroblast phenotypes, and excessive extracellular matrix (ECM)
accumulation [4]. While nonspecific immunosuppressive therapy remained without benefit in a number of
clinical studies, recent findings of gene expression signatures and peripheral blood biomarker profiling
have highlighted the possibility of immune system dysfunction in IPF pathogenesis (e.g. correlating gene
expression levels with B- and T-cell activation [5-8]).

Importantly, innate and adaptive immunity contributes to fibrogenesis in a number of organs [9]. The
recent literature has provided increasing evidence for a pro-inflammatory signature in peripheral blood
and lung tissue of IPF patients, including aberrantly activated lymphocyte/monocyte populations [10]. In
IPF, circulating leukocyte phenotypes, for instance CD4" T-cells, display reduced levels of CD28,
suggesting persistent antigen-driven proliferation and possibly clonal exhaustion [6]. These data are
supported by recent transcriptome analysis of peripheral blood mononuclear cells (PBMCs) in which the
co-stimulatory T-cell signal (assessed by mRNA levels of CD28, ICOS, LCK and ITK) was downregulated
and predicted poorer survival in IPF patients [7]. Semaphorin (Sema) 7a-positive T-regulatory (T-reg)
cells are increased in rapidly progressive IPF patients [5], thus supporting the role of dysregulated T-cell
responses in IPF.

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of immature myeloid cells with
potent suppressor capabilities, which are associated with poor prognosis in cancer [11]. MDSCs contribute
to tumour-immune cell evasion by suppressing T-cell responses [12]. Currently, MDSCs are not classified
by a standard leukocyte lineage marker, since MDSCs are comprised of various immature cells of myeloid
origin, including myeloid-progenitor cells, immature monocytes or dendritic cells, or immature
granulocytes. Two important subsets of human MDSCs have been reported: monocytic MDSC
(mo-MDSC) with a lineage"*8/HLA-DR"¥/CD33"/CD11b"/CD14" phenotype, and granulocytic MDSC
(g-MDSC) with a lineage"*8/HLA-DR"®/CD33"/CD11b"/CD147/CD15"/CD66b" phenotype [13]. The
accumulation of MDSCs is a common finding in malignancies, including lung cancer, but also in many
other pathological conditions, such as transplantation [14], infection [15] or autoimmunity [16]. In
nonsmall cell lung cancer, patients with higher amounts of peripheral MDSCs had poorer survival or
response to chemotherapy [17]. In chronic inflammatory processes of the lung, such as tuberculosis (TB)
[18] or Pseudomonas aeruginosa infection secondary to cystic fibrosis [19], MDSCs induce T-cell
suppression to avoid immune surveillance and undermine host defence. In COPD, a suppressive network
comprised by T-reg cells, PD-1" T-cells and MDSCs counteract the inflammatory immune reaction and
mitigate innate antibacterial and antiviral properties [20].

Importantly, the contribution of MDSCs in fibrotic lung disease, including IPF, has not been elucidated at
all to date [21]. Therefore, in this study we performed, for the first time, an in-depth characterisation of
MDSCs in the peripheral blood and lung tissue of IPF patients and correlated their levels with parameters
of disease severity. Intriguingly, MDSCs inversely correlate with lung function and can be detected in lung
tissue of IPF patients, highlighting their potential contribution to IPF pathogenesis.

Materials and methods
For in-depth details on the material and methods, refer to the supplementary material.

Patients and control group

We prospectively included 170 patients in the analysis, divided into 69 IPE, 56 non-IPF ILD (hypersensitivity
pneumonitis: n=17, nonspecific interstitial pneumonia: n=27, connective tissue disease-ILD: n=12) and 23
COPD patients, as well as 22 healthy controls. Patients were recruited at the Comprehensive Pneumology
Center (Munich, Germany) from June 2014 to July 2015 (table 1). 22 healthy volunteers (table 1) were free
from signs of current infection, inflammation or respiratory symptoms at the time of blood sampling.
Informed written consent was obtained for all participants, study methods were approved by the local ethical
review board. Diagnosis of IPF was performed by multidisciplinary consensus, based on current American
Thoracic Society/European Respiratory Society criteria [22].
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TABLE 1 Patient demographics and clinical characteristics

Characteristics Control IPF Non-IPF ILD COPD
Subjects 22 69 56 23
Age years 55.4%6.4 68.2+11.1*%* 62.5+10.4* 58.3+6.4
Sex

Male 11 (50%) 55 (79.7%) 30 (53.5%) 11 (47.8%)

Female 11 (50%) 14 (20.2%) 26 (46.4%) 12 (52.1%)
ILD type

CTD-ILD 12 (21.4%)

HP 17 (30.3%)

NSIP 27 (48.2%)
Smoking status®

Current 5 (22.7%) 5 (7.2%) 0 1 (4.3%)

Former 6 (27.2%) 40 (57.9%) 26 (46.4%) 22 (95.6%)

Nonsmokers 11 (50%) 24 (34.7%) 30 (53.6%) 0
Dirco % pred 33.8+16.7 32.5+16.3 25.3+£18.7
VCmax % pred 61.6+17.8 61.3+19.2 61.1£26.6

Data are presented meanzsp, unless otherwise stated. IPF: idiopathic pulmonary fibrosis; ILD: interstitial
lung disease; COPD: chronic obstructive pulmonary disease; CTD: connective tissue disease; HP:
hypersensitivity pneumonitis; NSIP: nonspecific interstitial pneumonia; DiLco: diffusing capacity of the lung
for carbon monoxide; VCmax: maximum vital capacity. #: subjects with =5 pack-years of cigarette smoking.
*: p<0.05 versus healthy controls; **: p<0.01 versus healthy controls.

Cell isolation and flow cytometry analysis

For immunophenotyping, fresh venous blood was collected in EDTA-coated vacutainer tubes (Sarstedt,
Niimbrecht, Germany). Briefly, whole blood or PBMC bufty coats were used for flow cytometry detection
of MDSC and lymphocyte subtypes. MDSC were gated as lineage”*¢/HLA-DR"*/CD33"*/CD11b*/CD14"
or lineage"*¢/HLA-DR"*/CD33"/CD11b*/CD66b", and data presented as % gated HLA-DR"® cells.
%mo-MDSC and %g-MDSC was determined and presented as % gated CD33"" CD11b" and CD33"
CD11b", respectively. Lymphocyte subtypes were determined as T-cells (CD3"), T-helper (CD3"CD4")
(effector (CCR77) and non-effector (CCR7")), T-cytotoxic (CD3*CD8") (effector (CCR77) and
non-effector (CCR7")), abnormal T-cells (CD3*CD4"CD8") and T-reg cells (CD4"CD25" and
CD4"CD25"FoxP3"), with the antibody list detailed in figure E1 and table E1, as previously reported [23].
For whole blood staining, 100 uL was incubated with an antibody mix for MDSC (table E1) for 20 min at
4°C in the dark. Erythrocytes were lysed with a Coulter Q-Prep working station (Beckman Coulter,
Germany), as previously reported [24]. For lymphocyte analysis, PBMCs were prepared from blood
samples using density gradient sedimentation (Lymphoprep; STEMCELL Technologies, Cologne,
Germany). Trypan blue staining was used for differentiation between viable and nonviable cells, and
showed viability of >90% for all cells used in this study. After gradient separation, cells were stained with
lymphocyte antibody mix for 20 min at 4°C in the dark. Data acquisition was performed in a BD LSRII
flow cytometer or a BD fluorescence-activated cell sorter (FACS) ARIA II (both Becton Dickinson,
Heidelberg, Germany) if cells were sorted. Data was analysed with FlowJo software (TreeStart Inc,
Ashland, OR, USA). Negative thresholds for gating were set according to isotype-labelled controls.

T-cell suppression assay and MDSC co-culture

The T-cell suppression assay and MDSC co-cultures were performed as previously published [19, 25].
Briefly, PBMCs from IPF patients were isolated, stained with CFSE (CellTrace, C34554; ThermoFisher
Scientific, Darmstadt, Germany) and stimulated with recombinant human IL-2 (100 U-mL™Y; BD
Pharmingen, San Diego, CA, USA) and OKT3 (1 pg-mL_l; Biolegend, San Diego, CA, USA). PBMCs were
incubated with stimulation media alone or with isolated autologous MDSC. After 4 days, cells were harvested
and stained with anti-CD4-PE or anti-CD8-allophycocyanin (Biolegend). CSFE fluorescence intensity of
each cell type was analysed by flow cytometry. The percentage of proliferation was analysed for CD8" and
CDA4" cells cultured alone or in conjunction with MDSC. Data were analysed with FlowJo software. After
96h of incubation, cells were harvested and stained with anti-CD4-PE (BD Pharmingen) and
anti-CD8-allophycocyanin. CFSE fluorescence intensity was analysed by flow cytometry to determine
proliferation of CD4" and CD8" T-cells. After 96 h of incubation, cells were harvested and stained with
anti-CD4-PE (BD Pharmingen) and anti-CD8-allophycocyanin. CFSE fluorescence intensity was analysed by
flow cytometry to determine proliferation of CD4" and CD8" T-cells.
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Statistical analysis

Data are presented as scatter plots with meantsp. Two group comparisons were made using a
non-parametric two-tailed Mann-Whitney U-test, parametric test or paired t-test, when specified. Three
or more group comparisons were made using one-way ANOVA, with the non-parametric Kruskal-Wallis
test followed by Dunnett’s test. Associations between variables were established by linear regression and
Pearson correlation. GraphPad Prism (version 5.0; GraphPad Software, San Diego, CA, USA) was used for
statistical analyses. Significance was defined as p<0.05.

Results

Patient demographics

In total, 170 patients and controls were included in this study (table 1). From those, 69 were diagnosed
with IPF, 56 with non-IPF ILD (connective tissue disease-ILD: n=12, hypersensitivity pneumonitis: n=17;
nonspecific interstitial pneumonia: n=27) and 23 with COPD, and 22 were healthy controls. Patient
demographics are shown in table 1.

MDSC are increased in the peripheral blood of patients with lung fibrosis

Whole blood MDSC (defined as lineage"®®/HLA-DR"®/CD33*/CD11b" cells) were measured and
quantified in freshly drawn blood in all study subjects. Previous reports in several types of cancer [11] or
lung disorders have described human circulating MDSCs as monocytic (CD14") or granulocytic (CD66b")
[13]. In order to set a threshold for positive-negative discrimination, a fluorescently labelled isotype was
used as a control for each subject (figure 1la). To exclude definitive differentiated and mature cell
populations, a cocktail with lineage-definitive markers was used and positive cells were excluded (figure
la). This was followed by exclusion of HLA-DR-positive cells and further gating on CD33 and CD11b
positivity. Two distinct populations were observed: a CD33"*/CD11b", characterised by strong CD14
expression and monocytic morphology; and a CD33*/CD11b", characterised by strong CD66b expression
and granulocytic morphology (figure 1). We used FACS-sorted monocytic and granulocytic MDSCs to
confirm their morphology using cytospins with Diff-quick staining, as well as co-expression of CD33 and
CD11b by immunofluorescence staining (figure 1b).

Next, we quantified the abundance of MDSCs (as % gated of HLA-DR"® cells) in all subjects. We
observed that the amount of MDSCs was significantly elevated in the peripheral blood of IPF
(30.99+15.61%, p<0.01) and non-IPF ILD patients (31.63+15.61%, p<0.05) when compared with controls
(18.96%8.17%) or COPD (25.63+13.94%, p=ns) (figure 2a). Next, to determine which MDSC phenotype
was prevalent in IPF patients, we quantified the proportion of mo-MDSC (as % gated CD33""CD11b" cells)
and g-MDSC (as % gated CD33"CD11b" cells). Interestingly, we observed that the proportion of mo-MDSC
was significantly increased in IPF compared with controls (figure 2b). Inversely, the proportion of g-MDSC
was significantly decreased (figure 2c).

Increased MDSC abundance reflects poor lung function specifically in IPF patients

To elucidate the clinical relevance of increased circulating MDSCs, we analysed whether higher numbers
of MDSCs correlated with physiological parameters that determine disease status, such as lung function.
We observed that, in a cross-sectional analysis, higher numbers of peripheral blood MDSCs inversely
correlated with maximum vital capacity (VCmax % predicted) (p<0.0001, r=-0.48) in IPF. The
MDSC-VCmax correlation remained significant when all patients were pooled together, albeit with a less
stringent correlation coefficient (p=0.0027, r=—0.24) (figure 3). Correlation analysis was also performed
for non-IPF ILD and COPD, but no significant correlation was found for these groups (p=0.5, r=—0.07
and p=0.5, r=—0.14, respectively).

Although our study was not designed as a prospective longitudinal study, a number of patient revisits
occurred in the study period; thus, we were able to analyse the relationship between the change in MDSC
and VCmax over time in the same patients. As depicted in figure 4, 27 patients were assessed by follow-up
analysis (IPF: n=14, non-IPF ILD: n=11, COPD: n=2). While the initial values are included in all patients’
analysis (figure 2), we performed an additional analysis for repeat visits by correlating the delta (A) MDSC
with AVCmax % predicted (A=V2—-V1). By using this calculation, we could uncover whether the number
of MDSCs changed with declining lung function over time. When patients were analysed altogether a
nonsignificant weak negative correlation was observed (r=0.09189) (figure 4a). When we analysed only IPF
patients, a strong and significant correlation was observed (r=—0.5773, p=0.0389) (figure 4b).

MDSC from IPF patients effectively suppress T-cell proliferation

To confirm that peripheral blood MDSCs from IPF patients suppressed T-cell proliferation, we isolated
and co-cultured PBMCs with autologous MDSCs, and assessed the suppressive function of MDSC in vitro.
PBMCs were isolated (non-IPF ILD: n=5, IPF: n=4), stained with CFSE and cultured over a period of
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FIGURE 1 Characterisation of human myeloid-derived suppressor cells (MDSC) in whole blood. Representative dot-plots of whole blood flow
cytometry analysis after red blood cell lysis. a] Cells were stained with a panel of monoclonal antibody and gated on Lin"®, HLA-DR"9, CD33*
*CD11b* and CD33*CD11b*, and further characterised as monocytic (mo-MDSC: CD14") or granulocytic (g-MDSC: CDé66b*), depicted in the
histograms as blue and green, respectively. Gates were based on isotype-stained samples, represented as grey in the histograms. Microscopic
analysis of Diff-quick stained cytospins of fluorescence-activated cell sorter (FACS)-sorted mo-MDSC and g-MDSC confirmed phenotypic
characteristics. b) Immunofluorescence staining of FACS-sorted mo-MDSC (top] and g-MDSC (bottom) are depicted as single channels (CD33 in
green; CD11b in red) and merged channels confirmed the co-expression of MDSC markers. Scale bars=5 um. SSC: side-scattered light; FSC:
forward-scattered light; HLA-DR: human leukocyte antigen-DR.
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4 days. CD4" and CD8" T-cells showed a baseline proliferation of 70.61+18.73% and 83.69+7.68%,
respectively, when cultured alone in stimulation media. When autologous MDSCs were added to these
cultures, at a ratio of 1:4 (T cel:tMDSC), CD4" and CD8" T-cell proliferation were significantly decreased,
confirming MDSC suppressive functions (figure 5a and b).

Patients with IPF exhibit elevated levels of immunosuppressive lymphocytes

Next, we analysed lymphocyte subtypes in all subjects to test the hypothesis that an MDSC-lymphocyte axis
might contribute to the immunosuppressive network in IPF. We did not observe significant differences in
several T-cell subsets, including T-helper (effector and non-effector) or T-cytotoxic (effector and
non-effector) cells (figure E3). However, a significant decrease in abnormal T-cells (CD3"CD4"CD8") was
observed in non-IPF ILD (1.36+1.3% versus 3.14+2.8%, p=0.0079) when compared with controls (figure
E3). When we analysed CD4" CD25" cells, a population that includes T-reg cells, we observed a significant
increase in IPF (52.96+21%, p=0.0002) and non-IPF ILD (55.78+19.8%, p=0.0002) when compared with
controls (32.8+17.7%) (figure 6a). We performed intracellular FoxP3 staining in lymphocytes of 26 IPF
patients to determine T-reg cell abundance and correlated the percentage of T-reg cells with MDSCs. A
significant positive correlation between T-reg cells and MDSCs was observed (p=0.0484, r=0.3326) (figure
6b). To substantiate this, we isolated PBMC mRNA of IPF patients with >40% MDSCs and performed
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FIGURE 2 Increased abundance of myeloid-derived suppressor cells (MDSC) in lung fibrosis. a) Scatter-plot
diagrams from flow cytometry analysis of MDSC counts, as % gated HLA-DR™ cells in 22 healthy controls,
69 idiopathic pulmonary fibrosis (IPF), 56 non-IPF interstitial lung disease (ILD) and 23 chronic obstructive
pulmonary disease (COPD] patients. b] Monocytic (mo)-MDSC as % gated CD33**CD11b* and c) granulocytic
(g)-MDSC as % gated CD33*CD11b" cells in 22 controls and 69 IPF patients. For statistical analysis, one-way
ANOVA with the non-parametric Kruskal-Wallis test, followed by Dunnett's multiple comparison test (a), and
non-parametric two-tailed Mann-Whitney U-test (b, c] was used. *: p<0.05 versus healthy controls; **: p<0.01
versus healthy controls. HLA-DR: human leukocyte antigen-DR.

qPCR analysis for a set of four genes that were recently related to T-cell co-stimulatory signals [7].
Importantly, the mRNA transcripts of CD28, ICOS, ITK and LCK were significantly decreased in IPF
patients with high circulating MDSCs when compared with controls (figure 6¢).

MDSC are detected in the lungs of IPF patients

To date, tissue-infiltrating MDSCs have been described in several human cancer types, where they have
been shown to differentiate, for example, into immunosuppressive tumour-associated macrophages or
dendritic cells [26, 27]. To determine whether MDSCs are present in the fibrotic lung, we investigated lung
tissue from explants of fibrotic patients (IPF and chronic hypersensitivity pneumonitis) for the presence of
CD33"CD11b" positive cells. Sequential immunofluorescence stains from fibrotic lung tissues revealed that
CD33"CD11b" double-positive cells, suggestive of MDSC, are present in collagen 1-positive areas and
neighbouring a-SMA-positive areas in the fibrotic lung parenchyma outside vessels (figure 7).

Discussion

Our study demonstrates, for the first time, an increased abundance of circulating and tissue-infiltrating
MDSCs in patients with IPF and non-IPF ILD. Specifically in IPF, MDSC abundance in the peripheral
blood inversely correlates with lung function. We further detected a suppressive function in IPF MDSCs,
along with an increase in circulating CD4"CD25" activated T-cells, a correlation between MDSCs and
FoxP3-positive T-reg cells, and a decrease in the transcript levels of CD28, ICOS, ITK and LCK in
PBMC:s. In our opinion, these are remarkable observations due to the following reasons. First, these data
strongly support a role for an immunosuppressive environment in the peripheral blood and lungs of IPF
patients. Secondly, the tight correlation of increased MDSCs with decreased lung function suggest that
MDSCs, at least in part, contribute to disease progression in IPF, which is further substantiated by
longitudinal assessments of AMDSCs and AVCmax % pred over time in selected patients. Thirdly, MDSC
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FIGURE 3 Myeloid-derived suppressor cells (MDSC) abundance inversely correlates with maximum vital
capacity (VCmax) % predicted in idiopathic pulmonary fibrosis (IPF). The percentage of gated MDSC (as %
gated HLA-DR"®9 cells) was inversely correlated with VCmax, as % predicted values in a) IPF, b) all subjects, c)
non-IPF interstitial lung disease and d) chronic obstructive pulmonary disease. p-values were determined by
t-distribution for Pearson correlation.

abundance and/or function are currently manipulated in cancer trials. Targeting MDSC abundance and/or
function may, therefore, represent an exciting novel treatment approach in IPF. Altogether, these data
reveal that MDSCs are part of an immune-deregulated environment and reflect disease status in IPF.

In recent years, it has become apparent that immune dysregulation is a key contributor to fibrogenesis in a
number of organs. The innate and adaptive immune system can enhance the secretion of pro-fibrotic
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FIGURE 4 Follow-up analysis reveals correlation of myeloid-derived suppressor cells (MDSC) abundance with
the disease course of idiopathic pulmonary fibrosis (IPF). A % gated MDSC and maximum vital capacity
(VCmax) % predicted was calculated for patients with consecutive visits for a) all diagnosis (n=27) and b) IPF
only (n=14). The AVCmax and AMDSC, calculated from visit 1 to 2, were correlated. p-values were determined
by t-distribution for Pearson correlation.
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FIGURE 5 Myeloid-derived suppressor cells (MDSC] suppress autologous T-cell proliferation in idiopathic pulmonary fibrosis. Representative
histogram of aJ CD4"* and b) CD8" T-cell proliferation, assessed by carboxyfluorescein succinimidyl ester (CFSE) incorporation and measured by
flow cytometry, with medium only (left-hand panels) and co-cultured with autologous MDSC (right-hand panels). Quantification of % proliferation
of ¢, dJ CD4* and e, f) CD8" T-cells alone or in co-culture with autologous MDSC for all patients (n=9) (c, €] or idiopathic pulmonary fibrosis only
(n=4) (d, ). For statistical analysis paired t-tests were used. **: p<0.01.

factors that direct the healing/scarring response towards a fibrotic outcome [9]. Historically, harmful
effects of global immunosuppressive therapy in IPF (e.g. by using prednisone and/or azathioprine)
outweighed this possibility, as a randomised controlled trial reported an increased mortality in IPF
patients subjected to anti-inflammatory therapy [28]. Herein, we provide compelling evidence for the
observation that IPF patients exhibit an immunosuppressive network in the peripheral blood and lungs,
driven by MDSCs. Taking this into account, traditional immunosuppressive therapies would, instead,
perpetuate the already dysregulated immune environment and be deleterious for disease.

A growing body of literature supports a role for T-cells in IPF pathogenesis [29]. MARCHAL-SOMME et al. [30]
reported ectopic formation of secondary lymphoid tissue in fibrotic niches of IPF lungs, supporting enhanced
migration and generation of activated T- and B-cell subtypes in IPF. Although several subtypes of activated
T-cells have been associated with progression and outcome in IPF, the literature remains controversial to date.
Recently, Giant et al. [6] showed that CD4" T-cells displayed a marked downregulation in the surface
expression of CD28 in IPF, which was associated with worse outcome. The CD4"CD28" T-cells detected in
this study showed a decrease in CD25 and FoxP3 expression. Nonetheless, CD4"CD25"FoxP3" total numbers
(non-discriminated by CD28) were not reported in this study. Furthermore, Korsianmis et al. [8] reported
that peripheral blood and BAL T-reg cells (CD4"CD25'FoxP3") were decreased in IPF. Importantly,
the identification of T-reg subsets in fibrotic conditions of the human lung is more discriminative when
CD47/CD25"/CD27" cells are assessed [31]. Recently, Sema7a*/CD4*/CD25"/FoxP3" cells were found to be
increased in rapidly progressive IPF patients, and adoptive transfer of these cells to transforming growth
factor-p overexpressing mice was sufficient to induce fibrosis [5], corroborating the notion that increased
T-reg cells induce and/or facilitate fibrogenesis in the lung. In other animal models of fibrosis, depletion of
CD4*CD25FoxP3" cells by administration of a blocking CD25 antibody switched T-helper 2-driven
responses towards a T-helper 1 kind and attenuated fibrosis development [32].

Importantly, extensive gene expression profiling in the peripheral blood of IPF patients has recently
extended this knowledge. YANG et al. [33] first demonstrated that the peripheral blood transcriptome in
IPF patients varies from normal individuals by documenting that 1428 and 2790 genes were differentially
regulated in mild versus severe IPF, respectively, when compared with controls. Extending this observation,
HerAZo-Mava et al. [7] showed that gene expression patterns in PBMCs predict outcome in IPF patients.
In that study, decreased expression of CD28, ICOS, LCK and ITK was a stronger outcome predictor than
clinical data alone.

8 DOI: 10.1183/13993003.01826-2015
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FIGURE 6 CD25" T-cells, FoxP3* regulatory T-cells (T-reg) and co-stimulatory T-cell signals are dysregulated in
idiopathic pulmonary fibrosis (IPF). a] Scatter-plot diagrams from flow cytometry analysis of CD25" T-cells (as %
gated CD3*CD4") in 22 healthy controls, 69 IPF, 56 non-IPF interstitial lung disease (ILD) and 23 chronic
obstructive pulmonary disease (COPD] patients. For statistical analysis, one-way ANOVA was used with the
non-parametric Kruskal-Wallis test, followed by Dunnett's multiple comparison test. b) Correlation of % FoxP3"
T-reg cells (as % gated CD4*CD25*) and myeloid-derived suppressor cells (MDSC). p-values were determined by
t-distribution for Pearson correlation. c] qPCR analysis of CD28, ICOS, ITK and LCK in peripheral blood
mononuclear cell pellets of healthy controls (n=14) and IPF patients (n=21). Non-parametric two-tailed Mann-
Whitney U-test was used for statistical analysis. *: p<0.05; **: p<0.01; ***: p<0.001.

Although these data support an important role for immunosuppression in IPF by elucidating the role of
T-reg cells, another major innate immunosuppressive cell type, MDSC, has not been investigated at all in
lung fibrosis. In the lung, the presence of MDSCs was initially described in advanced nonsmall cell lung
cancer [34], where their presence has been widely explored, both clinically [17] and mechanistically [35].
In cystic fibrosis, MDSCs have been associated with Pseudomonas aeruginosa infections, demonstrating
that this pathogen induced MDSC generation via flagellin [19]. In TB, increased MDSC numbers are
described to suppress T-cell functions [18]. To this extent, KNauL et al. [36] unravelled a complex role of
MDSCs in murine TB. MDSCs accumulated in TB lungs, acted as phagocytes and provided a cellular
shelter for mycobacteria, which then suppressed T-cell responses and led to increased TB lethality. In
pulmonary hypertension, MDSCs are increased and their levels correlated with increased mean pulmonary
artery pressure [37]. In COPD, recent work demonstrated an effector T-cell dysfunction composed by
T-reg cells, MDSC and PD-1 exhausted effector T-cells [20].

Of note, we did not observe a significant increase in MDSC numbers in COPD patients in our study. This
difference could be due to the fact that KararHiL et al. [20] investigated an older and more advanced
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FIGURE 7 CD33"CD11b" cells are present in fibrotic areas of idiopathic pulmonary fibrosis (IPF) lungs. Representative immunofluorescence of
sequential cuts from paraffin sections of IPF lungs are shown stained for: a) CD33 (red) and CD11b (green], b] CD11b (red) and collagen 1 (green),
and c) CD33 (red) and a-SMA (green). For all, nuclei were counterstained with DAPI (blue). Lower magnifications (left-hand panel) are presented
at 10x (scale bar=50 um). White squares represent higher magnifications (scale bar=20 pm), depicted as merged images and single channel
images for the red and green channel. CD33"CD11b" cells are indicated with a white arrow. Sections are representative stains of two IPF patients

and one hypersensitivity pneumonitis patient.

COPD population, with worse baseline lung function compared to our cohort. It is also critical to
highlight that, due to the diverse strategies to phenotypically define MDSC, it is difficult to compare
absolute cell numbers across diseases.

Granulocytic MDSCs are described to be the predominant MDSC subtype in malignancies of several organ
systems. Surprisingly, our analysis of MDSC subtypes in IPF revealed that monocytic MDSCs are the
predominant subtype in IPF. PEyvanDI et al. [38] recently demonstrated that modulation of the Fas-FasL
pathway did not increase overall MDSC abundance; however, it skewed the MDSC subtype towards a highly
suppressive monocytic MDSC subtype. It simultaneously increased the number of tumour-associated
macrophages and T-reg cells, and increased tumour growth with decreased survival in a mouse model of
lung cancer [38]. We believe that further studies are necessary to clarify the differential contribution of
MDSC subtypes to lung fibrosis.

Previous reports have shown that ageing affects MDSC abundance, influencing the progression of
age-related pathologies [39]. The age of our IPF population was significantly higher when compared with
controls (mean age 68.2 versus 55.4 years). However, it is important to note the mean age for the young
adult population in the study mentioned above was 32 years, i.e. 20 years younger than our control group.
Therefore, we consider that the effect of age only for our analysis is minimal.

In repeated visits in our study we demonstrated that increased MDSC numbers over time significantly
correlated with the decline in VCmax. This was observed in a greater extent in IPF patients than in
non-IPF ILD or COPD. We reason for this may be due to the fact that IPF exhibits different disease
pathogenesis than non-IPF ILD. Also non-IPF ILD exhibits more variability in its natural history and
treatment responsiveness, which may influence data interpretation.

One of the critical roles of MDSCs is their ability to suppress immune cell function, especially by the
induction of arginase, COX2, ROS, inducible NOS secretion of transforming growth factor-f and/or
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induction of T-reg cells [26], all of which are pro-fibrotic players [40]. At the tumour site, MDSCs can
differentiate into tumour-associated macrophages [27, 41] or regulatory dendritic cells [42]. Furthermore,
in mouse models of metastatic melanoma and breast cancer, MDSCs were shown to differentiate into
fibrocytes, in a KLF4-dependent manner, to support the establishment of lung metastasis [43]. In a
murine model of renal fibrosis, fibrocytes generated from a subpopulation MDSC under control of CD4"
cells contributed to renal deposition of collagen type I [44]. A population of circulating MDSC-like
fibrocytes was initially reported in metastatic cancer patients by ZHANG et al. [45], which showed
expression of o-SMA, collagen I/V and mediation of angiogenesis. Importantly, circulating fibrocytes
numbers are increased in IPF [46] and non-IPF ILD [47], and have been associated with poor prognosis.
It is therefore important to define the overlap between FACS-defined MDSC and fibrocytes in future
prospective studies.

Ample evidence supports the use of MDSCs as biomarkers for clinical outcomes in cancer patients,
specifically when assessing tumour progression and response to therapy [48]. High percentages of
circulating MDSCs have been shown to predict resistance to anticancer therapies and shorter survival [49].
Further evidence supporting the promotion of tumour growth, differentiation and metastasis by MDSCs is
growing. In diffuse large B-cell lymphoma [50] and melanoma [51], MDSCs are an independent
prognostic factor. In head and neck squamous cell carcinoma, MDSC abundance correlated with cancer
stage [52]. In gastric [53] and renal carcinoma [54], MDSC inhibited T-cell proliferation and correlated
with later stage and shorter overall survival. In breast cancer, MDSCs suppress antitumor immune
responses, and correlate with lymph node metastasis [55]. In addition, sufficient evidence from preclinical
models and clinical testing of multiple cancers types, such as melanoma [56], breast cancer [57], nonsmall
cell lung cancer [58] or metastatic kidney cancer [59], demonstrated that targeting and decreasing MDSC
abundance increased the tumour’s sensitivity to chemotherapy. Accordingly, novel therapeutic strategies in
the above-mentioned diseases aim to eliminate, deactivate or skew MDSC number and/or function [26],
and it is probably suitable to explore these interventions in IPF.

IPF has been considered as a cancer-like disorder, due to the activation of common pathogenic pathways
and shared mechanisms (e.g. expansion of tissue-resident cells, activation of pro-proliferative signalling
pathways) that are finally reflected in poor responses to medical treatment and clinical prognosis.
Importantly, MDSC abundance in IPF and many cancer types might further support the available data in
overlapping mechanism between these two conditions.

In conclusion, our study demonstrates, for the first time, the accumulation of MDSCs in peripheral blood
and tissue of IPF patients. MDSCs inversely correlated with lung function, reflecting more advanced
disease in IPF patients with high MDSC. These findings might explain dysregulated T-cell responses in
IPF. Elevated MDSCs might cause a blunted immune response, which also might be an explanatory link
for the increased incidence and burden of lung cancer in IPF. Controlling the expansion and accumulation
of MDSCs or blocking their suppressive functions represents promising novel approaches to be used as a
therapeutic strategy in IPF patients.
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