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Abstract: Sarcoid-like granulomatous diseases (SGD) have been previously identified in cohorts
of World Trade Center (WTC) dust-exposed individuals. In the present studies, we analyzed lung
and/or lymph node biopsies from patients referred to our clinic with suspected WTC dust-induced
lung disease to evaluate potential pathophysiologic mechanisms. Histologic sections of lung and/or
lymph node samples were analyzed for markers of injury, oxidative stress, inflammation, fibrosis,
and epigenetic modifications. Out of seven patients examined, we diagnosed four with SGD
and two with pulmonary fibrosis; one was diagnosed later with SGD at another medical facility.
Patients with SGD were predominantly white, obese men, who were less than 50 years old and
never smoked. Cytochrome b5, cytokeratin 17, heme oxygenase-1, lipocalin-2, inducible nitric
oxide synthase, cyclooxygenase 2, tumor necrosis factor α, ADP-ribosylation factor-like GTPase 11,
mannose receptor-1, galectin-3, transforming growth factor β, histone-3 and methylated histone-3
were identified in lung and lymph nodes at varying levels in all samples examined. Three of the
biopsy samples with granulomas displayed peri-granulomatous fibrosis. These findings are important
and suggest the potential of WTC dust-induced fibrotic sarcoid. It is likely that patient demographics
and/or genetic factors influence the response to WTC dust injury and that these contribute to different
pathological outcomes.

Keywords: WTC; fibrotic sarcoid; injury; inflammation; fibrosis

1. Introduction

Following the collapse of the World Trade Center (WTC) towers on 11 September, 2001,
toxic dust was suspended in the air of lower Manhattan and Brooklyn. Over time, rescue and
recovery workers exposed to WTC dust developed various respiratory diseases involving both
the airways (asthma-like airway hyper-reactivity, bronchiolitis), and less commonly, the lung
parenchyma (eosinophilic pneumonia, fibrosis, sarcoid-like granulomatous disease) [1,2]. Most notable
is sarcoid-like granulomatous disease (SGD), which has been diagnosed at relatively high rates in
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cohorts of firefighters and rescue workers who have been followed since 2001 [3]. This condition
is distinct from frank sarcoidosis which is a diagnosis of exclusion, once other known causes of
granulomatous disease have been ruled out. It may be that WTC dust-induced SGD is a unique
pathology, with potential for specific therapeutic interventions.

Although WTC dust has been extensively characterized [4], little is known about the
pathophysiologic mechanisms underlying the development of SGD and other lung pathologies. Studies
in rodents have reported increased expression of genes associated with inflammation and oxidative
stress in the lung following WTC dust exposure [5,6]. However, in these studies, granulomatous
inflammation was not observed, making determination of the pathogenesis of WTC dust-induced SGD
in humans, problematic.

In this report, we describe the pathologic findings in seven patients exposed to WTC dust
who presented with ambiguous clinical pulmonary diagnoses. In all of the patients, we identified
markers of injury, oxidative stress, inflammation, and epigenetic changes in lung and/or lymph nodes.
Based on pathologic findings, five of the patients demonstrated evidence of SGD and three of these
had peri-granulomatous fibrosis. These findings are important as they suggest the possibility of
development of fibrosis in patients with WTC dust-induced SGD. This may lead to changes in clinical
outcomes and treatment strategies.

2. Methods

2.1. Patients

Investigators at the Environmental and Occupational Health Sciences Institute (EOHSI) of Rutgers
University are part of a New York/New Jersey consortium that has been following a cohort of rescue
and recovery workers exposed to dust and other materials at the WTC site. These individuals included
rescue, recovery, debris-cleanup, law enforcement, and related support service workers, and volunteers
in lower Manhattan (south of Canal St.), the Staten Island Landfill, and/or the barge loading piers,
who worked on-site for at least 4 h/day between 11 and 14 September, 2001, for at least 24 h during
September 2001, or for at least 80 h total time between September and December 2001 [7]. From among
approximately 2000 patients followed at EOHSI, 7 were referred for biopsy between 2007 and 2011,
if a final pulmonary diagnosis despite symptom review and full evaluation including pulmonary
function testing (PFT) and computerized tomography (CT) scan interpretation required tissue analysis.
Patient demographics were collected, including WTC dust exposure levels as described by Wisnivesky
et al. [2]. Lung and/or mediastinal lymph node specimens were obtained for both histopathologic
evaluation and immunohistochemical staining. All subjects gave informed consent for inclusion before
they participated in the study. The study was conducted in accord with the Declaration of Helsinki,
and the protocol was approved by the Ethics Committee of the Rutgers Institutional Review Board.

2.2. Pulmonary Function Testing (PFT)

PFTs were performed using NSpire Health pulmonary functioning testing devices (NSpire Health,
Longmont, CO, USA), that were calibrated in the Rutgers University Robert Wood Johnson Medical
School Pulmonary Function Laboratory. Test results were interpreted according to American Thoracic
Society guidelines and results collected for each patient [8].

2.3. CT Scans

Tidal breathing CT was performed from lung apex to lung base without the use of intravenous
contrast material. All results were interpreted by board-certified radiologists.

2.4. Sample Collection, Histology and Immunohistochemistry

We collected lung samples by transbronchial biopsy (TBB) from 3 patients, and by video-assisted
thoracoscopy (VATS) from 2 patients. Three patients had mediastinal lymph node biopsies obtained
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via mediastinoscopy (Med). Samples were fixed in 3% paraformaldehyde for 4 h and then transferred
to 50% ethanol. Histological sections (4 µm) were prepared and stained with hematoxylin and
eosin (H and E) or Masson’s trichrome stain. Tissues were analyzed by a board-certified pulmonary
pathologist (M. Deen) for the extent of inflammation, including macrophage and neutrophil localization,
alterations in alveolar epithelial barriers, fibrin deposition, edema, granuloma formation, and fibrosis.
Representative images were acquired at high resolution (magnification 60×) using an Olympus VS120
Virtual Microscopy System, scanned and viewed using OlyVIA version 2.6 software (Olympus Life
Sciences, Center Valley, PA, USA).

For immunohistochemistry, tissue sections were deparaffinized with xylene (4 min, ×2) followed
by decreasing concentrations of ethanol (100%–50%) and finally, water. After antigen retrieval using
citrate buffer (10.2 mM sodium citrate, 0.05% Tween 20, pH 6.0) and quenching of endogenous
peroxidase with 3% H2O2 for 10–30 min, sections were incubated for 1–4 h at room temperature
with 5–100% goat serum to block nonspecific binding. This was followed by overnight incubation
at 4 ◦C with rabbit IgG or rabbit polyclonal anti-cytochrome b5 (1:250, Abcam, Cambridge, MA,
USA), anti-cytokeratin 17 (1:1000, Abcam), anti-heme oxygenase (HO)-1 (1:650, Enzo Life Sciences,
Farmingdale, NY, USA), anti-lipocalin (Lcn)-2 (1:250, Abcam), anti-inducible nitric oxide synthase
(iNOS) (1:500, Abcam), anti-cyclooxygenase (COX)-2 (1:100, Abcam), anti-tumor necrosis factor
(TNF)α (1:50, Abcam), anti-ADP-ribosylation factor-like GTPase (ARL)11 (1:100, Bioss Antibodies,
Woburn, MA, USA), anti-mannose receptor (MR)-1 (1:500, Abcam), anti-galectin (Gal)-3 (1:400,
R&D Systems, Minneapolis, MN, USA), anti-transforming growth factor (TGF)β (1:50, Abcam),
anti-histone H3 (1:50, Cell Signaling, Danvers, MA, USA), or anti-mono-methyl histone H3K4 (1:100,
Cell Signaling) antibodies. Sections were then incubated with biotinylated secondary antibody (Vector
Labs, Burlingame, CA, USA) for 30 min at room temperature. Binding was visualized using a DAB
(3,3’ diaminobenzidine) peroxidase substrate kit (Vector Labs). Sections of lung and/or lymph nodes
from all 7 subjects were analyzed for each antibody.

3. Results

3.1. Patient Demographics and Diagnoses

Patient demographics are presented in Table 1. The patients were predominantly male (100%),
white (non-Hispanic; 100%), and former smokers (57%). Based on pathological findings (see below),
patients were divided into two groups; those with SGD (n = 5) and those with other pathology
(n = 2). Of the patients with SGD, 100% were white males, overweight or obese (BMI = 25–29 (20%);
BMI ≥ 30 (80%)), 80% were <50 years old (mean age 43.5), and 60% never smoked (Table 1). Four of
the five patients with SGD had an intermediate WTC dust exposure level, and one had a high level of
exposure [2]. The two non-SGD patients had high WTC dust exposure levels (Table 1). The clinical,
radiographic and pathologic characteristics of patients undergoing biopsy are presented in Table 2.
The reasons for biopsy in patients with SGD (patients #1–5) were mediastinal/hilar adenopathy and
pulmonary nodules (Table 2). Other patients displayed a mix of lymphadenopathy, fibrosis, nodules,
and emphysema. Of patients with SGD, patients #1 and #2 had normal pulmonary function, while
patients #3 and #4 displayed restrictive physiology and patient #5 had mixed obstruction and restriction
(Table 3). The two patients without SGD (#6 and #7) had restrictive physiology (Table 3).

3.2. Pathological Results

Biopsy samples from three of the seven patients (patients #1, #3 and #4) showed well-formed
non-caseating granulomas in lymph nodes suggesting SGD; patient #2 exhibited scant, poorly formed
granuloma in the lung (Table 2 and Figure 1). In two of the patients (#3 and #4), only lymph nodes
were biopsied; in one patient (#2), only lung parenchyma was biopsied. In patient #1, both lymph
nodes and lung were biopsied, and both tissue types exhibited non-caseating granulomas (Figure 1).
Masson’s trichrome staining of tissues revealed the presence of well-formed granulomas and evidence
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of peri-granulomatous fibrosis in lymph nodes of patients #1, #3 and #4 (Figure 2). Of the other three
patients without granulomatous changes (#5–#7), pathological diagnoses in the lung included mild
fibrosis, bronchial inflammation and acute and chronic lung injury (Table 2 and Figure 1). Patient #5
was diagnosed later with SGD at another medical facility after obtaining additional tissue via VATS.

Table 1. Demographic characteristics of patients undergoing biopsy.

Characteristics Total Number (%) SGD Number (%) Other Diseases Number (%)

Gender
Male 7 (100) 5 (100) 2 (100)

Female 0 (0) 0 (0) 0 (100)

Age
<50 4 (57) 4 (80) (0)

50–59 1 (14) 1 (20) 0 (0)
60–69 2 (29) 0 (0) 2 (100)

Race/Ethnicity
White (non-Hispanic) 7 (100) 5 (100) 2 (100)
Black (non-Hispanic) 0 (0) 0 (0) 0 (0)

Hispanic 0 (0) 0 (0) 0 (0)
Smoking Status

Current 0 (0) 0 (0) 0 (0)
Past 4 (57) 2 (40) 2 (100)

Never 3 (43) 3 (60) 0 (0)

BMI (kg/m2)
< 25 0 (0) 0 (0) 0 (0)

25–29 3 (43) 1 (20) 2 (100)
30–39 4 (57) 4 (80) 0 (0)

WTC Exposure Category [2]
Very High 0 (0) 0 (0) 0 (0)

High 3 (43) 1 (20) 2 (100)
Intermediate 4 (57) 4 (80) 0 (0)

Low 0 (0) 0 (0) 0 (0)

Abbreviations: SGD, sarcoid-like granulomatous disease; BMI, body mass index; WTC, World Trade Center.
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Table 2. Clinical, radiographic and pathologic presentation of patients.

PT# Reason for Referral CT Impression Biopsy Lung Pathology Lymph Node Pathology Diagnosis

1 Lung nodules,
mediastinal LAD

Mediastinal LAD, ground glass,
sub-centimeter peripheral
nodules, very mild fibrotic

changes

VATS and Med

Bilateral upper lobe:
Non-caseating

granulomas with
surrounding fibrosis

Non-caseating
granulomas with

surrounding fibrosis
SGD

2 Chronic cough and
dyspnea Multiple nodules VATS

Right upper and lower
lobe: Scant, poorly

formed granulomas
NC SGD

3
Hilar and mediastinal

LAD and chronic
bronchitis

Hilar and mediastinal LAD,
apical pleural thickening Med NC

Non-caseating
granulomas with

surrounding fibrosis
SGD

4 Hilar LAD Mediastinal and hilar LAD with
bilateral pleural-based nodules Med NC

Non-caseating
granuloma with

surrounding fibrosis
SGD

5 Dyspnea and fatigue Pulmonary nodules with
mediastinal LAD TBB

Right lower lobe: Focal
areas of lung injury.

(proteinaceous exudate
with fibrin deposit)

NC SGD (Diagnosed later at
another medical facility)

6 Cough, dyspnea

Punctate calcified granulomas
in lower lobes, bronchiectasis,

mild intralobular septal
thickening, scattered ground

glass, mediastinal LAD

TBB Left lower lobe: Focal
interstitial fibrosis NC

Pulmonary fibrosis and
adenocarcinoma of the

lung

7 Cough, dyspnea
Centrilobular emphysema,

interstitial fibrosis. No
adenopathy

TBB Right upper lobe
Unremarkable. NC Pulmonary fibrosis

Abbreviations: PT#, patient number; CT, computerized tomography; LAD, lymphadenopathy; VATS, video-assisted thoracoscopy; Med, mediastinoscopy; TBB, trans-bronchial biopsy;
SGD, sarcoid-like granulomatous disease; NC, sample not collected.
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Table 3. Pulmonary function test findings in patients undergoing biopsy.

PT# Spirometry Lung Volumes DLCO (%) Impression
FEV1 (%) FVC (%) FEV1/FVC (%) VC (%) TLC (%)

1 98 100 97 98 93 103 WNL
2 100 104 96 103 109 104 WNL
3 88 84 104 81 82 85 Mild RTLD
4 98 94 104 83 73 69 Mild RILD
5 42 58 72 51 62 69 Severe Mixed OLD & RILD
6 98 87 112 80 78 57 Mild RILD
7 80 77 104 80 77 86 Mild RTLD

Abbreviations: PT#: patient number; FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity; VC: vital
capacity; TLC: total lung capacity; DLCO: diffusing capacity for carbon monoxide; WNL: within normal limits;
RTLD: restrictive thoracic lung disease; RILD: restrictive interstitial lung disease; OLD: obstructive lung disease.
Bolded values were below normal confidence intervals.
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Figure 1. Histology of lung and lymph nodes. Biopsies of lung (top and middle panels) and lymph 
nodes (bottom panels), collected from World Trade Center (WTC) rescue and recovery workers, were 
sectioned and stained with Hematoxylin and Eosin (H&E). Inset, patient number. Magnification, 20×; 
arrows, alveolar macrophages; arrowheads, lymphocytes. 

Figure 1. Histology of lung and lymph nodes. Biopsies of lung (top and middle panels) and lymph
nodes (bottom panels), collected from World Trade Center (WTC) rescue and recovery workers, were
sectioned and stained with Hematoxylin and Eosin (H&E). Inset, patient number. Magnification, 20×;
arrows, alveolar macrophages; arrowheads, lymphocytes.
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Figure 2. Trichrome staining of lung and lymph nodes. Biopsies of lung (top panel) and lymph nodes 
(bottom panels), collected from WTC rescue and recovery workers were sectioned and stained with 
Masson’s trichrome. Inset, patient number; NC, tissue not collected. Magnification, 13.2×. 

3.3. Expression of Markers of Injury, Oxidative Stress, Inflammation, Fibrosis, and Epigenetic Changes 

Analysis of tissue sections by immunohistochemistry revealed the presence of cytochrome b5 and 
cytokeratin 17, markers of injury in lung (patients #1, # 2, #5, #6 and #7) and lymph nodes (patients #1, 
#3 and #4) (Figure 3). Whereas cytochrome b5 expression was uniformly distributed throughout the 
lung, including alveolar macrophages and epithelial cells, cytokeratin 17 was more prominent in 
alveolar macrophages. However, the intensity of expression of both of these markers varied between 
patients. Markers of oxidative stress including HO-1 and Lcn-2 were upregulated in alveolar 
macrophages and lymph node biopsies from all patients (Figure 4). As observed with cytochrome b5 
and cytokeratin 17, the intensity of expression varied between patients. We also noted upregulation of 
the proinflammatory proteins iNOS, COX-2, TNFα, and ARL11 to varying degrees in alveolar 
macrophages and lymph nodes in all patient samples examined (Figures 5 and 6). Anti-
inflammatory/pro-fibrotic markers of macrophage activation, including MR-1, the galactoside-binding 
lectin, Gal-3, and TGFβ were also upregulated (Figures 7 and 8). Additionally, histone H3 and 
methylated (K4) histone H3K4, epigenetic markers of inflammation/fibrosis were identified in lung and 
lymph nodes with varying intensities in all patient samples examined (Figure 9). 

Figure 2. Trichrome staining of lung and lymph nodes. Biopsies of lung (top panel) and lymph nodes
(bottom panels), collected from WTC rescue and recovery workers were sectioned and stained with
Masson’s trichrome. Inset, patient number; NC, tissue not collected. Magnification, 13.2×.

3.3. Expression of Markers of Injury, Oxidative Stress, Inflammation, Fibrosis, and Epigenetic Changes

Analysis of tissue sections by immunohistochemistry revealed the presence of cytochrome b5 and
cytokeratin 17, markers of injury in lung (patients #1, # 2, #5, #6 and #7) and lymph nodes (patients #1, #3
and #4) (Figure 3). Whereas cytochrome b5 expression was uniformly distributed throughout the lung,
including alveolar macrophages and epithelial cells, cytokeratin 17 was more prominent in alveolar
macrophages. However, the intensity of expression of both of these markers varied between patients.
Markers of oxidative stress including HO-1 and Lcn-2 were upregulated in alveolar macrophages and
lymph node biopsies from all patients (Figure 4). As observed with cytochrome b5 and cytokeratin 17,
the intensity of expression varied between patients. We also noted upregulation of the proinflammatory
proteins iNOS, COX-2, TNFα, and ARL11 to varying degrees in alveolar macrophages and lymph
nodes in all patient samples examined (Figures 5 and 6). Anti-inflammatory/pro-fibrotic markers of
macrophage activation, including MR-1, the galactoside-binding lectin, Gal-3, and TGFβ were also
upregulated (Figures 7 and 8). Additionally, histone H3 and methylated (K4) histone H3K4, epigenetic
markers of inflammation/fibrosis were identified in lung and lymph nodes with varying intensities in
all patient samples examined (Figure 9).
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Figure 3. Cytochrome b5 and cytokeratin 17 expression in lung and/or lymph nodes collected from 
WTC rescue and recovery workers. Sections were immunostained with antibody to cytochrome b5 or 
cytokeratin 17. Binding was visualized using a 3,3’ diaminobenzidine (DAB) peroxidase substrate kit. 
One representative section from each patient is shown. Inset, patient number. Magnification, 60×; 
arrows, alveolar macrophages. 

Figure 3. Cytochrome b5 and cytokeratin 17 expression in lung and/or lymph nodes collected from
WTC rescue and recovery workers. Sections were immunostained with antibody to cytochrome b5
or cytokeratin 17. Binding was visualized using a 3,3’ diaminobenzidine (DAB) peroxidase substrate
kit. One representative section from each patient is shown. Inset, patient number. Magnification, 60×;
arrows, alveolar macrophages.
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Figure 4. Hemeoxygenase (HO)-1 and Lipocalin (Lcn)-2 expression in lung and/or lymph nodes 
collected from WTC rescue and recovery workers. Sections were immunostained with antibody to 
HO-1 or Lcn-2. Binding was visualized using a DAB peroxidase substrate kit. One representative 
section from each patient is shown. Inset, patient number. Magnification, 60×; arrows, alveolar 
macrophages. 

Figure 4. Hemeoxygenase (HO)-1 and Lipocalin (Lcn)-2 expression in lung and/or lymph nodes
collected from WTC rescue and recovery workers. Sections were immunostained with antibody to HO-1
or Lcn-2. Binding was visualized using a DAB peroxidase substrate kit. One representative section
from each patient is shown. Inset, patient number. Magnification, 60×; arrows, alveolar macrophages.
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Figure 5. Inducible nitric oxide synthase (iNOS) and Cyclooxygenase (COX)-2 expression in lung 
and/or lymph nodes collected from WTC rescue and recovery workers. Sections were immunostained 
with antibody to iNOS or COX-2. Binding was visualized using a DAB peroxidase substrate kit. One 
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Figure 5. Inducible nitric oxide synthase (iNOS) and Cyclooxygenase (COX)-2 expression in lung
and/or lymph nodes collected from WTC rescue and recovery workers. Sections were immunostained
with antibody to iNOS or COX-2. Binding was visualized using a DAB peroxidase substrate kit.
One representative section from each patient is shown. Inset, patient number. Magnification, 60×;
arrows, alveolar macrophages.
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Figure 6. Tumor necrosis factor (TNF)α and ADP-ribosylation factor-like GTPase (ARL)11 expression 
in lung and/or lymph nodes collected from WTC rescue and recovery workers. Sections were 
immunostained with antibody to TNFα or ARL11. Binding was visualized using a DAB peroxidase 
substrate kit. One representative section from each patient is shown. Inset, patient number; NA, tissue 
not available. Magnification, 60×; arrows, alveolar macrophages. 

Figure 6. Tumor necrosis factor (TNF)α and ADP-ribosylation factor-like GTPase (ARL)11 expression
in lung and/or lymph nodes collected from WTC rescue and recovery workers. Sections were
immunostained with antibody to TNFα or ARL11. Binding was visualized using a DAB peroxidase
substrate kit. One representative section from each patient is shown. Inset, patient number; NA, tissue
not available. Magnification, 60×; arrows, alveolar macrophages.
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Figure 7. Mannose receptor (MR)-1 and Galectin (Gal)-3 expression in lung and/or lymph nodes 
collected from WTC rescue and recovery workers. Sections were immunostained with antibody to 
MR-1 or Gal-3. Binding was visualized using a DAB peroxidase substrate kit. One representative 
section from each patient is shown. Inset, patient number. Magnification, 60×; arrows, alveolar 
macrophages. 

Figure 7. Mannose receptor (MR)-1 and Galectin (Gal)-3 expression in lung and/or lymph nodes
collected from WTC rescue and recovery workers. Sections were immunostained with antibody to
MR-1 or Gal-3. Binding was visualized using a DAB peroxidase substrate kit. One representative section
from each patient is shown. Inset, patient number. Magnification, 60×; arrows, alveolar macrophages.
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Figure 8. Transforming growth factor (TGF)β expression in lung and/or lymph nodes collected from 
WTC rescue and recovery workers. Sections were immunostained with antibody to TGFβ. Binding 
was visualized using a DAB peroxidase substrate kit. One representative section from each patient is 
shown. Inset, patient number; NA, tissue not available. Magnification, 60×; arrows, alveolar 
macrophages. 

Figure 8. Transforming growth factor (TGF)β expression in lung and/or lymph nodes collected from
WTC rescue and recovery workers. Sections were immunostained with antibody to TGFβ. Binding was
visualized using a DAB peroxidase substrate kit. One representative section from each patient is shown.
Inset, patient number; NA, tissue not available. Magnification, 60×; arrows, alveolar macrophages.
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Figure 9. Histone H3 and methylated (K4) histone H3K4 expression in lung and/or lymph nodes 
collected from WTC rescue and recovery workers. Sections were immunostained with antibody to H3 
or H3K4. Binding was visualized using a DAB peroxidase substrate kit. One representative section 
from each patient is shown. Inset, patient number; NA, tissue not available. Magnification, 60×; 
arrows, alveolar macrophages. 

4. Discussion  

The present studies report that five of the seven patients referred to our clinic for diagnostic 
evaluation exhibited SGD, as evidenced by non-caseating granulomas in lung and/or lymph nodes. 
SGD has previously been described among a subset of WTC rescue and recovery workers [9,10]. 
Mechanisms underlying the development of this disease remain unknown [11–15]. Non-caseating 

Figure 9. Histone H3 and methylated (K4) histone H3K4 expression in lung and/or lymph nodes
collected from WTC rescue and recovery workers. Sections were immunostained with antibody to H3
or H3K4. Binding was visualized using a DAB peroxidase substrate kit. One representative section
from each patient is shown. Inset, patient number; NA, tissue not available. Magnification, 60×;
arrows, alveolar macrophages.

4. Discussion

The present studies report that five of the seven patients referred to our clinic for diagnostic
evaluation exhibited SGD, as evidenced by non-caseating granulomas in lung and/or lymph nodes.
SGD has previously been described among a subset of WTC rescue and recovery workers [9,10].
Mechanisms underlying the development of this disease remain unknown [11–15]. Non-caseating
granuloma formation is a type of foreign body reaction which involves trapping of remnants of
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foreign materials that cannot be degraded and/or destroyed by macrophages [16]. The appearance
of non-caseating granulomas in WTC dust-exposed patients is in line with findings that WTC
dust contained organic and inorganic particles which have been implicated in the development
of granulomatous pulmonary disease [17].

Inflammation and oxidative stress are common responses to inhalation of particles and fibers
including silica and asbestos, components of WTC dust, and they are thought to be involved in
pulmonary disease pathogenesis [18–20]. As a first step in elucidating WTC dust-induced SGD
mechanisms, we analyzed the expression of markers of oxidative stress, inflammation, and injury
in lung and/or lymph nodes of WTC dust-exposed patients followed in our clinic. Lung and/or
lymph node samples from all patients examined stained positively for markers of pro-inflammatory
M1 macrophages including iNOS, COX-2, TNFα and ARL11 [21–23]. iNOS and COX-2 mediate
the production of reactive nitrogen species and proinflammatory eicosanoids, respectively. These
mediators are known to contribute to M1 macrophage activation and lung injury induced by diverse
toxicants, and they may play a similar role in the pathogenic response to WTC dust [21]. In this regard,
COX-2 has been reported to be upregulated by silica, a component of WTC dust, in rodents, cultured
fibroblasts, and in sarcoid granulomas [4,18,24–26]. ARL11 has recently been identified as a regulator
of proinflammatory macrophage activation and TNFα release [22,27]. TNFα has been implicated in
lung injury induced by silica [26], suggesting a potential mechanism of disease pathogenesis following
WTC dust exposure.

Previous studies showed that WTC dust induces oxidative stress [5,6]. Consistent with these
reports, tissue samples from all patients examined were found to stain positively for the oxidative
stress markers, HO-1 and Lcn-2. In addition to their anti-oxidant activity, these proteins promote
anti-inflammatory responses. Macrophage Lcn-2 has previously been shown to reduce granulomatous
inflammation in mycobacterial pulmonary infections [28]. Upregulation of HO-1 and Lcn-2 in
granulomas of WTC dust-exposed patients may reflect a compensatory attempt to limit inflammation
and granuloma progression. Increases in proinflammatory macrophage mediators and oxidative stress
were associated with lung damage as evidenced by upregulation of cytochrome b5 and cytokeratin 17
in macrophages and epithelial cells. Similar increases in these proteins have been reported in acute
lung injury induced by inhaled ozone and S. aureus enterotoxin [23,29,30].

The activity of proinflammatory/cytotoxic M1 macrophages is balanced by anti-inflammatory/
pro-fibrotic M2 macrophages, which downregulate inflammation and initiate wound repair. However,
when overactivated, M2 macrophages promote fibrosis [21]. Findings that macrophages in histologic
sections of WTC dust-exposed patients stained positively for MR-1 and Gal-3 suggest M2 macrophage
activation [31]. This is in accord with findings that Gal-3 promotes M2 polarization of macrophages
and contributes to lung fibrosis [32,33].

Coordinate with the presence of M2 macrophages, we found that tissue samples stained positively
for the pro-fibrotic protein TGF β. Of note, patients with well-formed granulomas (#1, #3 and #4)
also exhibited peri-granulomatous fibrosis, as evidenced by trichrome staining. Fibrotic sarcoidosis is
characterized pathologically as fibrotic destruction at sites of prior granulomatous inflammation [34].
The granulomas are thought to function as a nidus for the development of fibrosis that can encompass
larger areas of the respiratory tract, resulting in collagen deposition in broncho-vascular tracts and
interlobular septae, cystic distortion and honeycombing of the lung [35,36]. It remains to be determined
if peri-granulomatous fibrosis in our series is an early indicator of progressive fibrotic disease in patients
with WTC dust-induced SGD. The most recent follow up of a large WTC dust-exposed firefighter
cohort with SGD did not report clinical evidence of fibrotic disease [13]. Our pathological series
suggests that fibrosis may develop in these patients with time. This is important as the development
of fibrosis in sarcoidosis represents a significant change in the clinical course that is associated with
increased morbidity and mortality [34,35].

It is important to note that expression of inflammatory proteins was observed in all patients
exposed to WTC dust, regardless of the presence of granulomas. As we did not have controls to assess
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for comparison, a causal link has not been established. It is likely that specific patient demographics,
such as smoking, obesity, age, and/or genetic/epigenetic factors influence the immune response to
WTC dust injury, contributing to different pathological outcomes. In this regard, our patients with
SGD were predominantly non-smokers, obese and <50 years of age at diagnosis. This is similar to
the demographic profile of larger cohorts of New York City firefighters and first responders exposed
to WTC dust [3,13]. Evidence suggests that sarcoidosis is more likely to develop in young, obese,
non-smokers [37,38]. These factors are known to affect the adaptive immune response by inducing
T-cell differentiation towards a Th1 phenotype [39–42]. This may contribute to the development of
WTC dust-induced SGD. Lung and lymph node biopsies in our cohort, also stained positively for
histone H3 and H3K4, suggesting the possibility that epigenetic factors may also contribute to SGD.

All five patients with SGD had intermediate/high exposure to WTC dust. Previous studies
demonstrated a strong correlation between WTC dust exposure levels and the development of
lung disease with very high exposure levels causing the most disease [2]. Our studies suggest that
intermediate levels of WTC dust exposure may be a sufficient risk factor for developing SGD with
fibrosis. It is also possible that heterogeneity in WTC dust, such as composition (silica, metal) and
particle size, affect the pathologic response [36]. These possibilities require further investigation.

Limitations

In this case series studies, we are limited in any inferences we can make about associations, since
our sample size was small and non-random, and we did not have case-matched controls.

5. Conclusions

In summary, our studies demonstrate the presence of SGD in five of seven patients exposed to
intermediate/high levels of WTC dust. Lung and/or lymph nodes exhibited signs of oxidative stress,
inflammation, tissue damage, and fibrosis. This was associated with upregulation of proinflammatory
and pro-fibrotic markers and epigenetic alterations. Our observations of peri-granulomatous fibrosis
in some of the patients with SGD are novel. Further studies are required to elucidate the precise
mechanisms underlying this pathology in subsets of WTC dust-exposed patients.
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