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Cellular and molecular approaches to the study of Erdheim-Chester
Disease and Chronic Periaortitis
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Overview of Fibroinflammatory Disorders

Fibroinflammatory disorders are heterogeneous conditions characterized by the
deposition of varying amounts of fibrous tissue along with a chronic inflammatory infiltrate.
Hence, the normal morpho-functional architecture of a given parenchyma is partially or totally
replaced by these fibrosing masses, which are capable of interfering with normal organ function
and causing important complications. In addition, the sclerotic masses may sometimes infiltrate
structures adjacent to the target organs. This is especially critical in multifocal systemic
disorders and especially in cases characterized by particular aggressiveness, such as neoplastic
fibro-inflammatory diseases. A further point to be highlighted is the relatively slow turnover of
the above-mentioned newly formed tissue, first and foremost fibrosis. This fact makes most
clinical treatments scarcely effective in helping to induce restitutio ad integrum of the affected
anatomical locations.
The nature of these disorders is different and includes idiopathic forms, neoplastic
lesions, and reactive processes. Of note, some of these disorders can also be associated with
autoimmune diseases. The most frequent fibroinflammatory diseases are sclerosing cholangitis,
Riedel’s thyroiditis, orbital pseudotumor, sclerosing mesenteritis, and retroperitoneal fibrosis.1
The Nephrology Unity at Parma University Hospital is a reference centre for a number
of rare diseases including fibroinflammatory disorders such as idiopathic retroperitoneal
fibrosis – a condition within the spectrum of chronic periaortitis – and Erdheim-Chester disease.
Erdheim-Chester disease is a disorder included in the clinico-radiological differential
diagnosis of chronic periaortitis, because of similar signs/symptoms and computed
tomography/magnetic resonance imaging findings (figure 1). In fact, both of these diseases are
capable of depositing fibrous tissue in the periaortic and perirenal spaces with frequent ureter
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entrapment and consequent obstructive uropathy and renal damage. 2, 3
This PhD thesis comprises two studies on the pathogenesis of Erdheim-Chester disease
and chronic periaortitis, respectively. Their aims were to provide new insights into the
mechanisms at the basis of abundant fibrous tissue deposition and inflammatory infiltrate
organization. Both of these investigations were performed at the Nephrology Unity research
laboratory.
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Project 1 – Pro-collagen type I expression in foamy histiocytes in
Erdheim-Chester Disease
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ABSTRACT

Background. Erdheim-Chester disease (ECD) is a rare systemic disorder characterized by
skeletal and extra-skeletal areas where the normal local tissue architecture is replaced by foci
of CD68+/CD1a- foamy histiocytes located in a fibrous extracellular matrix. In these foci, the
fibroblastic component is often quantitatively minor, notwithstanding the large amounts of
fibrous tissue. The aim of this study was to explore whether ECD histiocytes can synthesize
collagen type I (Col I) mRNA and subsequently produce this protein.
Methods. In this study we clinico-pathologically investigated 10 ECD biopsies and 10 nonECD xanthomas biopsies (as non-ECD foamy histiocyte lesions). An ultrastructural
examination of the ECD biopsies was performed at the time of the original diagnosis. Two antipro-collagen I (pro-col I) and anti-PPAR-γ antibodies were immunohistochemically tested in
all of the biopsies and in the ECD samples, respectively. Confocal microscopy was performed
to evaluate whether ECD histiocytes co-expressed pro-col I and the histiocytic marker CD68KP1. Two ECD cases and 6 non-ECD xanthomas underwent real time-polymerase chain
reaction (RT-PCR) performed after microdissecting histiocytic tissue areas, to explore the
ability of these cells to express the collagen genes COL1A1 and COL1A2. Lastly, RNA In Situ
Hybridization (RNA-ISH) was carried out in the 10 ECD cases to morphologically detect the
expression of COL1A1 and COL1A2 genes.
Results. On electron microscopy, sparse thread-like fibrils in keeping with Col I were found in
the cytoplasm of the ECD histiocytes. Immunohistochemical analysis showed a strong
expression of pro-col I in ECD histiocytes but a negative signal in foamy histiocytes of nonECD xanthomas. The PPAR-γ antibody was positive in the nucleus of ECD histiocytes. On
confocal microscopy, pro-col I and CD68-KP1 co-expressed in the ECD histiocytes. The RT-
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PCR analysis showed that the COL1A1 and COL1A2 transcripts were present in the ECD
histiocytes, while they were undetectable in the histiocytes of the non-ECD xanthomas. In all
ECD cases, the RNA-ISH analysis displayed a very high signal for COL1A1 and COL1A2
genes.
Conclusions. In this study we demonstrate that the ECD foamy cell, while retaining a
histiocytic phenotype, is capable of expressing Col I genes and synthetizing the relative
proteins, thereby mimicking a functionally histiocyte/fibroblast hybrid cell. Future
developments of this investigation will aim at investigating the pathogenetic mechanisms of
foamy phenotype development, Col I synthesis, and Col I gene mRNA post-transcriptional
regulation.
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INTRODUCTION

Erdheim-Chester disease (ECD) is an exceedingly rare systemic disorder with
approximately 750 reported cases in the literature.4 The majority of these patients were between
40 and 70 years of age, and were predominantly male (73%); however, some paediatric cases
have also been described.5 ECD occurs clinically with a broad spectrum of manifestations,
ranging from a focal isolated to a diffuse infiltrative disease, which often affects multiple organ
systems and has a high mortality rate. Extremely frequent possible ECD manifestations include
skeletal involvement, diabetes insipidus, exophthalmos, xanthelasmas, retroperitoneal fibrosis
with perirenal and/or ureteral involvement, interstitial lung disease, bilateral adrenal
enlargement, renal function impairment, testis infiltration, central nervous system and/or
cardiovascular involvement. The latter two represent major prognostic factors, as well as
independent predictors of death.6, 7 From an histopathological standpoint, ECD is characterized
by skeletal and extraskeletal areas where the normal local tissue architecture has been replaced
by foci of CD68+ /CD1a- foamy histiocytes.
ECD diagnosis is based on radiological evidence of a symmetrical bilateral skeletal
involvement of the long bones plus evidence of the histiocytic infiltrate described above. 8
The pathogenesis of ECD is still unclear. In 1930, Jakob Erdheim and William Chester
first described ECD as a “lipoid granulomatosis”.9 In 1987, the Working Group of the
Histiocyte Society (HS), classified histiocytosis in three main categories: Langerhans cell (LC)
or non-LC-related (non-LC), and malignant histiocytosis (MH). At that time, ECD was
included in non-LC on the basis of histological and immunophenotypical features of the
histiocytes.10
Over the past few years, many studies have investigated the clonal nature of infiltrating
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histiocytes and current observations have demonstrated that 50% of ECD cases harbour the
V600E mutation of the BRAF proto-oncogene.11 Other reports have shown MAP2K1, NRAS,
KRAS or PIK3CA mutations being involved in this disorder thereby indicating that ECD may
be clonally driven.9, 12-14 Furthermore, it has been found that 20% of ECD patients display
concomitant Langerhans cell histiocytosis (LCH) lesions. For these reasons, in 2016 the
Histiocyte Society reviewed the classification of histiocytosis and suggested including ECD in
a broader Langerhans cell group.5 Immune-mediated mechanisms are also of pathogenetic
importance.15 It has been demonstrated that CD68+ histiocytes express a phosphorylated form
of mTOR and p70S6K. 16
Various therapeutic approaches have been employed for ECD. Interferon-α is
considered a first-line therapy, but is often ineffective and poorly tolerated. In addition, the
recent acknowledgment of the mutations of certain genes has encouraged the use of specific
inhibitor drugs. 17
The great majority of our ECD patients typically show dyslipidemic features in terms
of higher levels of cholesterol and/or triglycerides. Data in the literature have demonstrated
that, in vitro, CD14high monocytes differentiate into CD14low CD1a- in the presence of serum
lipoproteins. On the contrary, removal of lipoproteins skews their differentiation into CD1a+
cells. Notable, development of CD1a- monocyte cell is associated with the expression of
peroxisome proliferator-activated receptor-gamma (PPAR-γ) gene. These results suggest a link
between lipoprotein-mediated modulation of monocyte subtype differentiation, PPAR-γ
activation, and the functioning of CD1a- and CD1a+ cells.18 Interestingly, it has been
demonstrated that PPAR-γ has a favourable influence on cholesterol accumulation and
accelerates foam-cell formation.19
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Based on our everyday pathology experience, the fibroblastic component in the ECD
foci is frequently minor, even in cases with extensive collagen fibre matrix formation. All these
data suggest that in ECD lesions, other cell types contribute to fibrosis in addition to fibroblasts.
Collagen chains are synthesized as a longer precursor, named pro-collagen. The
growing peptide chains are co-translationally transported into the lumen of the rough
endoplasmic reticulum where the pro-collagen chain undergoes a series of processing reactions.
After pro-collagen type I (pro-col I) has been processed and assembled, it is secreted into the
extracellular space where extracellular enzymes (so-called “pro-collagen peptidases”) remove
the N-terminal and C-terminal propeptides. The resulting protein – often called tropocollagen
(or simply collagen) – is now able to polymerize into normal fibrils in the extracellular space.
20-22

The aim of this study was to detect pro-col I protein and verify pro-collagen gene

expression (COL1A1 and COL1A2). This is an obligatory step to identify the presence of cells
other than fibroblasts capable of producing collagen type I (Col I).
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METHODS

Patients and controls
We enrolled in this study 10 ECD patients aged between 20 and 75 years, recently
diagnosed, and referred to the Nephrology Unity of Parma University Hospital between
December 2016 and December 2018. The ECD diagnoses were based on Veyssier-Belot
criteria23. The exclusion criteria include neoplasms, other histiocytosis forms and infections.
We evaluated 10 diagnostic ECD biopsies, 10 non-ECD xanthomas (benign soft tissue
tumours composed of non-ECD foamy histiocytes) as non-ECD foamy histiocyte lesions and
as positive controls 2 reparative fibroses consisting of a large number of fibroblasts. All the
above-mentioned lesions were paraffin-embedded biopsies obtained from the Unit of
Pathology. For each ECD patient, we collected data regarding gender, age, treatment, ECD
anatomical sites and possible gene mutations. The study was performed in accordance with the
Declaration of Helsinki and was approved by the Ethical Committee.

Ultrastructural examination
Ten small fragments from ECD patients were cut from the samples before
morphological analysis to perform an ultrastructural examination. These fragments were fixed
in a 4% paraformaldehyde and 5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.3) for 3
hours at room temperature, then in 1% osmium tetroxide. After this, the specimens were
dehydrated and embedded in araldite. Sections were cut at 1mm and stained with methylene
blue and safranin. After selecting appropriate fields, the sections were collected and laid on a
300-mesh copper grid, then stained with uranyl acetate and lead citrate. Finally, the slides were
examined by a transmission electron microscope (Philips, EM 208S, Eindhoven, NL).
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Biopsy evaluation and analysis of pro-collagen I and PPAR-γ
All of the ECD and non-ECD biopsies were reviewed on haematoxylin-eosin stained
slides and with immunohistochemical analysis for an anti-CD68-KP1 primary antibody in order
to confirm the original diagnosis and describe the specific general pathological picture.
Subsequently, to evaluate whether pro-col I and PPAR-γ were expressed in ECD histiocytes,
we performed immunohistochemical analysis. Ten ECD and 10 non-ECD xanthoma formalinfixed, paraffin-embedded (FFPE) biopsy specimens were sectioned at 5μm and tested by
immunohistochemistry with a pro-col I antibody (code MAB1912, monoclonal, dilution 1:50;
Millipore, Darmstadt, DE). Ten ECD biopsies were analysed by testing an antibody against
PPAR-γ (code MAB2435, polyclonal, 1:200; Cell Signaling, Leiden, WZ). In the ECD sections,
for the PPAR-γ antibody we used the nucleus of the infiltrated adipose cells as a positive
control.
Briefly, to remove the paraffin, the slides were immersed in xylene, rehydrated in a
decreasing scale of alcohols, and, then put into distilled water. To quench endogenous
peroxidase the specimens were treated with a 3% H2O2 water solution and then incubated with
a protein block (Ready to Use, Dako Biotin Blocking System, Glostrup, DK). The slides were
subsequently incubated with the primary antibody for 30 minutes at room temperature and, in
sequence, with anti-rat HRP (Polyclonal anti-rat Immunoglobulins/HRP, P0450, Dako) for procol I antibody and biotinylated link antibody, and streptavidin-HRP (LSAB2 System, K0675,
Dako) for PPAR-γ antibody. Between the above reactions we washed with distilled water. All
of these reactions were revealed using 3.3’ diaminobenzidine (DAB) and then counterstained
with Harris haematoxylin. The samples were examined with a bright light microscope (Nikon
Eclipse 80i, Tokyo, JPN).
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Confocal microscopy
Confocal microscopy was performed to evaluate whether ECD histiocytes co-expressed
pro-col I and CD68-KP1 (histiocyte marker). Ten ECD tissue sections were deparaffinised as
described for the immunohistochemical technique and incubated with a protein block. Then the
slides were incubated overnight at 4°C with a CD68-KP1 primary antibody (code ab955,
monoclonal, dilution 1:50; Abcam, Cambridge, UK) and its expression the day after was
revealed by a fluorescent probe (fluorescein isothiocyanate-conjugated goat anti-mouse IgG,
code AP124F, dilution 1:70; Millipore, Massachusetts, USA). After this, we re-incubated the
sections with pro-col I primary antibody (MAB1912, monoclonal, dilution 1:10; Millipore)
overnight at 4°C. The reactions were determined using a tetramethylrhodamine probe
(rhodamine-conjugated goat anti-rat IgG, code AP136R, dilution 1:70; Millipore). Both
fluorescent probes were incubated for 1 hour at room temperature. The final
immunofluorescence samples were observed under a confocal system (LSM 510 META scan
head integrated with the Axiovert 200M inverted microscope; Carl Zeiss) with an x63 oil
objective. The images were acquired in multitrack mode, using consecutive and independent
optical pathways.

Laser capture microdissection
Only those cases that presented histiocytes or fibroblasts organised into homogeneous
groups were considered suitable for laser capture microdissection (LCM). On this basis, only 2
ECD cases, 6 non-ECD xanthomas, and 2 reparative fibroses were used to perform LCM
analysis. FFPE sections for each sample were cut at 5μm and placed on metal frame slides with
thermoplastic membrane (Molecular Machines & Industries AG; Glattburg, Zurich,
Switzerland). The slides were dried for 1 hour at 37°C and subsequently for 5 hours at room
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temperature. After this, the sections were rehydrated with a decreasing scale of alcohols,
washed in RNAse free water and haematoxylin-eosin stained.
The day after preparing the slides, we analysed the sections with a NIKON ECLIPSETE 2000 inverted microscope (Nikon-Instruments, Sesto Fiorentino, Italy). NIKON ECLIPSETE 2000 consists of a Molecular Machines & Industries Cell cut Laser Capture Microdissection
system in which an ultraviolet laser is characterized by high precision cutting that does not
damage the tissue. The instruments are linked to a CCD camera, which allowed us to identify
and then select the areas of our interest. In each specimen, the areas rich in histiocytes in ECD
and non-ECD xanthomas and in fibroblasts in reparative fibrosis biopsies were microdissected.
These cells were captured in the adhesive lid of a single isolation cap (Nikon Instruments)
(figure 2).

RNA extraction
Samples obtained by LCM were extracted with an RNeasy FFPE Kit (code 73504;
Qiagen, Hilden, DE) according to the manufacturer's instructions (see the RNeasy® FFPE
Handbook, Qiagen, page 17).
The RNeasy FFPE Kit was recommended for RNA extraction from FFPE tissue and in
particular for microdissected samples. The Kit provides a DNase digestion step that is
indispensable to remove DNA contamination.
Briefly, the first step concerned the elimination of paraffin from specimens using a
Deparaffinization Solution at 56°C for 5 minutes. The samples were incubated in PKD buffer
and proteinase K at 56°C for 15 minutes, then at 80°C for 15 minutes. The incubation with
proteinase K at a higher temperature is necessary to break cross-links formed between formalin
and active groups of proteins and released RNA. The second important step consisted of the
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elimination of all genomic DNA added a DNase treatment at room temperature for 15 minutes.
Then, buffer RBC and ethanol were added to the lysate to improve the binding conditions of
DNase. The eluate was transferred to an RNeasy MinElute spin column, where total RNA binds
to the membrane. All of the contaminants were eliminated by carrying out various washes. The
RNA was then eluted in a 30μl of RNase-free water.
After extraction, the RNA was placed in a new tube and checked for integrity and purity
by Nanodrop spectrophotometer (Thermo Scientiﬁc, Massachusetts, USA), and immediately
frozen at -80 °C.

Real time-polymerase chain reaction
A cDNA synthesis was performed using a commercial kit, which includes inverse
transcriptase (Life Technologies, California, USA). For each sample, 2µl of 2xRT Buffer Mix,
1µl of RT Enzyme Mix and 100ng of RNA were combined to reach a final volume of 20µl.
Then the samples were incubated at 37°C for 60 minutes and at 95°C for 5 minutes. At the end
of the reaction, the samples of cDNA were diluted 1:2 in H2O RNase free (Ambion). The cDNA
was amplified by real time-polymerase chain reaction (RT-PCR) on an iCycler iQ Multicolor
RT-PCR Detection System (Bio-Rad, Hercules, CA, USA) using specific primers including
exon-exon junctions and probe FAM-labelling specifically designed for Collagen type I alpha
chain (COL1A1, cod. 04688678001, Roche Life Science, Penzberg, DE) and Collagen type I
alpha 2 chain (COL1A2, cod. 0489020001, Roche Life Science). The reaction mix consisted of
2µl of previously diluted cDNA, 400nM of forward primers and reverses specific to each gene,
0.1µM of probes, TaqMan 2x Universal PCR Master Mix (Life Technologies) and H2O for a
final volume of 25µl. Duplicate assays were run for each sample and each plate included a
negative control. After normalization with phosphoglycerate kinase 1 (PGK1, cod.
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04688686001, Roche Life Science) housekeeping gene, the expression of the transcripts was
calculated by 2-DCt. RT-PCR was performed on all microdissected cases.

RNA In Situ Hybridization
RNA In Situ Hybridization (RNA-ISH) was carried out using an RNAscope® 2.5 Assay
in 10 ECD FFPE cases (8 unsuitable and 2 suitable for LCM) (figure 3). In these 2 suitable
samples, RNA-ISH also served to confirm the results obtained by RT-PCR. In addition, we
detected histiocytic expression of COL1A1 and COL1A2 genes on a morphological basis. For
this method the protocol provided by the company was carefully followed [see RNAscope® 2.5
Assay Detection Kit (Red), Quick Guide for FFPE Tissues-Advanced Cell Diagnostics (ACD),
Newark, CA]. The RNAscope® 2.5 Assay is a new method used to identify a single RNA
molecule also in specimens from FFPE tissues. This technology uses specific probes that
hybridize with high specificity to target RNA. Briefly, the FFPE of 10 ECD samples were cut
at 5μm thickness and placed on superfrost plus slides. The specimens were air-dried overnight
at room temperature and then placed at 60°C for 1 hour. Subsequently, the sections were
deparaffinised using xylene and ethanol and air-dried overnight at room temperature. This
procedure includes the use of pre-treatment reagents to make target RNA accessible. As a first
pre-treatment we applied hydrogen peroxide for 10 minutes at room temperature to block
endogenous peroxidase activity. Then we added to the slides a target retrieval for 15 minutes at
99°C and finally protease plus reagents for 30 minutes at 40°C. These passages are necessary
to break any cross-links that occur after tissue fixation. Between the pre-treatment passages
slides were washed with distilled water.
For each case a specific probe [HsCOL1A1 (ref. 401891; lot. 18207A), HsCOL1A2
(ref. 432721; lot. 8081A)] was used to identify collagen genes, and also a PPIB (peptidylprolyl
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isomerase B) housekeeping gene positive probe and a DapB (bacterial gene) negative control
probe. These probes were applied for 2 hours at 40°C in an HybEZ oven. The method included
many amplification steps, which are important for genes with low expression and for RNA of
old paraffin blocks or degraded samples. In particular, AMP1 for 15 minutes at 40°C, AMP2
for 30 minutes at 40°C, AMP3 for 30 minutes at 40°C, AMP4 for 15 minutes at 40°C, AMP5
for 30 minutes at room temperature, and AMP6 for 15 minutes at room temperature were added;
the sections were washed with wash buffer between amplification steps. Subsequently,
incubated with Fast Red solution for 10 minutes at room temperature to detect the signal and
counterstained with haematoxylin for 2 minutes at room temperature. The slides were washed
with 0.02% ammonia water and then in distilled water. It was air-dried for 15 minutes at 60°C
and mounted. Finally, the samples were observed with a bright light microscope (Nikon Eclipse
80i, Tokyo, JPN).
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RESULTS

Patients
In this study we enrolled 10 patients who had undergone a biopsy to confirm the clinicoradiological diagnosis of ECD. All patients were untreated at the time of biopsy. In these
patients we evaluated which organs were involved by the pathology and we investigated the
presence of some mutations. We found retroperitoneal involvement in seven patients with
fibrous masses that surrounded the aorta, kidney, and ureter. Cardiac and lung involvement was
observed in 4 cases, while CNS involvement was found in 2. Endocrine abnormalities were
detected in 5 patients. Symmetrical bilateral skeletal involvement of the long bones was found
in 9 cases. Other less frequent lesions, such as skin and testis infiltration, exophthalmos,
bilateral adrenal enlargement, were also seen.
In these patients, we analysed the principal mutations described in literature such as
BRAFV600E, and others involving NRAS, KRAS or PIK3CA. We found that 6 of the ECD patients
were positive for the BRAFV600E mutation, 2 did not have any mutation while in 2 cases we
were unable to obtain these data. These findings are summarized in table 1.

Ultrastructural examination
We examined 10 ECD cases with additional samples taken for electron microscopy
analysis. At a lower power view, we found regular foamy histiocytes located in collagen-rich
extracellular matrix. Interestingly, at higher magnification we detected in the cytoplasm of the
same foamy histiocytes sparse thread-like fibrils with light and dark cross-striations which were
highly in keeping with Col I (figure 4).
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Tissue expression of pro-collagen I and PPAR-γ
The re-evaluation of all biopsies confirmed the original diagnosis (figure 5). Histiocytes
were a major infiltrate in fibrous tissue of ECD foci. To better understand whether histiocytes
were positive for pro-col I and PPAR-γ we applied immunohistochemical analysis. We detected
a strong expression of pro-col I in ECD histiocytes but a negative signal in foamy histiocytes
of non-ECD xanthomas (figure 6). Subsequently, we found that the PPAR-γ antibody was
positive in the nucleus of ECD histiocytes which had infiltrated the tissues, and in the nucleus
of the adipose cells. We used the latter as an internal positive control (figure 7). After, we
evaluated by confocal microscopy the co-expression of pro-col I and CD68-KP1 (histiocyte
marker) in 10 ECD biopsies. This analysis showed that the ECD histiocytes co-localized for
the above-mentioned proteins (figure 8).

COL1A1 and COL1A2 gene expression
The expression of collagen genes (COL1A1 and COL1A2) was analysed by RT-PCR in
the histiocytes of 2 ECD cases, in 6 non-ECD xanthomas, and in fibroblasts (used as positive
controls) of 2 reparative fibroses. All of these samples were obtained from FFPE diagnostic
biopsies, as described above. The COL1A1 and COL1A2 transcript levels were noticeably
higher in the ECD histiocytes and control fibroblasts, while the histiocytes of the non-ECD
xanthomas were negative (figure 9).

Overexpression of COL1A1 and COL1A2 gene by RNA In Situ Hybridization
In all ECD cases, using RNA-ISH the histiocytes showed a very high signal related to
COL1A1 and COL1A2 genes. The presence of reddish clusters in the ECD cases – compared to
the small dots in the positive controls – was indicative of significant gene expression. The
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tissues and cells surrounding the histiocytes were negative for pro-col I genes. In all the ECD
cases, we also tested the PPIB probe, as a housekeeping gene, and a DapB, as a negative control
probe provided by an RNA-ISH kit. In the ECD cases, the PPIB housekeeping gene displayed
positivity in terms of small dots while the DapB probe gene was always negative (figure 10).
These results demonstrated that the expression of all the genes was target-specific and in
keeping with the principle of this method according to which a double Z probe (RNAscope®
Manual Reagents, Gene Expression Analysis by RNA In Situ Hybridization, ACD, pp. 4,5) is
designed for each precise target.
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DISCUSSION

ECD is a rare – though still pathogenetically indefinite in its details – systemic disorder
characterized by foci of foamy histiocytes located in varying amounts of Col I-rich fibrous
tissue. Depending on both the extent of the ECD lesions and the anatomical location involved,
the above-mentioned disease foci often greatly interfere with organ function and, at the same
time, may represent the basis for major complications.6
Based on routine experience gained over the past few years at our centre, the fibroblastic
component in the ECD foci is frequently minor, even in cases with extensive collagen fibre
matrix formation. This is why, in our study we investigated whether foamy histiocytes – which
represent a prominent cellular component in the ECD foci – are able to synthetize and produce
Col I. To this end, we first analysed ECD cases that had provided an additional sample for
electron microscopy analysis. Interestingly, at higher magnification, we were able to
ultrastructurally detect in the cytoplasm of foamy histiocytes sparse thread-like fibrils that were
strongly in keeping with Col I. These intracellular fibrils seemed to be truly new-formed Col I
protein complexes and not a mere result of a phagocytosis process. Hence, a fundamental
question is whether, in particular conditions, monocyte-derived cells and macrophages act as
functionally hybrid elements with capacities typical of both macrophages and fibroblasts but a
histiocytic phenotype.
Data from the scientific literature have frequently shown that monocytes and
macrophages possess a functional/molecular plasticity and, in addition, are able to express
many types of collagen.24
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In fact, the existence of cells with coexisting features (both

morphological and functional) of fibroblasts and macrophages has been described for many
years.26-29 Inter-conversion of fibroblasts into macrophage/monocytes and vice versa has long
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been demonstrated in the cornea and skin, and blood monocytes have been proven to be capable
of switching into fibroblasts, in vitro.28, 30, 31 More recently, it has been seen that in chronic
kidney disease, macrophages could be involved in macrophage-to-mesenchymal transition
phenomena and, as a consequence, in collagen formation. In particular, these cells were found
to have co-expressed the macrophage marker CD68 and the myofibroblastic marker α-SMA.
24, 32, 33

A further similar observation was made on tumour-associated macrophages, which have

been shown to greatly contribute to local collagen deposition.34, 35
Based on our ultrastructural findings and the above-described scientific evidence, the
aim of this study was to explore whether ECD histiocytes are capable of synthesizing Col I
mRNA and, as a consequence, of producing this protein. We demonstrated both by RT-PCR
and RNA-ISH that ECD histiocytes express the COL1A1 and COL1A2 genes. Subsequently, in
ECD biopsies we found that these cells showed a strong immunohistochemical positivity for
pro-col I protein. Our data seem to prove that ECD histiocytes are not the result of a
transdifferentiative process; in fact, they retain the phenotypical characteristics of foamy
histiocytes, and, at the same time, acquire the typical capacity of fibroblasts to product Col I.
This latter evidence has been supported by the co-expression in these ECD cells of CD68 and
pro-col I using confocal microscopy. On the contrary, non-ECD histiocytes in xanthomas did
not express collagen protein with immunohistochemistry nor did the Col I chains with RT-PCR.
Having established that ECD foamy histiocytes are capable of synthesising Col I, a
further step was to identify the specific mechanisms leading to the accumulation of these cells
in the disease foci and, successively, those that make these cells capable of secreting collagen.
Curiously, we noticed that our ECD patients displayed dyslipidemic features. In the
scientific literature, a few case report studies – and with contrasting observations - dealt with
lipid metabolism in ECD patients.36-38 Only a recent investigation, performed in a large
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monocentric cohort of ECD patients, analysed the plasma lipid levels in 60 males and 18
females and found that hypoalphalipoproteinemia in male BRAFV600E-mutated ECD patients
would favour the development of foamy histiocytes.39
We also found that ECD histiocytes were immunohistochemically positive for PPARγ, a major regulator of adipogenesis as well as a potent modulator of systemic lipid metabolism
and insulin sensitivity.40 Furthermore, it has been described that monocytes can acquire a
specific immunophenotype- CD14low/CD1a- -in the presence of serum lipoproteins and also
express the PPAR-γ gene that seems to promote cholesterol accumulation and formation of cells
with foamy morphology.18, 19 It would be relevant to extend our patient population in order to
investigate the lipid metabolism in patients carrying any type of mutation and in cases without
gene alterations and to understand if the presence of cholesterol/triglycerides in the serum of
ECD patients could truly increase the formation of foamy histiocytes.
Additionally, it is well known that macrophages express arginase. Arginase is involved
in the conversion of ʟ-arginine into urea and ʟ-ornithine, and the latter, in turn, is converted into
polyamines and ʟ-proline, which is an essential amino acid for collagen formation.41 It has
already been shown that many diseases characterised by collagen deposition have an increased
activity of arginase. 42, 43 In accordance with these observations, some studies have concluded
that arginase expression would be favoured by the presence of serum lipoproteins and PPAR-γ
activation.44 These data seem to be in line with the findings of our study.
In order to clarify this hypothesis, a further step of our study could be culturing
monocytes using the patients’ sera to explore whether they are able to develop a foamy-cell
phenotype and express the PPAR-γ gene. Moreover, it would also be intriguing to compare the
expression of arginase and L-ornithine in ECD foamy histiocytes vs. non-ECD histiocytes to
identify whether a different expression exists; in fact, greater arginase expression could increase
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the bioavailability of polyamines and proline which, as already noted, is essential for collagen
synthesis.45
With regard to the specific cellular regulations involved in the exuberant Col I
production by foamy histiocytes, since no Col I gene alterations have been described in ECD,
another study stemming from this investigation would be to explore the exact functional
location where the Col I synthesis is altered in terms of increased protein production at its
transcriptional and/or post-transcriptional level.
The collagen percentage synthesis per hour (so-called “constitutive fractional synthesis
rate”) is slower than that of most proteins in our body
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However, this rate considerably

increases (greater than 300-fold) in case of acute protein requests (e.g. in reparative fibrosis) or
reactive fibrotic processes (e.g. pathological scarring processes of specific organs in
fibroinflammatory disorders).48 Early studies aimed at exploring the dramatic increase in Col I
synthesis based exclusively on the transcriptional regulation showed that it is not possible to
reproduce quantitative and tissue specific aspects of Col I expression by utilizing only the
transcription controlling elements.49-51 In addition, in vitro studies on activated hepatic stellate
cells (HSC; with 50-100-fold increase in collagen synthesis) demonstrated that the rate of
transcription of the COL1A1 gene was increased only 3-fold.52 The above-mentioned scientific
evidence suggested that, most likely, the collagen expression is primarily regulated at a posttranscriptional level, including regulation of half-life and translation of collagen mRNAs.53 In
this context, the La ribonucleoprotein domain family, member 6 (LARP6), an RNA binding
protein belonging to the LARP protein superfamily, has come to prominence as one of the most
promising regulators of Col I synthesis. In fact, this protein is capable of binding the conserved
structural element in the 5′ UTR of COL1A1 and COL1A2 mRNAs (5′ stem-loop) (5′ SL), a 48
nucleotide-long stem-loop structure. In cytoplasm, LARP6 associates collagen mRNA with
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vimentin filaments (leading to collagen mRNA stabilization) or with non-muscle myosin
filaments (supporting collagen mRNA translation). In addition, LARP6 tethers stimulatory
factors, such as RNA helicase (RHA), serine/threonine kinase receptor associated protein
(STRAP) or FK506 binding protein (FKBP3) to collagen mRNAs to increase their translational
competitiveness. No further RNA, other than collagen type III, has been identified to which
LARP6 can bind with high affinity, classifying LARP6 as a specific RNA binding protein of
collagen mRNAs.54 Intriguingly, it has recently been shown that mTORC1 is able to
phosphorylate LARP6 on S348 and S409 and that the S348A/S409A mutant of LARP6 acts as
a dominant negative protein in collagen biosynthesis, which retards secretion of Col I, thereby
causing excessive post-translational modifications.53 Of note, in biopsies from our own ECD
patients, we found that the histiocytes expressed a phosphorylated form of mTOR and the
downstream kinase p70S6K.16 The above-discussed evidence that binding of LARP6 to the
5′SL sequence of Col I mRNAs is a key factor for fibrosis development opened the possibility
that profibrotic production of Col I can be specifically targeted. Very recently, an elegant in
vitro and ex vivo investigation by Stefanovic et al. found that the “screen yielded one
compound” (also known as C9) was able to dissociate LARP6 from 5′ SL RNA probably by
inducing a conformational modification in this protein. In prophylactic and therapeutic animal
models of hepatic fibrosis, C9 compound prevented development of fibrosis or impeded the
progression of ongoing fibrosis.55

Conclusions and future developments
In this study, we demonstrated that the ECD foamy cell, while retaining a complete
histiocytic phenotype, is capable of expressing Col I genes and synthetizing the relative
proteins, thereby featuring the characteristics of a functionally histiocyte/fibroblast hybrid cell.
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Future developments of this study aimed at investigating the pathogenetic mechanisms of this
collagen production might include: a) the role of PPAR-γ in the potential induction of a foamycell phenotype in culturing monocytes from ECD patients, b) exploring in ECD foamy
histiocytes the arginase and L-ornithine expression and their possible role in increasing the
bioavailability of proline, and c) the potential role of LARP6 in the post-transcriptional
regulation of COL1A1 and COL1A2 mRNAs.
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Table

Table 1. Demographic and clinical characteristics of the Erdheim-Chester Disease (ECD)
untreated patients included in the study
ECD patients
N=10
Age, years – median (range)

44 (26–59)

Male gender, n (%)
Clinical manifestations, n (%)
Retroperitoneal
Cardiac and lung
Central Nervous System
Endocrine abnormalities
Bilateral skeletal involvement of the long bones
Minor involvement*
Mutations, n (%)
BRAFV600E
NRAS
KRAS
PIK3CA

5 (50)
7 (70)
4 (40)
2 (20)
5 (50)
9 (90)
10 (100)
6 (60)
0
0
0

ECD patients were not undergoing treatment at the time of biopsies
*Minor involvement: skin lesions, testis infiltration, exophthalmos or bilateral adrenal
enlargement.
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Figure 1. Contrast-enhanced abdominal computed tomography scan in a case of ErdheimChester disease (ECD) (A) and in a case of Chronic Periaortitis (CP) (B). The scan in A show
the typical distribution of the pathologic tissue around the kidneys (arrows) that is seen in more
than 50% of ECD patients. The scan in B shows the typical appearance of idiopathic periaortitis
soft-tissue infiltration around the abdominal aorta (arrow)
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Figure 2. Pure histiocyte-rich areas obtained by laser capture microdissection. Original
magnifications. A-D: x20 (bar is 150 μm.) Stainings. A-D: mildly counterstaining by Harris
hematoxylin
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Figure 3. A. Medium-power view of an ECD histopathological field suitable for laser-capture
microdissection. The arrow shows a homogeneous group of foamy histiocytes placed in
scarcely cellular fibrous tissue. B. On immunohistochemistry, the CD68-KP1 decorates the
cytoplasm of ECD histiocytes. C. Medium-power view of an ECD histopathological field nonsuitable for laser-capture microdissection. The ECD histiocytes are dispersed into single, or
small-group, elements which are better highlighted by an immunohistochemical analysis testing
CD68-KP1 (arrows) (D). Original magnifications. A-D: x20 (bar is 150 μm). Stainings. A, C:
hematoxylin-eosin. B, D: immunohistochemical analyses revealed by 3,3'-diaminobenzidine
(DAB) and mildly counterstained by Harris hematoxylin
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Figure 4. A. Low-power ultrastructural view of an ECD foamy histiocyte (arrow) placed in
abundant collagen rich extracellular matrix (asterisk). B. At higher magnification, the same
histiocyte shows aggregates of cytoplasmic thread-like fibrils with typical light and dark crossstriation in keeping with pro-collagen fibers (arrow). Original magnifications A: x28,000 (bar
is 500 nm), B: x2,800 (bar is 5,000 nm)
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Figure 5. A. Low-power view of an ECD focus showing groups of histiocytes (arrow) within
large amounts of fibrous tissue (asterisk). B. At higher magnification, these histiocytes (arrow)
display clear-cut foamy appearance of their cytoplasms and a small round nucleus. Original
magnifications. A: x10 (bar is 400 μm); B: x20 (bar is 150 μm). Stainings. A, B: hematoxylineosin
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Figure 6. Pro-collagen type I (A and C) and CD68-KP1 (B and D) positivity in foamy
histiocytes of skin and peri-renal biopsies from ECD patients. Pro-collagen type I negativity
(E) and CD68-KP1 positivity (F) in foamy histiocytes of a non-ECD xanthoma. Original
magnifications: A-F: x40 (bar is 100 μm). Stainings. A-D: immunohistochemical analyses
revealed by 3,3'-diaminobenzidine (DAB) and mildly counterstained by Harris hematoxylin
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Figure 7. ECD histiocytes from a retroperitoneal biopsy showing typical foamy histiocytes
(arrowhead) (A), these histiocytes are immunohistochemically positive for CD68- KP1 (B) and
PPAR-γ antibodies (C, arrowhead). In the same biopsy, the nucleus of the resident adipose cells
(arrowheads) stains with the same anti-PPAR-γ antibody (positive control). Original
magnifications. A-D: x40 (bar is 100 μm). Stainings. A: hematoxylin-eosin. B-D:
immunohistochemical analyses revealed by 3,3'-diaminobenzidine (DAB) and mildly
counterstained by Harris hematoxylin
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Figure 8. Confocal microscopy analysis simultaneously testing an anti-CD68-KP1 primary
antibody (A) and an anti-pro-collagen I primary antibody (B) in a subcutaneous ECD location
rich in foamy histiocytes. Image C shows the resulting merged image characterized by extreme
superimposition of the green and red signals. D. Scatter plot for the analysis of colocalization
showing a highly significant superimposition of the two single signals (green and red). All of
the pixels of this image (this single confocal plane) are located in the four quadrants of the
scatter graph with the background pixels within the bottom left quadrant. The single tagged
pixels of the two channels are located in area 1 (green, CD68-KP1) and area 2 (red, pro-collagen
I), while pixels having intensity above the background in both channels (colocalized pixels) are
situated in the 3rd quadrant. Original magnifications: A, B, and C x63 (bar is 40 μm)
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Figure 9. COL1A1 (A) and COL1A2 (B) genes are expressed in 2 ECD cases and in fibroblasts
(used as positive controls) of 2 reparative fibroses while they are negative in 6 non-ECD
xanthomas. The expression of the transcripts is calculated by 2-DCt. A-B: Real Time-PCR
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Figure 10. COL1A1 and COL1A2 genes in ECD histiocytes display significant gene expression
in terms of reddish clusters (A-D). In the same ECD cases, the peptidylprolyl isomerase B
(PPBI) – used as housekeeping gene – are expressed in small dots (F), while DapB (bacterial
gene) – used as negative control probe – is negative (G). Original magnifications. A, B, E, F,
G: x20 (bar is 150 μm); C, D x40 (bar is 100 μm). A-G: RNA in Situ Hybridization
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Project 2 - Fibrocytes in Chronic Periaortitis. A novel mechanism
linking inflammation and fibrosis
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ABSTRACT

Objective. Chronic periaortitis (CP) is a rare disease characterised by a peri-aortic and periiliac fibro-inflammatory tissue. The pathogenic mechanisms leading to tissue accumulation and
activation of fibroblasts are unclear. We explored the role of fibrocytes, circulating precursors
of tissue fibroblasts, in patients with CP.
Methods. We studied 44 newly diagnosed CP patients and 30 healthy controls. Circulating
fibrocytes were identified as collagen type I (Col I)+/CD45+ cells using flow cytometry; CP
biopsies were stained with anti-pro-collagen-I (pro-col I), anti-CXCR4 and anti-CD45
antibodies and analysed by confocal microscopy to detect tissue-infiltrating fibrocytes.
Circulating levels and tissue expression of CXCL12, a CXCR4 ligand that promotes fibrocyte
homing, were investigated respectively using ELISA and immunohistochemistry. We also
characterised T-helper (Th) polarisation in CP biopsies and measured serum levels of a panel
of cytokines hallmarking Th responses and capable of influencing fibrocyte differentiation.
Results. The frequency of circulating Col I+/CD45+ fibrocytes was higher in patients than in
controls (P=0.0371). CD45+/pro-col I+ and CXCR4+/pro-col I+ cells were detected in all
examined CP biopsies. CXCL12 serum levels were also higher in CP patients (P=0.0056), and
tissue-infiltrating inflammatory cells intensely expressed CXCL12. Increased serum levels of
Th2-cytokines (e.g., IL-13, IL-10) were found in patients, and immunohistochemistry revealed
a dominant infiltration of GATA-3+ cells, also indicating Th2-polarisation; Th2-skewed
responses are known to promote fibrocyte differentiation.
Conclusions. Fibrocytes are enriched in the peripheral blood of CP patients and infiltrate target
lesions; their accumulation in the pathologic tissue might be driven by CXCL12, and Th2skewed immune responses are likely to facilitate their differentiation.
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INTRODUCTION

Chronic periaortitis (CP) is a rare disease characterised by a periaortic fibroinflammatory tissue that extends into the retroperitoneum and often causes ureteral obstruction.
CP embraces idiopathic retroperitoneal fibrosis and inflammatory abdominal aortic aneurysms.
Its pathogenesis is unclear: it is thought to be a manifestation of a systemic autoimmune
disorder,1 and in some cases it can be included in the spectrum of Immunoglobulin G4 (IgG4)related disease (IgG4-RD).2,3 The histological examination of CP biopsies shows the presence
of two main components, an inflammatory infiltrate and a fibrous tissue. The inflammatory
infiltrate comprises lymphocytes, macrophages, plasma cells and rare eosinophils, organised in
two patterns, perivascular and diffuse. The fibrous component is rich in collagen type I as well
as fibroblasts and myofibroblasts.4,5 These cells are likely to determine tissue fibrosis but the
pathogenic mechanisms leading to their accumulation and activation remain poorly understood.
Fibrocytes are peripheral blood cells that originate from bone marrow progenitors. In the
circulating blood, they account for less than 1% of total leukocytes. Fibrocytes have mixed
leukocytic and mesenchymal features, and co-express CD45 (common leukocyte antigen),
CD34 (hematopoietic stem cell antigen), markers of the monocyte lineage, and pro-collagen I
(pro-col I) or collagen I (Col I); in their mature state, they constitutively express α-smooth
muscle actin (αSMA).6-11 Different factors promote differentiation and tissue recruitment of
fibrocytes. T-helper (Th) 2 cytokines such as interleukin (IL)-4, IL-13, as well as transforming
growth factor (TGF)-β1 promote fibrocyte differentiation, while Th1 cytokines such as
interferon (IFN)-γ and tumour necrosis factor (TNF)-α have opposite effects.12,13 Furthermore,
fibrocytes exhibit cell surface chemokine receptors such as CXCR4, CCR7 and CCR3.8,9,14
Several studies demonstrated that chemokine receptors are essential for the recruitment of
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circulating fibrocytes to the sites of tissue damage, where they can promote fibrosis. In
particular, stromal-derived factor-1 (SDF-1 or CXCL12), a ligand for CXCR4, is considered to
be a crucial chemoattractant for fibrocytes to the sites of injury under inflammatory
conditions.15-18
Fibrocytes participate in fibrosing and inflammatory diseases such as idiopathic
pulmonary fibrosis, chronic asthma,17-19 cardiovascular disease16,20 and scleroderma.13,21 Their
role in the pathogenesis of CP or other IgG4-RD manifestations has never been investigated. In
this study we explored the role of fibrocytes in CP; in particular, we assessed their frequency
in the peripheral blood and their infiltration in CP lesions, along with the factors that may
regulate this process.
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METHODS

Patients
We included in this study 44 consecutive patients with newly diagnosed, clinically
active, untreated CP and 30 age- and sex-matched healthy controls. The CP patients were
diagnosed between 2013 and 2018. The diagnosis of CP was made based on commonly
accepted radiological criteria.3 In nine patients, retroperitoneal CP biopsy was also performed
(via CT-guided, laparoscopic, or open procedures) to confirm the diagnosis. Causes of
secondary retroperitoneal fibrosis (e.g., infections, neoplasms, histiocytosis) were ruled out.4
All patients underwent routine laboratory tests also including acute-phase reactants (erythrocyte
sedimentation rate, ESR, and C-reactive protein, CRP), a panel of autoantibodies and IgG
subclasses, as previously described.2,3 They were all treated with conventional corticosteroid
and/or immunosuppressive therapies.2,3 Blood samples for serum collection and for isolation of
peripheral blood mononuclear cells (PBMCs), were obtained at the time of diagnosis; the
enrolled patients had to be untreated. The same samples were collected from 8 patients after 1
month of prednisone therapy and from one patient at the time of relapse. The study was
conducted in accordance with the declaration of Helsinki and was approved by the local ethics
committee.

Flow cytometric quantification of circulating fibrocytes
To perform flow cytometry analysis, we collected 36 mL of heparinised peripheral
blood from 21 untreated patients at the time of enrolment, from 8 patients after 1 month of
prednisone treatment, and from 1 patient at the time of relapse; the same amount of blood was
also obtained from 24 control subjects. The PBMCs were isolated by Ficoll Hypaque
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(Lympholyte, Cederlane Laboratories, Ontario, Canada) density gradient centrifugation,
following the manufacturer’s protocol. The cells were immediately used to identify circulating
fibrocytes using a previously published protocol.13 Briefly, 1.0 to 1.5x106 PBMCs/tube were
suspended in 100µl of staining buffer and 5µl of FcR-blocking agent (Miltenyi, Bergisch
Gladbach, Germany). The cells were stained with 20µl of PerCP-coniugated anti-CD45
antibody (BD Biosciences, San Jose, CA), washed and then fixed and permeabilised with the
Cytofix/Cytoperm kit (BD Biosciences). After washing, the cells were incubated with 1µl of
rabbit anti-human anti-Col I antibody (Rockland, Gilbertsville, PA) or 1µl of normal rabbit
IgG, as isotype intracellular control antibody. After further washing, the cells were finally
stained with 1µl of Alexa Fluor 610-R-PE goat anti-rabbit IgG secondary antibody (Invitrogen,
Carlsband, CA). The samples were immediately acquired on a two-laser FACSCalibur
cytometer (BD Biosciences) and between 0.5x106 and 0.7x106 events/tube were analysed using
CELLQuest software. Live cells were selected based on FSC vs SSC plots, and the frequency
of fibrocytes was defined as the percentage of anti-Col I+ events within CD45+ cells (CD45+
Col I+) after background subtraction (percentage of the events falling into the same region in
the corresponding sample stained with isotype antibody). The median fluorescence intensity of
anti-Col I (MFI Col I) was evaluated for each subject as MFI Col I minus MFI isotype control.

Tissue identification of fibrocytes and characterisation of lymphocyte infiltrates
Paraffin-embedded tissue samples from nine patients with CP were obtained from the
files of the Unit of Pathology, Department of Medicine and Surgery, University of Parma. In
order to confirm the original diagnosis, all histopathological slides were reviewed by an expert
pathologist. The retroperitoneal biopsies used for this analysis had been fixed in a 10% buffered
formalin solution, paraffin-embedded, and sectioned at 5μm. On these sections, we first
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identified fibroblasts and myofibroblasts by immunohistochemistry using antibodies against
vimentin (code MA5-11883, monoclonal, dilution 1:100; Invitrogen) and α-SMA (code
ab124964, monoclonal, dilution 1:1000; Abcam, Cambridge, UK), and characterised the
inflammatory infiltrate using antibodies against CD3 (code ab11089, monoclonal, dilution
1:250; Abcam), CD4 (code ab133616, monoclonal, dilution 1:200, Abcam), CD8 (code
ab101500, monoclonal, dilution 1:150; Abcam), and CD20 (code ab9475, monoclonal, dilution
1:100; Abcam). We next investigated the presence of tissue-infiltrating fibrocytes with
antibodies targeting CD45 (code ab40763, monoclonal, diluition 1:300; Abcam), CXCR4 (code
PA3-305, polyclonal, dilution 1:200; Thermo Fischer Scientific), and pro-col I (code
MAB1912, monoclonal, dilution 1:50; Millipore, Darmstadt, DE). Given that particular Th
subsets are capable of influencing the differentiation of fibrocytes, we evaluated by
immunohistochemistry the expression of the main transcription factors of Th1, Th2 and Th17
cells using antibodies respectively against T-bet (code ab91109, monoclonal, dilution 1:100;
Abcam), GATA-3 (code abNBP1-47397, monoclonal, dilution 1:150; Novus Biologicals,
Littleton, USA) and ROR-ɣt (code MABF81, monoclonal, 1:100; Millipore). All sections were
counterstained with Harris' hematoxylin and examined with a bright light microscope (Nikon
Eclipse 80i, Tokyo, JPN). The positivity of the Th cell subsets was evaluated using a
semiquantitative method using a + to +++ grade scale (with + being 0-5%; ++ 5-20%, and +++
20-100%) per microscopic field observed at a magnification of x 400.
We explored tissue expression of the CXCR4 ligand SDF-1 (CXCL12) with an antiSDF-1 antibody (code ab18919, polyclonal, dilution 1:400; Abcam). All of the above reactions
were revealed with 3,3′-diaminobenzidine, and the sections were counterstained with Harris'
hematoxylin. The samples were examined with a bright light microscope (Nikon Eclipse 80i,
Tokyo, JPN).
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Tissue fibrocytes were further analysed by means of confocal microscopy analysis using
an anti-pro-col I antibody in combination with anti-CD45 and anti-CXCR4 antibodies. The
reaction of pro-col I was revealed by a tetramethylrhodamine probe (tetramethylrhodamine goat
anti-rat IgG, code AP136R, dilution 1:70; Millipore) while the expression of CD45 and CXCR4
was revealed using a fluorescent probe (fluorescein isothiocyanate–conjugated goat anti-rabbit
IgG, code AP187F, dilution 1:70; Millipore). The final immunofluorescence samples were
observed under a confocal system (LSM 510 META scan head integrated with an Axiovert
200M inverted microscope; Carl Zeiss) with a x63 oil objective. The images were acquired in
multitrack mode, using consecutive and independent optical pathways.
The immunohistochemistry and confocal microscopy methods were explained in detail in
Project 1.

Cytokine and chemokine assessment
Six mL of serum were obtained from 24 patients at the time of enrolment (active disease,
untreated). The same amount of serum was obtained from 14 control subjects. These samples
were stored at -80°C until use. Before performing the assays described below, aliquots were
thawed and centrifuged at 1,000g for 15 minutes at 4°C.
Using Bio-Rad Luminex assay technologies (Bio-Rad Laboratories, Life Science
Group, Hercules, CA), we simultaneously analysed in 24 CP patients and 14 controls the levels
of the following chemokines and cytokines which are able to influence fibrocyte differentiation:
IL-4, IL-12, IFN-γ, IL-10, IL-13, IL-17, IL-1β, IL-8, interferon γ-induced protein (IP)-10,
macrophage inflammatory protein (MIP)-1β, IL-9, and monocyte chemoattractant protein
(MCP)-1. The assay was performed following the manufacturer’s instructions. Briefly, samples
diluted 1:2 with sample diluent were incubated for 2 hours with fluorescent beads coated with
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the primary antibodies. All samples and standards were assayed in duplicate. Standard curves
were generated by performing serial dilutions with a standard supplied in the kit. The wells
were washed using a handheld magnetic washer and a biotinylated detector antibody was added
for 1 hour. Then, the plates were washed and incubated for 30 minutes with streptavidin
conjugated to the fluorescent protein R-phycoerythrin (Streptavidin-RPE). The beads were then
washed to remove the unbound Streptavidin-RPE. The assay was analysed using a Luminex
100 instrument and the results examined using Bio-Rad Manager Software version 4.0.
We performed an ELISA (R&D Systems, Minneapolis, USA) to assess circulating
levels of SDF-1 in the serum of 16 CP untreated patients, 8 CP treated patients and 10 healthy
controls. The ELISA Kit was pre-coated with a monoclonal antibody directed towards human
SDF-1. We placed into the wells 1:2 serial dilutions of standard and neat serum in duplicate
and incubated for 2 hours at room temperature under shaking conditions. After washing, we
added an enzyme-linked polyclonal antibody directed towards another epitope of human SDF1 different from that recognised by the pre-coated monoclonal antibody. Following incubation
and washing steps as previously described, we put the substrate solution into the wells and left
them for 30 minutes at room temperature. We then added the stop solution and measured the
optical density at 450nm and 550nm, using a microplate reader: subtraction of readings at
550nm from those at 450nm allows a correction for optical imperfections in the plate. A
standard curve was produced by plotting the optical density of each standard on the y-axis
against its concentrations on the x-axis, while SDF-1 concentration in our samples was
measured through interpolation from the curve.
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Statistical analysis
Continuous variables are presented as median (range or interquartile range) and
categorical variables as n (%). Continuous variables were compared using the Mann Whitney
U test for unpaired comparisons or the Wilcoxon test for paired comparisons. Correlations
between clinical and laboratory parameters were assessed using Pearson’s correlation analysis.
P values <0.05 were considered statistically significant.
With regards to the comparisons in cytokine levels between CP patients and controls,
considering that multiple cytokines were tested in the same experiment, the cut-off P value of
0.05 was corrected using Bonferroni’s correction; the corrected cut-off P value (Pcorr) was
therefore set at 0.0041.
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RESULTS

The main demographic and clinical characteristics of the CP patients included in the
study are reported in table 1.

Circulating fibrocytes
Circulating fibrocytes were enumerated in CP patients and healthy controls. Flow
cytometry analysis showed that the proportion of fibrocytes, identified as CD45+ Col I+ cells,
was higher in CP patients than in healthy controls. In particular, we found this double positive
population in all of the 21 patients (100%) while only in 21 out 24 (87.5%) healthy controls;
the median percentage of fibrocytes (defined as Col I+ cells out of the total CD45+ circulating
cells) was 0.1% (range, 0.01–0.54%) in CP patients and 0.04% (range, 0-0.2%) in healthy
controls (P=0.0371). These findings are shown in figure 1, where representative plots of
fibrocyte flow cytometry staining in a CP patients and in a healthy controls are also included.
The percentage of circulating fibrocytes did neither correlate with disease-related parameters
such as CP thickness on CT/MRI, IgG4, ESR or CRP levels, nor with the degree of renal
function impairment (data not shown). In eight patients PBMCs were available for fibrocytes
evaluation also after the first month of prednisone treatment (1 mg/kg/day): the median
fibrocyte percentage decreased from 0.085% (range, 0.03-0.54) to 0.04% (range, 0.01-0.08),
although the difference did not reach statistical significance (P=0.09). In one patient with
relapse, the median fibrocyte percentage was 0.11% at time of diagnosis, 0.04% after 1 month
of treatment and returned to 0.11% at relapse (figure 2).
We also considered the levels of Col I expression within CD45+ cells and found that patients’
fibrocytes showed a higher intensity of Col I expression as compared with healthy controls’
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fibrocytes (MFI Col I 313.72 versus 141.09; P=0.0459) (figure 1). Collectively, these results
suggest that PBMCs from CP patients are enriched with CD45+ Col I+ cells.

Identification and characterisation of tissue fibrocytes
All of the nine CP biopsies showed the expected fibrous and inflammatory components.5
In particular, the fibrous component was comprised of fibroblasts and myofibroblasts
(characterised immunohistochemically as vimentin+ and α-SMA+ cells, respectively) within
varying amounts of collagen fibres (figure 3), while the inflammatory infiltrate was organised
in two main patterns: perivascular and diffuse. The perivascular pattern consisted of lymphoid
aggregates around small blood vessels; in some cases, these aggregates had the structure of
secondary lymphoid follicles with a germinal centre and were characterised by CD20+ B cells
surrounded by CD4+ and CD8+ T lymphocytes (figure 4). The diffuse pattern consisted of
sparse inflammatory infiltrates within the fibrous tissue, these infiltrates showing comparable
amounts of CD4+, CD8+, and CD20+ lymphocytes. In addition, the inflammatory component
also included varying amounts of macrophages, plasma cells, and eosinophils (figure 5).
We next focused on the fibrous component and, in particular, on fibrocytes. The
presence of these cells was explored by immunohistochemistry and confocal microscopy on the
nine available CP biopsies. Using immunohistochemistry, we evaluated fibrocytes by testing
the markers of these cells such as CD45, pro-col I, and CXCR4. Because the fibrocyte
immunophenotype is characterised by specific combinations of the above markers, we
identified these tissue-infiltrating cells by evaluating the co-expression of pro-col I with either
CD45 or CXCR4 by using confocal microscopy. Overall, CD45+ pro-col I+ and CXCR4+ procol I+ spindle-shaped cells were found in all the examined biopsies (figure 6) and their density
respectively ranged from 2 to 6 cells and from 4 to 8 cells per mm2 of tissue.
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Immunohistochemical analysis showed – albeit with quantitative differences from case
to case – a predominance of GATA-3+ and, to a lesser extent, of T-bet+ cells. Of the nine
biopsies analysed, none showed 1+, eight showed 2+ and one 3+ T-bet+ cells, whereas with
respect to GATA-3+ cells the biopsies showed 1+ in one case, 2+ in four and 3+ in four. The
extent of RORγt+ cell infiltration was consistently 1+/2+ (figure 8).
We next tested the serum levels of an array of cytokines potentially influencing Th
polarisation and, consequently, fibrocyte differentiation. The serum levels of several cytokines
were higher in CP patients than in the controls, but those that reached statistical significance (P
values below Pcorr cut-off of 0.0041) were only IL-9 (P=0.0016), IL-10 (P=0.0032), IL-12
(P=0.0011), and IL-13 (P=0.0004) (figure 8 and figure 9).
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DISCUSSION

CP is a rare idiopathic disease hallmarked by exuberant fibrosis and a chronic
inflammatory infiltrate, typically localised in the retroperitoneal space surrounding the
abdominal aorta and the iliac arteries. CP is part of the spectrum of IgG4-RD together with
other fibro-inflammatory conditions such as sclerosing pancreato-cholangitis, fibrosing
mediastinitis, Mikulicz’s disease and inflammatory pseudotumours, but the proportion of CP
cases that can be labelled as IgG4-related is still unclear.2 While recent studies have
characterised the inflammatory infiltrate found in CP and some of the cytokines and
chemokines (e.g., IL-6, eotaxin/CCL11) involved in this process,22,23 the mechanisms that drive
the aberrant fibrous response have never been investigated. The present study demonstrates that
fibrocytes, precursors of tissue fibroblasts, are enriched in the circulation of CP patients and
infiltrate target lesions; we also found increased serum levels and intense tissue expression of
CXCL12/SDF-1, a chemokine that is able to drive their accumulation in the pathologic lesions.
Finally, we also detected in CP biopsies a Th2-skewed immune response, which probably
facilitates fibrocyte differentiation.
Bloodborne fibrocytes were first identified in a murine model of skin wound repair and
in human wounded skin as CD34+ spindle-shaped cells.24 Subsequent studies showed that they
originate from monocyte precursors, express leukocyte markers (e.g., CD45) and fibroblast
proteins (e.g., vimentin), and have the ability to produce different types of collagen as well as
other extracellular matrix proteins. Additionally, since their migration into the diseased sites is
regulated by specific chemokines, they also express chemokine receptors such as CXCR4.25
Fibrocytes participate in the normal response to acute tissue injury and contribute to tissue
repair; they have multiple functional properties, being not only pro-fibrotic but also capable of
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modulating angiogenesis and both innate and adaptive immune responses.26,27 Recently, it has
become clear that they are also involved in human disease, particularly in conditions
characterised by chronic inflammation, excessive extracellular matrix production and tissue
remodelling, examples of which include asthma, chronic lung disease (e.g., idiopathic
pulmonary fibrosis), autoimmune (e.g., systemic sclerosis, rheumatoid arthritis) and
cardiovascular diseases.6,28,29 In most of these diseases, both the circulating and tissue fibrocyte
compartments are expanded: elevated numbers of fibrocytes were detected in rheumatoid
arthritis, Graves’ ophthalmopathy, idiopathic pulmonary fibrosis as well as in murine models
of collagen-induced arthritis. Notably, the frequency of peripheral blood fibrocytes has been
validated as a prognostic marker in pulmonary fibrosis.30 Intense tissue infiltration by fibrocytes
was found particularly in the subepithelial airway mucosa of patients with chronic asthma,
where such cells synthesise Col I, express α-SMA and localise to areas of extracellular matrix
deposition.31,32
We found an increased frequency of circulating fibrocytes (identified as CD45+ Col I+
cells) in patients with active, untreated CP as compared with healthy controls, although we
could not demonstrate correlations or associations with disease-related parameters (e.g., acutephase reactants), clinical manifestations or specific disease phenotypes such as IgG4-related
cases. The peripheral fibrocyte concentrations observed in our study subjects are in the range
of those reported in other conditions, although the results are often difficult to compare due to
heterogeneous staining or isolation techniques.19,28 Remarkably, we also detected significant
amounts of fibrocytes in CP biopsies, where such cells were identified not only on the basis of
their dual positivity for CD45 and pro-col I but also as pro-col I+ cells co-expressing CXCR4,
the receptor of CXCL12/SDF-1, a chemokine that regulates fibrocyte homing.21,32,33 In line
with this observation, we also demonstrated that serum levels of CXCL12/SDF-1 were

62

increased in patients with active CP and that, at the tissue level, this chemokine was intensely
expressed by mononuclear cells constituting the lymphoid aggregates. Of note, we observed
that serum levels of CXCL12/SDF-1 declined in the 8 treated CP patients. CXCR4+ tissue
fibrocytes were revealed in autoimmune diseases such as Graves’ ophthalmopathy;34 notably,
the CXCR4-CXCL12 axis was shown to be a major determinant of fibrocyte tissue recruitment
in murine models of bleomycin-induced lung fibrosis, and therapeutic inhibition of this axis
reduced the magnitude of fibrosis.33 Collectively, these data suggest that the CXCR4-CXCL12
axis operates in CP and may contribute to tissue recruitment of fibrocytes.
Other chemokines are involved in fibrocyte homing; one example is eotaxin/CCL11, a
chemokine usually produced in response to Th2-responses.35 Through ligation of CCR3,
eotaxin/CCL11 mediates tissue influx of several cell types including eosinophils and mast cells.
In a previous study, we showed that the serum levels of eotaxin/CCL11 are increased in active
CP, that it is produced by mononuclear inflammatory cells, and that in CP lesions its receptor
CCR3 is intensely expressed by several cell types including fibroblasts.22
Fibrocytes play a role in conditions that are histologically characterised by monocyte–
and T cell-rich inflammation, and their proliferation is influenced by specific T-cell responses.
In particular, fibrocyte expansion appears to be enhanced by Th2 cytokines such as IL-4 and
IL-13 and inhibited by Th1- or Th17-related cytokines such as IFN-γ and IL-17.36 We
characterised Th polarisation in CP by testing circulating levels of cytokines associated with
distinct Th responses, and also by analysing the tissue expression of transcription factors such
as T-bet, GATA-3 and RORγt, that respectively hallmark Th1, Th2, and Th17 cells. We found
a strong Th2 signal, based on the marked increase in Th2 cytokines in the serum, namely IL-13
and IL-10, and the intense expression of GATA-3 in CP biopsies. We also detected a significant
increase in IL-12, usually associated with Th1-responses, but tissue expression of the Th1
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marker T-bet was less abundant than that of GATA-3. On the other hand, serum IL-17 was not
increased, and tissue expression of RORγt was low. Taken together, these findings indicate that
Th responses in CP are mainly polarised towards a Th2 phenotype, which might be a driver of
fibrocyte expansion in the circulation and of its differentiation in the affected tissues. The
functional implication of the observed increase in serum IL-9 is difficult to interpret, although
this pleotropic cytokine has also been associated with Th2, allergic and chronic inflammatory
reactions.37
Once fibrocytes infiltrate target tissues, they not only differentiate into fibroblasts and
myofibroblasts, thus promoting fibrosis, but may also have pro-inflammatory effects.38 This
could amplify the inflammatory response and contribute to the parallel development of
inflammation and fibrosis that is seen in the early stages of CP. In keeping with this view, we
previously showed that the pro-inflammatory cytokine IL-6 is also intensely expressed by
fibroblasts in CP lesions.23
In conclusion, fibrocytes are likely to play a role in the pathogenesis of CP; they are increased
in the circulation of patients with active disease and infiltrate target lesions. Their tissue
recruitment can be driven by chemokines such as SDF-1, and Th2-skewed immune responses
can contribute to their expansion.
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Table
Table 1. Demographic and clinical characteristics of the Chronic Periaortitis (CP) patients
included in the study
CP patients
N=44
Age, years – median (IQR)

57.5 (52.8–63.5)

Male gender, n (%)

28 (63.6)

Peri-aneurysmal/non-aneurysmal CP, n
Clinical manifestations, n (%)
Constitutional symptoms
Abdominal/lumbar pain
Deep vein thrombosis
Hydronephrosis
Unilateral
Bilateral
Acute renal failure
Extra-retroperitoneal fibro-inflammatory lesions§
Laboratory markers
ESR, mm/h – median (IQR)
CRP, mg/L– median (IQR)
WBC, x 109/uL– median (IQR)
Haemoglobin, g/dL– median (IQR)
Creatinine, mg/dL– median (IQR)
ANA positivity, n (%)
IgG4, mg/dL – median (IQR)
Comorbidity, n (%)
Cardiovascular disease*
Autoimmune disease
Autoimmune thyroiditis
Other autoimmune diseases

5/39
31 (70.4)
38 (86.4)
5 (11.4)
29 (65.9)
12 (27.3)
17 (38.6)
17 (38.6)
5 (11.4)
62 (46.5–90.5)
25.5 (11.7–40.5)
6.8 (6.1–7.5)
11.8 (10.9–13.2)
1.3 (0.9–2.9)
13 (29.5)
70.5 (33–141.5)
6 (13.6)
17 (38.6)
10 (22.7)
9 (20.5)

§

Extra-retroperitoneal fibro-inflammatory lesions include thoracic periaortitis, fibrosing
mediastinitis, tubulo-interstitial nephritis w/wo membranous nephropathy, chronic
sclerosing pancreato-cholangitis, orbital pseudotumour, lung pseudotumour
*Cardiovascular disease denotes clinically overt ischemic heart disease, cerebrovascular
disease and peripheral arterial disease
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Figure 1. Flow cytometric identification of fibrocytes in the peripheral blood of chronic
periaortitis (CP) patients. Representative plots of flow cytometry analysis in a CP patient (A
and B) and a healthy control (C and D). PBMCs were stained as described in the Methods
section. Live mononuclear cells were selected based on CD45 vs. SSC plot (not shown) and
fibrocytes were defined as the percentage of anti-collagen type I positive events within CD45
positive cells (gates in B and D), minus the percentage of the events falling into the same region
with isotype antibody (gates in A and C, respectively). E. Comparison of fibrocyte frequencies
between CP patients and healthy controls. F. Comparison of the median fluorescence intensity
(MFI) of anti-collagen type I expressed by fibrocytes from patients and from controls. In each
scatter plot, median (bar) and interquartile range are shown. The Mann-Whitney nonparametric test was used for statistical analysis
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Figure 2. A. Circulating fibrocyte percentages in eight patients before (T0) and after one
month of prednisone therapy (T1). The difference between the two time-points was assessed
using Wilcoxon test for paired data. B. In only 1 case with relapse, were circulating fibrocyte
percentages higher at time of diagnosis (T0), lower after 1 month of treatment (T1), and
higher again during recurrence (R0)
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Figure 3. A. Low-power histopathological view of a CP biopsy characterised by fibrous
replacement of the retroperitoneal soft tissues with chronic inflammatory infiltrates which are
organised into nodular aggregates (arrow) and a diffuse pattern between the thick collagen
fibres (asterisk). Sparse residual adipose tissue areas can be found. B. At higher
magnification, it can be noted that the nodular inflammatory aggregates are organised around
small blood vessels; hence, the designation of “perivascular pattern”. C. The diffuse
inflammatory pattern consists of inflammatory elements distributed between thick collagen
fibres. D. Collagen fibres are typically arranged around the adventitia of small vessels with an
"onion bulb" appearance. Among the collagen fibres, there are lymphocytes, plasma cells,
histiocytes, fibroblasts/myofibroblasts, and rare eosinophils. Fibroblasts/myofibroblasts show
immunohistochemical positivity for vimentin (E) and smooth muscle actin (F). Original
magnifications. A: x4 (bar is 1mm); B, C, E, F: x20 (bar is 150 µm); D: x40 (bar is 100 µm).
Stainings. A-D: hematoxylin-eosin. E-F: immunohistochemical analyses revealed by 3,3'diaminobenzidine (DAB) and mildly counterstained by Harris hematoxylin
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Figure 4. Perivascular lymphocyte aggregates consist of a periphery of CD3+ T lymphocytes
(A) and a dense core of CD20+ B lymphocytes (D). The T lymphocyte component is
characterised primarily by CD4+ cells (B), whereas CD8+ cells represent only a minority (C).
Original magnification. A-D: x10 (bar is 400 um) Stainings. A-D: immunohistochemical
analyses revealed by 3,3'-diaminobenzidine (DAB) and mildly counterstained by Harris
hematoxylin

72

Figure 5. The diffuse lymphocyte infiltrate mainly consists of CD3+ T lymphocytes (A) and a
minority of CD20+ B lymphocytes (D). The T cell component includes both CD4+ (B) and
CD8+ (C) cells. Original magnification. A-D: x10 (bar is 400 µm) Stainings:
immunohistochemical analyses revealed by 3,3'-diaminobenzidine (DAB) and mildly
counterstained by Harris hematoxylin
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Figure 6. Fibrocytes in CP biopsies. An immunohistochemical analysis reveals the presence
of spindled elements (arrows) positive for CD45 (A), pro-collagen type I (B), and CXCR4
(C). The co-expression of pairs of the above markers in these elongated cells (arrows) has
been demonstrated by confocal microscopy by contemporarily testing CD45/pro-collagen
type I (D), E, and F) and CXCR4/pro-collagen type I (G, H, and I). These co-expressions
identify these cells as fibrocytes. Original magnifications. A and B: x40 (bar is 100 µm); C:
x20 (bar is 150 µm); D-I: x63 (bar is 40 µm). Stainings. A-C: immunohistochemical analyses
revealed by 3,3'-diaminobenzidine (DAB) and mildly counterstained by Harris hematoxylin; DI: immunofluorescence analyses
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Figure 7. SDF-1. Low-power view (A) and high-power view (B) of an immunohistochemical
analysis testing SDF-1 (also known as CXCL12) in a representative case of CP. This marker
is positive both in lymphoid cells (arrows) and spindled elements (asterisks). C. SDF-1
ELISA performed in 16 patients with active CP and 10 healthy controls. SDF-1 levels were
significantly higher in CP patients than in controls (P= 0.0056). D. SDF-1 ELISA performed in
8 patients with active CP (T0) and in the same patients after 1 month of prednisone therapy
(T1). SDF-1 serum levels was lower in CP patients at T1 than in patients at T0 (P=0.02).
Original magnification. A: x20 (bar is 150 µm); B: x63 (bar is 40 µm). Stainings. A, B:
immunohistochemical analyses revealed by 3,3'-diaminobenzidine (DAB) and mildly
counterstained by Harris hematoxylin
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Figure 8. Immunohistochemical detection of T-bet (A), GATA3 (B) and RORγt (C) in
inflammatory infiltrates of biopsies obtained from a patient with CP. Serum levels of IL-9
(D), IL-10 (E), IL-12 (F), and IL-13 (G) analysed using a multiplex assay. In each scatter plot,
median (bar) and interquartile range are shown. The Mann-Whitney non-parametric test was
used for statistical analysis. Considering that multiple cytokines were tested in the same
experiment, the cut-off P value of 0.05 was corrected using Bonferroni’s correction (cut-off
Pcorr 0.0041). Original magnification. A-C: x20 (bar is 150 µm) Stainings. A-C:
immunohistochemical analyses revealed by 3,3'-diaminobenzidine (DAB) and mildly
counterstained by Harris hematoxylin
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Figure 9. Serum levels of IL1β (A), IL-4 (B), IL-8 (C), IL-17 (D), INF-ɣ (E), IP-10 (F), MIP1β (G), and MCP-1 (H) analysed using a multiplex assay. In each scatter plot, median and
interquartile range are displayed. The Mann-Whitney non-parametric test was used.
Considering that multiple cytokines were tested in the same experiment, the cut-off P value of
0.05 was corrected using Bonferroni’s correction (cut-off Pcorr 0.0041)

