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Abstract

Objective—Systemic sclerosis (SSc)–related interstitial lung disease (ILD) is one of the leading 

causes of mortality. We undertook this study to analyze the gene expression of lung tissue in a 

prospective cohort of patients with SSc-related ILD and to compare it with that in control lungs 

and with 2 prospective clinical parameters in order to understand the molecular pathways 

implicated in progressive lung disease.

Methods—Lung tissue was obtained by open lung biopsy in 28 consecutive patients with SSc-

related ILD and in 4 controls. High-resolution computed tomography (HRCT) and pulmonary 

function testing (PFT) were performed at baseline and 2–3 years after treatment based on lung 

histologic classification. Microarray analysis was performed, and the results were correlated with 

changes in the HRCT score (FibMax) and PFT values. Quantitative polymerase chain reaction 

(qPCR) and immunohistochemistry were used to confirm differential levels of messenger RNA 

and protein.

Results—Lung microarray data distinguished patients with SSc-related ILD from healthy 

controls. In the lungs of patients with SSc-related ILD who had nonspecific interstitial pneumonia 
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(NSIP), expressed genes included macrophage markers, chemokines, collagen, and transforming 

growth factor β (TGFβ)– and interferon (IFN)–regulated genes. Expression of these genes 

correlated with progressive lung fibrosis defined by the change in FibMax. Immunohistochemistry 

confirmed increased markers of collagen (COL1A1), IFN (OAS1 and IFI44), and macrophages 

(CCL18 and CD163), and the positive correlation with the change in FibMax was confirmed by 

qPCR in a larger group of SSc patients with NSIP. Several genes correlated with both the change 

in FibMax (r > 0.4) and the change in % predicted forced vital capacity (r < −0.1), including IFN 

and macrophage markers, chemokines, and heat-shock proteins.

Conclusion—These results highlight major pathogenic pathways relevant to progressive 

pulmonary fibrosis in SSc-related ILD: macrophage emigration and activation, and up-regulated 

expression of TGFβ- and IFN-regulated genes.

Systemic sclerosis (SSc) is a chronic autoimmune disease in which pulmonary involvement, 

particularly interstitial lung disease (ILD), is known to contribute to morbidity and mortality 

(1-3). The prevalence of SSc-related ILD is high, and ~15% of patients develop severe 

restrictive lung disease, the major cause of death in SSc. Distinguishing those who develop 

severe disease from those who develop slow or stable disease remains a great challenge in 

targeting appropriate therapy (4,5).

Microarray technology has been used to address changes in gene expression in SSc skin and 

peripheral blood mononuclear cells (PBMCs) and has shown striking differences from gene 

expression in healthy controls along with specific gene expression signatures that correlate 

with SSc organ involvement. Skin expression of transforming growth factor β (TGFβ)– and 

interferon (IFN)–regulated genes correlates with the modified Rodnan skin thickness score 

(MRSS) (6,7). In addition, PBMCs from patients with limited cutaneous SSc (lcSSc) show 

increased expression of IFN-regulated genes and a second cluster of genes associated with 

monocyte/macrophage activation, the macrophage/monocyte activation cluster, which 

distinguishes patients with pulmonary arterial hypertension (8,9).

Gene expression analysis of lung tissue in SSc-related ILD until now has been restricted to 

end-stage lung tissue obtained at the time of lung transplantation (10). Such tissue analyses, 

however, may represent only the final and irreversible phase of lung involvement and may 

provide only limited insight into the early pathogenic events.

The present study was undertaken to gain insight into potential pathogenic pathways 

important in prospectively observed patients with progressive SSc-related ILD. Our data 

from this unique cohort suggest that TGFβ, IFN, and macrophage activation are key to the 

pathogenesis of this severe complication, as increased expression of these markers is seen 

primarily in patients who will develop progressive lung fibrosis.

PATIENTS AND METHODS

Study participants

Between January 2002 and July 2004, 28 consecutive patients with SSc-related ILD 

confirmed by high-resolution computed tomography (HRCT), with associated respiratory 

symptoms and/or reduced performance on pulmonary function tests (PFTs), underwent an 
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open lung biopsy and were followed up for at least 3 years. The lung biopsies were 

performed as part of a clinical protocol designed to study the importance of the histologic 

lung pattern to the prognosis of patients with SSc-related ILD. Most subjects involved in the 

previous study (11) were selected (7 were not included due to lack of lung material for RNA 

isolation). The patients included in the current study were classified as having diffuse 

cutaneous SSc (dcSSc) (n = 11) and lcSSc (n = 10) according to diagnostic (12) and subtype 

(13) criteria. Histologically healthy lung tissue was obtained from normal lungs of 4 controls 

during surgical resection for lung cancer.

The Boston University Medical Center and the University of Sao Paulo Institutional Review 

Boards reviewed and approved the conduct of this study. Disease duration was established 

from the onset of Raynaud’s phenomenon. The MRSS (14) was used to determine the extent 

of skin involvement.

Histologic diagnosis

Two pathologists (ERP and VLC) classified the lung specimens based on a distinctive 

pattern termed centrilobular fibrosis (11,15) and according to the traditional patterns of the 

latest consensus classification of the idiopathic interstitial pneumonias (16).

HRCT

Two pulmonologists (RBC and CRdeC) evaluated the images in a blinded manner. Briefly, 

as described previously (17), each lung was divided into the following 3 zones: upper (lung 

apex to aortic arch), middle (aortic arch to inferior pulmonary veins), and lower (inferior 

pulmonary veins to lung bases). For baseline and followup of the HRCT scans, the extent of 

the pulmonary abnormality in each of the 6 zones was scored on a scale of 0–4 as follows: 0 

= absent, 1 = 1–25%, 2 = 26–50%, 3 = 51–75%, and 4 = 76–100%. The following HRCT 

scan findings were recorded: pure ground-glass opacities (increased lung attenuation in the 

absence of reticular interstitial thickening or architectural distortion), pulmonary fibrosis 

(reticular intralobular interstitial thickening, traction bronchiectasis, and bronchiolectasis), 

and honeycomb cysts (clustered air-filled lung cysts with contiguous walls). The sum of all 

scores in the 6 lung zones is referred to as the FibMax. The change in FibMax (the followup 

FibMax minus the baseline FibMax) was used to evaluate the progression of lung fibrosis as 

previously described (17).

PFTs

PFTs were measured by the % predicted value and included forced vital capacity (FVC) and 

diffusing capacity for carbon monoxide (DLCO) using a single-breath technique. The PFTs 

were performed using a Collins GS PFT System (Collins Medical). A change in the % 

predicted value of the FVC was also used to gauge the progression of lung fibrosis.

Lung biopsy

Open lung biopsy was performed by formal thoracotomy, avoiding honeycombing areas on 

the right lower lobes; for some patients, a second sample was also collected from their right 

middle lobes (11).
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Followup

Patients with a pattern of nonspecific interstitial pneumonia (NSIP) on lung biopsy were 

treated with monthly intravenous cyclophosphamide (0.5–1 gm/m2) for at least 1 year, and 

patients with isolated centrilobular fibrosis had their antireflux treatment intensified (see ref. 

11). HRCT and PFTs were performed before biopsy and repeated 2–3 years after the 1-year 

treatment (Figure 1A).

RNA isolation and microarray analysis hybridization

Total RNA from human lung biopsy tissue was extracted using microRNeasy Mini Kits 

(Qiagen). RNA samples were stored at −80°C.

Microarray data clustering

At the Boston University Microarray Resource Facility, all procedures were performed as 

described in the Affymetrix GeneChip 3′IVT Express user manual (www.affymetrix.com). 

Briefly, total RNA was isolated and sample integrity was verified. The biotin-labeled 

amplified RNA was purified, fragmented, and hybridized to Affymetrix U133 2.0 

microarrays. The signal of the samples was amplified, and microarrays were immediately 

scanned using an Affymetrix GeneArray Scanner 3000 7G Plus. The resulting CEL files 

were summarized using Affymetrix Expression Console (current version 1.1). A MAS 5 

algorithm with global scaling normalization was used to generate gene-level data. The mean 

target intensity of each array was set at 500. Clustering was performed using Cluster 

software, version 3.0.

Quantitative polymerase chain reaction (qPCR)

Complementary DNA was synthesized from total RNA using reverse transcriptase (Gibco 

BRL) and random primers (Applied Biosystems) as described previously (9). Quantitative 

PCR was performed using an ABI Prism 7700 sequence detection system and a TaqMan 

assay (both from Applied Biosystems), according to the company’s protocol. Primers for the 

18S ribosomal RNA and messenger RNA (mRNA) target genes were obtained from Applied 

Biosystems.

Histology and immunohistochemistry

The expression of CCL18 and IFN-inducible protein 44 (IFI-44) was assessed on 

deparaffinized human lung sections. Briefly, tissue sections were rehydrated, steamed with 

citrate buffer (BioGenex), blocked and washed with Tris buffered saline–Tween, and then 

incubated with rabbit anti-human IFI-44 (Sigma) and rabbit anti-human CCL18 (LifeSpan 

Biosciences) antibodies. After washing, the tissue sections were incubated with the 

secondary anti-rabbit antibody, washed again, and developed (Dako). IFI-44 and CCL18 

staining were scored in a blinded manner on a scale from 0 (no staining) to 3+ (strongest 

staining) across the entire stained lung section.

Statistical analysis

Comparisons of qPCR expression were analyzed by one-way analysis of variance with 

Bonferroni adjustment for multiple comparisons. Two-group comparisons were analyzed by 
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Student’s t-test. Correlations were tested and presented as Pearson’s correlation coefficient 

(r) or as coefficient of correlation (r2).

RESULTS

Baseline characteristics of patients with SSc-related ILD

A timeline of the study is summarized in Figure 1A. Demographic data, PFT results, and 

FibMax values before and after treatment are summarized in Table 1. All patients with SSc-

related ILD were female; half (52%) had dcSSc and 48% were positive for anti–Scl-70 

(anti–topoisomerase I) antibody. Only 1 patient was an active cigarette smoker and 2 were 

ex-smokers. There was no significant difference in disease status at the end of the study 

between patients treated with cyclophosphamide (for NSIP) and those treated with intense 

anti–gastroesophageal reflux measures (for centrilobular fibrosis) (P > 0.05) (data not 

shown) (see ref. 11). Despite treatment, most patients with SSc-related ILD developed 

progressive disease based on the Fib-Max, with a mean ± SD baseline score of 6.88 ± 4.47 

compared to a posttreatment score of 12.76 ± 6.59 (P = 0.006). The mean ± SD % predicted 

FVC in patients with SSc-related ILD was stable from before treatment to after treatment 

(70.57 ± 10.59 versus 69.33 ± 16.43, respectively; P = 0.77). Samples were obtained from 

the healthy lungs of 3 female controls and 1 male control; the mean ± SD age of the healthy 

controls and patients with SSc-related ILD was similar (51 ± 8 years versus 44 ± 9.4 years; 

P = 0.16). One of the controls was an active cigarette smoker and 3 were ex-smokers. Their 

mean ± SD % predicted FVC was within the normal range (85.66 ± 6.5).

Distinct gene expression patterns in patients with SSc-related ILD

Lung microarray data were first analyzed for genes that could differentiate patients with 

SSc-related ILD from healthy controls. The most informative genes were defined as those 

with a false discovery rate (FDR) of <0.05 (18) (13,732 genes in total). Genes were 

hierarchically clustered for both samples and genes using complete linkage and 

unsupervised clustering. Genes with a range of expression >500 (by Affymetrix expression 

algorithm) were analyzed in order to focus the analysis on genes showing relatively large 

changes in expression and to minimize the chance of false-positive or nonspecific results 

(total of 9,528 genes).

The major dendrogram bifurcation (Figure 1B) placed samples from all healthy controls 

(represented by dark blue) onto the branch at the left along with 2 samples (from the middle 

and lower lobes) from 1 SSc patient with NSIP (represented by purple). The right branch, 

including only samples from patients with SSc-related ILD, bifurcated further into a middle 

sub-branch, which included biopsy samples from both middle and lower lobes from 2 SSc 

patients with NSIP (represented by pink and light blue) as well as single-lobe biopsy 

samples from 2 SSc patients with NSIP (represented by green [lower lobe] and orange 

[middle lobe]). In contrast, the sub-branch at the far right included 3 of 6 samples from 

patients classified as having SSc with centrilobular fibrosis (1 sample represented by light 

green and 2 samples represented by red, where the patient represented by red had samples 

from both middle and lower lobes clustered together). The other 3 samples on this branch 
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(represented by black, green, and orange) were obtained from the lower lobes of SSc 

patients with NSIP.

Figure 1B shows some up-regulated genes selected by potential biologic relevance and/or 

previously described to be up-regulated in SSc, including genes associated with macrophage 

activation, such as CD163 (cluster of differentiation 163), AIF-1 (allograft inflammatory 

factor 1), CD86 (cluster of differentiation 86), and MS4A4A (membrane-spanning 4-

domains, subfamily A, member 4A). Several chemokines potentially contributing to 

leukocyte infiltration were also up-regulated in SSc-related ILD, including CCL18 

(chemokine [C-C motif] ligand 18), CCL13 (chemokine [C-C motif] ligand 13), and CXCL5 

(chemokine [C-X-C motif] ligand 5). Genes related to IFN signaling included IFNAR2 

(IFN-α/β receptor β-chain), OAS1 (2′,5′-oligoadenylate synthetase 1, 40/46 kd), IL18 

(interleukin 18 [IFN-γ–inducing factor]), and TLR7 (Toll-like receptor 7). Several genes 

associated with fibrosis and TGFβ regulation were also up-regulated in SSc-related ILD, 

including several collagen genes (COL5A2 [collagen type V, α2], COL3A1 [collagen type 

III, α1], and COL1A1 [collagen type I, α1]) as well as SPP1 (secreted phosphoprotein 1/

osteopontin) and COMP (cartilage oligomeric matrix protein). SSc patients with 

centrilobular fibrosis were not analyzed further because the pathogenesis of centrilobular 

fibrosis has been postulated to be distinct from that of NSIP (11). A list of the top 200 genes 

with higher expression in SSc patients with NSIP than in healthy controls is available online 

at http://www.bu.edu/cort/supplementarytables/.

Prospective cohort of patients with SSc-related ILD

Two of the most important questions facing clinicians treating SSc-related ILD are whether 

lung disease is active and whether the patient’s clinical disease is likely to progress or 

remain stable. Therefore, we evaluated the association of gene biomarkers with changes in 

the FibMax values, the sum of all fibrosis scores in the 6 lung zones (see Patients and 

Methods). The change in the FibMax value (the followup FibMax minus the baseline 

FibMax) for each patient, when available, was correlated with the same patient’s lung gene 

expression profile. A similar analysis was performed with changes in the FVC for each 

patient (change in % predicted FVC).

Correlation of lung gene expression with change in FibMax

Genes with an FDR of <0.05 (18) (13,732 genes in total) were further analyzed using 

Pearson’s correlation, comparing lung gene expression from the microarray data with the 

corresponding change in Fib-Max for each SSc patient with NSIP. We preselected genes 

with at least 2-fold greater induction in SSc patients with NSIP than in healthy controls, both 

to focus the analysis on genes showing relatively large changes in expression and to 

minimize the chance of false-positive or nonspecific results. A list of the 100 genes with the 

highest positive correlation between expression and change in FibMax in SSc patients with 

NSIP is available online at http://www.bu.edu/cort/supplementarytables/.
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Strong correlation between clusters of genes and progression of SSc with NSIP based on 
change in FibMax

To better explore the several pathways relevant to the progression of SSc with NSIP, the 

same genes with an FDR of <0.05 (18) that showed greater expression in SSc patients with 

NSIP than in healthy controls and whose expression had a Pearson’s correlation coefficient 

of >0.4 with the change in FibMax (1,859 genes), were further selected and clustered using 

complete linkage, hierarchical, supervised clustering, grouping healthy subjects and SSc 

patients with NSIP. This analysis showed 3 main clusters that distinguished the 2 groups. 

These were classified as collagen, IFN, and macrophage clusters.

Collagen signature

Several collagen genes clustered together (Figure 2A). Microarray results were confirmed 

by qPCR in a larger group of SSc patients with NSIP (n = 25) overexpressing COL1A1 

compared to healthy controls (n = 4) (Figure 2C). Figure 2F shows a positive linear 

correlation (r2 = 0.39, P < 0.01) between COL1A1 mRNA expression by qPCR and the 

change in FibMax.

IFN signature

An IFN gene signature has already been shown in the skin and blood of SSc patients 

(8,9,19). Surprisingly, in our cohort, many IFN-regulated genes correlated strongly with the 

change in FibMax and clustered together (Figure 2B). The genes found in this cluster 

include many well-known IFN-regulated genes: IFI44, OAS2 (2′,5′-oligoadenylate 

synthetase 2, 69/71 kd), MX1 (myxovirus [influenza virus] resistance 1, IFN-inducible 

protein p78 [mouse]), and OAS1. The IFN-regulated genes IFI44 and OAS1 were further 

confirmed by qPCR in a larger group of patients (Figures 2D and E). The genes IFI44 (r2 = 

0.44, P < 0.01) and OAS1 (r2 = 0.36, P < 0.01) correlated positively with the change in 

FibMax (Figures 2G and H).

IFI-44 protein is highly expressed in SSc patients with NSIP

We confirmed robust expression of IFI-44 protein in SSc patients with NSIP (Figures 2J and 

K) compared to healthy controls (Figure 2I). Lung samples from 5 SSc patients with NSIP 

and 4 healthy controls were analyzed and scored from 0 (no staining) to 3+ (bright and/or 

diffuse). Samples from SSc patients with NSIP had stronger IFI-44 staining than did those 

from healthy controls (mean ± SD 2.66 ± 0.57 versus 0.66 ± 0.57; P = 0.04). An isotype 

control for IFI-44 staining confirmed specificity (data not shown).

Activated macrophages

Several alternatively activated macrophage markers correlated strongly with the progression 

of SSc with NSIP and were highly upregulated (further data available online at http://

www.bu.edu/cort/supplementarytables/). Most of these genes clustered together, including 

CD86, CD163, MS4A4A, CCR1 (chemokine [C-C motif] receptor 1; the main receptor for 

macrophage chemoattractive chemokines), and the chemokine CCL18 (Figure 3A), which is 

mainly expressed by macrophages (20). Two genes associated with alternatively activated 

macrophages were further confirmed by qPCR in a larger group of patient lung biopsy 
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samples. CD163 (Figure 3B) and CCL18 (Figure 3C) were highly up-regulated in SSc 

patients with NSIP compared to healthy controls. A positive linear correlation with the 

change in FibMax was observed for CD163 (r2 = 0.24, P = 0.03) and CCL18 (r2 = 0.20, P = 

0.05) (Figures 3D and E).

Strong up-regulation of protein expression of the activated macrophage marker–regulated 
gene CCL18 in SSc patients with NSIP

We confirmed robust protein expression of CCL18 in SSc patients with NSIP (Figures 3H–

J) compared to healthy controls (Figures 3F and G). Bronchiolar cells (Figures 3H and I), 

fibroblast-like cells within the interstitium (Figure 3I), and immune cells (Figure 3I) were 

strongly positive for CCL18 in SSc patients with NSIP. Lung samples from 5 SSc patients 

with NSIP and 4 healthy controls were analyzed and scored from 0 (no staining) to 3+ 

(bright and/or diffuse). Samples from SSc patients with NSIP showed stronger CCL18 

staining than those from healthy controls (mean ± SD 2.25 ± 0.88 versus 1.12 ± 0.25; P = 

0.01). An isotype control for CCL18 was used to confirm specificity (data not shown).

Correlation of lung gene expression with change in % predicted FVC

We also examined the correlation between the change in % predicted FVC (the followup % 

predicted FVC minus the baseline % predicted FVC) of each patient, when available, with 

the same patient’s lung gene expression profile. We analyzed genes with an FDR of <0.05 

(18) with at least a 2-fold greater induction in SSc patients with NSIP than in healthy 

controls. A list of the top 50 highly expressed genes correlating negatively with change in % 

predicted FVC (r < −0.1) in SSc patients with NSIP is available online at http://

www.bu.edu/cort/supplementarytables/. Compared to the numbers of genes whose 

expression correlated strongly with the change in FibMax, the expression of relatively few 

genes had a strong negative correlation (r < −0.4) with change in % predicted FVC. 

Relatively small changes in % predicted FVC were detected during the study period in these 

patients, technically limiting the ability to detect statistically significant correlations. The 

expression of several genes correlated inversely, although not strongly, with the change in % 

predicted FVC (further data available online at http://www.bu.edu/cort/

supplementarytables/).

Correlation of common gene expression with progression of SSc with NSIP

A gene signature that correlates with both a loss of lung function and progression of fibrosis 

on HRCT would likely best represent the degree of lung injury. We found several genes 

from the microarray analyses that correlated with both the change in FibMax (Pearson’s r > 

0.4) and the change in % predicted FVC (Pearson’s r < −0.1) (Table 2). IFN and 

macrophage markers, chemokines, interleukins, and heat-shock proteins were among this 

group of genes (Table 2).

Highly expressed genes in SSc with NSIP not correlated with progression

In the lungs, several genes were highly up-regulated in SSc patients with NSIP compared to 

healthy controls (further data available online at http://www.bu.edu/cort/

supplementarytables/). These included COL17A1 (collagen type XVII, α1), which had a 
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mean fold increase of 9.79 but whose expression showed no correlation with the change in 

FibMax (r = −0.15, P > 0.05). MMP7 (matrix metallo-peptidase 7) was highly up-regulated 

in SSc patients with NSIP compared to controls (mean fold increase 6.9), although its 

expression was not correlated with the change in FibMax (r = 0.01, P > 0.05). In addition, 

COMP, a TGFβ-regulated gene highly expressed in SSc skin (21), was also up-regulated in 

the lungs (mean fold increase 4.72); however, its expression did not show a significant 

correlation with progressive lung disease as measured by the change in FibMax (r = −0.06, 

P > 0.05).

DISCUSSION

Our unique cohort of SSc patients with NSIP who had lung gene expression in an early 

fibrotic stage along with prospective clinical parameters revealed 3 main pathways 

associated with progressive lung disease: macrophage activation, IFN-regulated gene 

expression, and profibrotic/TGFβ-regulated gene expression. Since the lung tissues analyzed 

here were not from SSc patients with end-stage lung disease and the samples were obtained 

avoiding macroscopic honeycombing sections (11), they provide valuable information 

regarding the molecular mechanisms involved in progressive SSc pulmonary fibrosis, which 

is well known to be strongly related to mortality (1-3).

ILD is still the main cause of mortality in SSc, with ~42% of patients with SSc-related ILD 

dying of progressive lung disease within 10 years of diagnosis (22). Cyclophosphamide 

therapy for SSc-related ILD, while showing some efficacy in 2 prospective randomized 

clinical trials, provides only modest benefit, highlighting the need for better therapies based 

on improved understanding of pathogenesis (23,24). In addition, it is currently difficult to 

distinguish patients with SSc-related ILD whose disease will progress from those with 

slowly progressive or stable disease. Our unique cohort of SSc patients with NSIP, despite 

its small numbers, enabled us to identify 3 main pathways strongly involved in the advance 

of lung fibrosis. Moreover, our findings strongly implicate innate immune activation in this 

process, which is consistent with the already described IFN signature and alternatively 

activated macrophage markers in the blood and skin of SSc patients that strikingly 

distinguish them from healthy controls (8,9,19,20).

Macrophage markers showed increased expression and correlated strongly with progressive 

lung fibrosis in SSc patients with NSIP. CCL18 was also up-regulated in the lungs of SSc 

patients with NSIP, and expression correlated with worsening of lung disease. Alternatively 

activated macrophages are known to release CCL18, which attracts immune cells including 

monocytes (25) and was also shown to directly stimulate collagen production in fibroblasts 

(26,27). Previous studies have shown that serum CCL18 levels predict the progression of 

idiopathic pulmonary fibrosis (28), and they have been suggested as a biomarker for SSc 

patients at high risk of progressive SSc-related ILD (29). Other studies have implicated 

macrophages indirectly in the development and progression of SSc-related ILD. Gene 

expression profiles of bronchoalveolar lavage fluid from patients with SSc-related ILD 

showed increased expression of chemokines and their receptors, which is consistent with 

activation of alveolar macrophages (30). These activated macrophages have been shown to 

spontaneously produce elevated levels of chemokines and increased expression of CD206 
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(macrophage mannose receptor 1), an alternatively activated macrophage marker, in several 

fibrotic lung diseases including SSc-related ILD (31). In addition, monocytes from the blood 

of patients with SSc-related ILD display a fibrogenic phenotype characterized by expression 

of CD163, another alternatively activated macrophage marker, and by enhanced secretion of 

CCL18 and interleukin-10 in response to proinflammatory activation (32). Taken together, 

consistent with previous findings, our data show that alternatively activated macrophages 

are heavily recruited to the lungs of patients with SSc-related ILD and that the monocyte 

chemoattractant CCL18 is highly up-regulated in these lungs, strongly implicating 

alternatively activated macrophages and CCL18 directly in progressive SSc-related ILD.

In SSc patients with NSIP, we also observed high levels of IFN-regulated genes that 

correlated with progressive lung fibrosis, suggesting a pathogenic role of IFN. Other studies 

have implicated type I IFNs indirectly in SSc-related ILD, showing that sera containing 

anti–topoisomerase I antibody, which is known to be associated with dcSSc and with ILD 

(33), induce IFNα in cultures of human PBMCs (34). More importantly, IFN-inducing 

activity was observed more frequently in SSc patients with ILD (34). Plasmacytoid dendritic 

cells were the cells responsible for this high IFNα production in SSc patients with ILD (35), 

and high levels of IFNα, associated with high expression of CCL2, were associated with the 

presence of lung fibrosis (35). Despite several in vitro studies showing that IFNα reduces 

the expression of TGFβ and procollagen type I mRNA in fibrosis and that IFNα also inhibits 

macrophage TGFβ mRNA expression (36,37), low-dose IFNα has been shown to have a 

profibrotic effect in the intratracheal bleomycin lung fibrosis model (38,39). Overall, our 

findings in lung tissue from SSc patients with NSIP are consistent with an important role of 

IFN in the progression of fibrotic lung involvement in SSc. Based on the paradoxical effect 

of IFN reported in the literature, we speculate that type I IFN may have a complex effect on 

lung fibrosis but could be involved in macrophage activation and in other profibrotic 

pathways.

Collagens compose a third cluster of genes showing increased expression in progressive SSc 

with NSIP. This finding was not surprising, since it is well described that collagens, mainly 

type I collagen, are highly induced in several types of fibrosis, including lung fibrosis (40). 

Increased collagen might have 2 possible explanations. It might reflect just a relatively late 

and irreversible final phase of organ fibrosis, or it might reflect an event crucial to 

progressive lung disease. Since we observed that high levels of type I collagen correlated 

positively with worsening of the HRCT score, it appears that collagen expression is a marker 

of progressive lung disease. More importantly, both macrophage and collagen signatures 

might reinforce a novel paradigm suggested in lung fibrosis, where collagen-producing 

leukocytes, mainly cells expressing monocyte/macrophage markers, mediate fibrosis 

(41,42). In addition, using a specific TGFβ1-transgenic mouse model (41) and the 

adenoviral TGFβ lung fibrosis model (43), macrophage deletion has been found to have 

remarkable effects on collagen deposition, fibrosis score, and myofibroblast hyperplasia. 

Taken together, these signatures might represent a common event, the activation of 

macrophages that ultimately develop a profibrotic phenotype.

The only other study examining gene expression in fibrotic lungs of SSc patients showed a 

distinct lung gene signature in patients compared to healthy controls (10), with most of the 
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top 20 highly expressed genes, such as collagens, metalloproteinases, and growth factors, 

involved in extracellular matrix deposition. Our results also showed similar strong up-

regulation of several collagens, MMP7, osteopontin (SPP1), and growth factors. This 

profibrotic signature in fibrotic lungs is well described, indicating an active tissue 

remodeling program (44). On the other hand, we observed strong expression of several 

genes involved in immune activation, with a spectrum that includes interleukins, 

chemokines, macrophage markers, and IFN-regulated genes, suggesting that immune 

activation could represent an earlier process that is not as easily detectable in the later stages 

of SSc lung fibrosis (10).

Baseline gas transfer (DLCO) and FVC levels have traditionally been used as measures of 

disease severity, and reduction of both parameters has been associated with increased 

mortality in SSc-related ILD (45). However, the wide range of normal PFT values (80–

120% of predicted) is a major constraint. Therefore, it has been shown more recently that the 

extent of fibrosis appears to be the most important prognostic variable for SSc-related ILD 

(46). More importantly, changes in the visual fibrosis score of pulmonary fibrosis alone 

were shown to be predictive of the therapeutic response to cyclophosphamide (17,23) and 

correlated with physiologic lung measures (FVC and total lung capacity) as well as with 

improvement in dyspnea and skin thickness (17). The lung fibrosis score used in our cohort 

was adapted from Goldin et al (17). The HRCT images available from our SSc patients with 

NSIP were complete and accurately showed all 3 defined zones; therefore, the sum of all 3 

scores (ground-glass opacities, fibrosis, and honeycomb cysts) from both lungs was used 

and correlated with gene expression. With this approach, we took into account the entire 

spectrum of lung damage, as there is still uncertainty regarding the structural basis of 

ground-glass opacities, which along with pulmonary fibrosis, are the most common CT 

findings in symptomatic SSc patients (17).

In conclusion, our results provide rare insight into gene expression in patients with SSc-

related ILD before the end stage and highlight the several most prominent pathogenic 

pathways associated with progressive pulmonary fibrosis in SSc-related ILD: macrophage 

emigration and activation, and up-regulated expression of TGF- and IFN-regulated genes. 

Taken together, our findings further support the notion that blocking one or more of these 

pathways may provide the best approach to treating this life-threatening complication.
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Figure 1. 
A, Timeline of the study (see Patients and Methods). B, Heatmap showing the expression of 

genes clustered using complete linkage, hierarchical, unsupervised clustering. Expression 

values above the mean for each gene are indicated in red; those below the mean are 

indicated in green. The major dendrogram bifurcation places samples from all 4 healthy 

controls (represented by dark blue) onto the branch at the left along with 2 samples (from 

the middle and lower lobes) from 1 systemic sclerosis (SSc) patient with nonspecific 

interstitial pneumonia (NSIP) (represented by purple) (*). The right branch, including only 

samples from patients with SSc-related interstitial lung disease (ILD), bifurcates further into 

a middle sub-branch, which includes biopsy samples from both middle and lower lobes from 

2 SSc patients with NSIP (represented by pink and light blue [**]) as well as single-lobe 
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biopsy samples from 2 SSc patients with NSIP (represented by green [lower lobe] and 

orange [middle lobe]). In contrast, the sub-branch at the far right includes 3 of 6 samples 

from patients classified as having SSc with centrilobular fibrosis (1 sample represented by 

light green and 2 samples represented by red, where the patient represented by red had 

samples from both middle and lower lobes clustered together [***]). The other 3 samples on 

this branch (represented by black, green, and orange) were obtained from the lower lobes of 

SSc patients with NSIP. HRCT = high-resolution computed tomography; PFTs = pulmonary 

function tests; FibMax = sum of all scores in 6 lung zones; FVC = forced vital capacity.
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Figure 2. 
Collagen and interferon (IFN) gene clusters highly expressed in SSc patients with NSIP. A 
and B, Heatmaps showing the expression of genes clustered using complete linkage, 

hierarchical, supervised clustering. Names of genes and Pearson correlation coefficients (r) 

are shown at the right of the collagen (A) and IFN (B) clusters. C–E, Messenger RNA 

expression of COL1A1 (C), IFI44 (D), and OAS1 (E) in samples obtained from lungs of 

healthy controls (HC) (n = 4) and SSc patients with NSIP (n = 25) using a larger population. 

Data are expressed as the fold change normalized to mRNA expression in a single sample 

from a healthy control. Symbols represent individual samples. Bars show the mean ± SD. F–
H, Linear regression analysis of the relationship between the change in FibMax and lung 
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mRNA expression of COL1A1 (r2 = 0.39, P = 0.005) (F), IFI44 (r2 = 0.36, P = 0.009) (G), 

and OAS1 (r2 = 0.44, P = 0.007) (H). I, Cells staining positive for IFI44 (brown) in a 

healthy control lung. J and K, Strong staining for IFI44 (brown) within the interstitium and 

peribronchiolar areas of the lung of an SSc patient with NSIP. See Figure 1 for other 

definitions.
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Figure 3. 
Macrophage gene cluster highly expressed in SSc patients with NSIP. A, Heatmap showing 

the expression of genes clustered using complete linkage, hierarchical, supervised clustering. 

Names of selected genes and Pearson correlation coefficients (r) are shown at the right. Blue 

brackets represent the position of genes described at right. B and C, Messenger RNA 

expression of CD163 (B) and CCL18 (C) in samples obtained from lungs of healthy controls 

(HC) (n = 4) and SSc patients with NSIP (n = 25) in a larger population. Data are expressed 

as the fold change normalized to mRNA expression in a single sample from a healthy 

control. Symbols represent individual samples. Bars show the mean ± SD. D and E, Linear 

regression analysis of the relationship between the change in FibMax and lung mRNA 

expression of CD163 (r2 = 0.24, P = 0.03) (D) and CCL18 (r2 = 0.20, P = 0.05) (E). F and 
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G, Few cells staining positive for CCL18 (brown) in a healthy control lung. H–J, Cells 

staining positive for CCL18 (brown) within the interstitium and peribronchiolar areas of the 

lung of an SSc patient with NSIP. See Figure 1 for other definitions.
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Table 2

Common genes correlated with both change in FibMax and change in % predicted FVC*

Gene symbol Gene name
r with change in 

FibMax
r with change in % 

predicted FVC

OAS1 2′,5′-oligoadenylate synthetase 1, 40/46 kd 0.77 −0.13

AOX1 Aldehyde oxidase 1 0.58 −0.39

CD163 CD163 molecule 0.85 −0.20

CCL18 Chemokine (C-C motif) ligand 18 (pulmonary- and activation-regulated) 0.60 −0.14

CFI Complement factor I 0.69 −0.14

FAM20B Family with sequence similarity 20, member B 0.73 −0.12

HSP90B1 Heat-shock protein 90 kd β (Grp94), member 1 0.61 −0.22

HIST1H2AC Histone cluster 1, H2ac 0.89 −0.29

IL18 Interleukin 18 (interferon-γ–inducing factor) 0.56 −0.32

IDH1 Isocitrate dehydrogenase 1 (NADP+), soluble 0.74 −0.53

MS4A4A Membrane-spanning 4-domains, subfamily A, member 4A 0.75 −0.24

NCK1 NCK adaptor protein 1 0.72 −0.28

PTPRO Protein tyrosine phosphatase, receptor type, O 0.77 −0.16

RETN Resistin 0.62 −0.22

RARRES1 Retinoic acid receptor responder (tazarotene induced) 1 0.84 −0.26

*
See Table 1 for definitions.
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