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ABSTRACT  

Question of the study: Pulmonary sarcoid granulomas are characterized by their elective 

distribution along collecting lymphatics. However, relationships between granulomas and 

intralobular lymphatics or blood microvascularization have not been investigated. Therefore, 

we undertook a specific analysis of blood capillaries and lymphatics supplying sarcoid 

granulomas to identify additional clues to understanding the pathophysiogenesis of these 

lesions. 

Materials and Methods: Six pulmonary samples were immunolabeled with D2-40, anti-

CD34 and anti-CD31 antibodies, paying particular attention to the relationships between 

lymphatics and granulomas, and the pattern of blood microvessels supplying sarcoid lesions. 

A morphometric study of granulomas included their distance to lymphatics, and a 3D-

reconstruction of a granuloma in its lymphatic context.  

Results: Intralobular granulomas were closely associated with lymphatics; apart from a few 

granulomas, blood capillaries stopped at the outer border of the fibrous ring surrounding 

granulomas, and perigranuloma capillaries were particularly scarce.  

Answer to the question: Our observations of the lymphatic and blood microvascular 

environment of intralobular pulmonary sarcoid granulomas provide evidence for the critical 

role of lymphatics in the emergence of these lesions. Moreover, pulmonary sarcoid lesions 

could be considered avascular structures, thereby providing new insights into the 

understanding of the granuloma physiology and the distribution of blood-borne therapeutic 

agents.  
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INTRODUCTION 

Sarcoidosis is a multisystem disorder of unknown cause with thoracic involvement in up to 

90% of patients.[1] Sarcoid granulomas are comprised of clusters of epithelioid and giant 

cells surrounded by a rim of lymphocytes and fibroblasts. A peripheral fibrous ring of varied 

thickness later surrounds the lesions that have a tendency to coalesce, resulting in typical 

fibrotic nodules. The characteristic distribution of granulomas along the pulmonary collecting 

lymphatics, ie, peribronchovascular spaces, interlobular septa and subpleural connective 

tissue, is a major diagnostic criterion.[2] Moreover, their tropism for the outer wall of 

pulmonary arteries or veins is well known.[3]   

In addition to these features, the relationships between pulmonary sarcoid granulomas 

and, respectively, the intralobular lymphatic network or the pulmonary blood capillaries have 

not yet been adequately examined. Investigating these close relationships might help improve 

our understanding the biology of granulomas and also orient therapeutic drug research to 

achieve better targeted distribution. To address this issue, we systematically analyzed the 

interface between granulomas and the lymphatic network by means of D2-40 

immunohistochemical labeling or their blood microvessels with CD34 and CD31 

immunolabeling.[4,5] To better discriminate their blood and lymphatic vascular supplies, we 

specifically focused our study on selected isolated granulomas, whose location is 

predominantly intralobular. 

 

MATERIALS AND METHODS 

Surgical lung biopsies 

Surgical lung biopsies from 6 patients (1 woman and 5 men; age range: 29�53 years) with 

pulmonary sarcoidosis referred to our Pulmonary Department were retrieved from the files of 

the Department of Pathology. These tissue specimens were selected because of the presence 
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of multiple, well-defined, sarcoid granulomas scattered throughout the pulmonary 

parenchyma. 

This retrospective study was conducted in accordance with French legislation 

concerning medical research. 

 

Tissue-section processing  

Five µm-thick tissue sections were stained with hematoxylin�eosin and Masson�s trichrome 

stains. For immunohistochemistry studies, sections were incubated with mouse monoclonal 

IgG antibodies to D2-40, which recognizes podoplanin expressed by lymphatic vascular 

endothelium, anti-CD31, which recognizes platelet endothelial cell adhesion molecule-1, and 

anti-CD34, which recognizes a 115-kDa transmembrane glycoprotein.[4,5] The latter two are 

expressed on blood vascular endothelial cells.[5] Forty serial sections from one specimen 

were incubated only with D2-40 for the 3D-study.  

 Immunolabeling was processed as previously described using an automated procedure 

(Ventana Medical Systems, Tucson, AZ). Antigen retrieval was achieved by boiling at 95�

100°C. Anti-D2-40 (Dako, Trappes, France; clone 07 3611; 1/100 dilution; concentration 0.25 

mg.l�1) was incubated for 32 min at 37°C. Anti-CD34 (Dako; clone 96 3820 B; 1/100 

dilution; concentration 0.5 mg.l�1) was incubated for 60 min at 42°C, and anti-CD31 (Dako; 

clone JC70A; 1/20 dilution; concentration 515 mg.l�1) was incubated for 20 min at 37°C. 

Sections were then incubated with the biotinylated universal anti-mouse immunoglobulin 

secondary antibody (Ventana SA, Illkirch, France) for 16 min at 37°C, followed by incubation 

with the avidin�biotin�horseradish peroxidase complex using the Ventana Medical Systems 

Basic DAB detection kit for 8 min at 37°C. The final revelation system (Dako DMKiVIEW 

DAB) used horseradish peroxidase�diaminobenzidine as the final chromogen.  
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As negative controls, sections from each specimen were incubated with a normal 

mouse IgG1 (Dako; X0931 culture supernatant) instead of the primary antibody. Slides were 

counterstained with hematoxylin. 

 

Microscopy analysis 

We focused our observations on sarcoid granulomas located within the intralobular 

parenchyma, as non-aggregated, isolated granulomas are mostly found in this area. 

Microscopy analysis comprised two steps. First, the D2-40�labeled sections were screened 

and digitalized, and labeled lymphatic vessels in the vicinity of each granuloma were counted. 

D2-40�labeled lymphatics were identified as structures with an open or collapsed lumen, but 

with a clearly visible endothelial layer. A total of 311 sarcoid granulomas (mean of 54 

granulomas per lung section) was studied, 249 of which were located within the pulmonary 

lobules and 62 along interlobular septa. The morphometric analysis was pursued on a set of 

38 digitized images from the microscopy analysis.  

Second, the distribution of blood microvessels associated with granulomas was 

analyzed using CD34- and CD31-immunolabeled sections. We recorded the presence or 

absence of associated CD31-labeled blood vessels in each section and counted the number of 

present on a set of 85 strictly intralobular granulomas, which were selected from among those 

described above precisely because they were isolated, ie, non-aggregated early lesions that are 

easier to examine thoroughly.  

   

Morphometric analysis 

Morphometric analyses were conducted on a set of 38 digitized images of non-coalesced, 

isolated granulomas adjacent to D2-40�positive vessels. All images were processed using 

Nikon NIS-Elements software (Nikon, Apidrag, Bucharest, Romania). The respective areas 
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(A), perimeters (P), and minimum and maximum diameters were then calculated. A script was 

recorded and automatically run for each image to generate each granuloma�s center of gravity, 

referred to as the �centroid�. The sphericity index (SI) was calculated as the d1/d2 ratio (d1 = 

2√A/π; d2 = P/π), equal to 1 when the structure is a perfect circle, ie, the cross-section of a 

sphere. The respective shortest distances from adjacent lymphatics to the proximal border and 

the �centroid� of the granulomas were then calculated manually.  

 All data were exported and analyzed in Excel (Microsoft Corporation, Redmond, WA, 

USA). 

 

3D-reconstruction of lymphatic�granuloma relationships 

A granuloma � located within the lobular parenchyma with a diameter not exceeding 1 mm so 

as to be completely visible on all serial sections and easy to follow � was selected for 3D-

reconstruction. Twelve consecutive D2-40�immunolabeled sections were selected and 

digitized using Aperio�s ScanScope system (Aperio; Vista, CA, USA). Segmentation was 

obtained by manually drawing the boundaries of the four main components: ie, clusters of 

epithelioid cells, the surrounding connective tissue, D2-40�labeled lymphatics and a small 

satellite artery. The consecutive images were then loaded into WinSurf (SURF driver 4.0; 

http://www.surfdriver.com), producing a vectorial 3D model featuring the coalescent 

granulomas and their adjacent lymphatics.  

 

RESULTS  

Morphology of sarcoid granulomas 

Typical histopathological features of pulmonary florid sarcoidosis were observed in all six 

lung biopsies: ie, compact, non-caseating epithelioid and giant-cell granulomas predominantly 

located near peribronchovascular bundles, interlobular septa, and along the subpleural 
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connective tissue, but also within the lobular parenchyma, which was examined in particular 

detail. Few intralobular granulomas close to or within the alveolar spaces were devoid of a 

fibrotic ring, while most were surrounded by connective tissue stained blue by Masson�s 

trichrome, suggesting a high type I collagen content (fig 1).  

The distributions of the respective minimum and maximum diameters for a set of 38 

intralobular granulomas (fig 2) demonstrated a minimum diameter exceeding 200 µm in up to 

37% of them. Analysis respectively the area and perimeter of granulomas evaluated by the 

mean ± standard deviation SI (0.86 ± 0.07) confirmed the constant spheroid-like �rugby ball� 

or ellipsoid form of the lesions.  

 

Lymphatic network�granuloma relationship 

Analysis of the D2-40�immunolabeled sections (table 1) showed that most granulomas (59% 

and 74% of intralobular and perilobular granulomas, respectively) were adjacent to at least 

one small lymphatic. The presence of labeled lymphatics in the vicinity of intralobular 

granulomas is illustrated in fig 3. Two or more lymphatics were associated with up to 27% of 

intralobular granulomas, suggesting their woven basket-like arrangement around granulomas.  

 The distance between the closest lymphatic wall and the granuloma border was less 

than 20 µm for up to 65% of intralobular sarcoid granulomas (mean: 33 ± 51 µm; range: 0�

256 µm). The distance between the �granuloma centroid� and the next lymphatic wall 

exceeded 150 µm for 63% of the lesions (mean: 182 ± 97 µm; range: 23�431 µm). No 

lymphatic vessel was seen within granulomas.  

 

3D-reconstruction of a sarcoid granuloma and its surrounding lymphatic network 

The 3D-reconstruction model (fig 4) clearly illustrates the internal structure of a sarcoid 

granuloma which consists of small clusters of closely packed epithelioid and giant cells 
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surrounded by a connective tissue sheath traversed by the lymphatic network. No lymphatic 

was observed within the cellular part of the granuloma. 

 

Blood microvascular network�granuloma relationship  

Other than a few juxta-alveolar granulomas, blood capillaries were rarely seen in the vicinity 

of granulomas (fig 3). The CD34- or CD31-labeled blood-microvessel network of the 

interalveolar walls was stopped in contact with the outer fibrous ring of sarcoid granulomas. 

Because CD31 labeling of juxta-granuloma blood vessels was more intense than CD34 

labeling, quantitative analysis was performed on CD31-immunolabeled sections, analyzing 85 

granulomas and their environment. CD31-labeled blood microvessels were observed only in 

15% of the granulomas, at the periphery of the perigranuloma fibrous ring. A larger CD31-

positive blood vessel, identified as an intralobular vein or artery, weakly immunolabeled for 

CD34, was seen close to the perigranuloma fibrous ring of 25% of intralobular granulomas; 

therefore, at least 75% of granulomas were devoid of blood vessels in their immediate 

vicinity.  

 No blood capillary or larger vessel was seen in either the central part of granulomas or 

their outer fibrous ring. 

 

DISCUSSION 

The lymphatic distribution of pulmonary sarcoid granulomas is a well-known and constant 

histopathological feature of sarcoidosis and thus serves as a valuable diagnostic criterion for 

it.[2,6] However, until now, the intimate morphological relationships between pulmonary 

sarcoid granulomas and the lymphatic network had never been analyzed in detail. On another 

hand, although the tropism of pulmonary sarcoid granulomas for the blood vessel walls has 

been widely described, little is known about the pattern of the blood microvessel supply in the 
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immediate vicinity of sarcoid granulomas.[3] We thought that better comprehension of the 

relationships between individual sarcoid lesions and their lymphatic or blood microvascular 

networks might provide insights into the pathophysiology of the disease and help design 

future therapeutics. 

Using samples of pulmonary surgical biopsies, we first demonstrated that most of the 

intra- and perilobular sarcoid granulomas were associated with at least one lymphatic. 

Notably, the scattered intralobular granulomas were connected to the lymphatic network, 

supporting the hypothesis of the critical role of lymphatics in the pathophysiology of the 

disease. Second, CD31 and CD34 immunolabeling of the same samples showed that the 

granulomas were very poorly supplied by blood capillaries at the outer edge of the peripheral 

fibrous ring, far from the cellular compartment.    

In most open lung biopsies taken in the setting of pulmonary sarcoidosis, granulomas 

surrounded by fibrotic rings coalesced to form a nodule, thereby perturbing the topographic 

lobular distribution of lesions. Therefore, to obtain a meticulous evaluation of the topographic 

markings of each granuloma, we intentionally focused our study on solitary lesions usually 

observed within the intralobular parenchyma, away from the sarcoid nodules. It is important 

to keep in mind that the technological advances of immunohistochemistry only recently 

enabled the thin lymphatic network supplying the collecting lymphatics to be described in 

detail.[4]  

 Pulmonary lymphatics play a pivotal role in regulating the drainage of alveolar fluids 

throughout the interstitial framework under physiological conditions and following lung 

injury.[7�9] Importantly, a wide range of small particles including organic and inorganic 

dusts, and infectious microorganisms, are processed and drained by the lymphatics reaching 

the collecting channels located within perivenular and peribroncho-arterial sheaths.[7�9]  

Indeed, some studies particularly emphasized the major role of the lymphatics in granuloma 
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formation after alveolar processing of airborne pathogens. In guinea pigs experimentally 

infected by aerosols containing Mycobacterium tuberculosis, it was demonstrated that the thin 

connective tissue space between the alveolar membrane and the lymphatic was the selective 

area for inflammatory cell clustering, giving rise to epithelioid and giant-cell granulomas.[10] 

The role of airborne environmental factors in the pathogenesis of pulmonary sarcoidosis is 

strongly suspected.[11�15]  A prospective study conducted on patients diagnosed with 

pulmonary sarcoidosis revealed a link with beryllium exposure in a significant percentage of 

them.[16] Moreover, a relationship between sarcoidosis and exposure to the crystalline silica 

cristobalite was demonstrated in the population of an Icelandic district.[11] Similarly, sarcoid-

like pulmonary granulomatosis has been reported in New York firefighters, following the 

World Trade Center Disaster.[12] More recently, specific attention was paid to the role of 

pulmonary lymphatics in the clearance of inhaled ultrafine and nanosized particles <100 

nm.[22] In contrast with larger particles, once deposited, these nanoparticles readily 

translocate to extrapulmonary sites.[17] Indeed, it could be tempting to suggest the role of 

such particles as a triggering factor in the granulomatous process of sarcoidosis, a systemic 

disease with major pulmonary and node involvement.  

We did not observe any lymphatics within granulomas. Although the walls of 

lymphatics constantly adhered to the thin fibrotic ring enveloping granulomas, lymphatic 

lumens seem to have merely been displaced from their native course by sarcoid lesions. 

Morphometric data on SI and the distances from the granuloma �centroid� to the closest 

lymphatic vessels support this type of granulomatous concentric growth in contact with, but 

not integrating lymphatics. Similarly, a previous ultrastructural study performed on serial 

ultra-thin sections containing a pulmonary sarcoid granuloma, identified a lymphatic within 

the peripheral connective tissue, but none within the granulomatous cell component.[18] 

Those authors described the presence of lymphocytes and mononuclear cells within this 



 10

lymphatic running along the outside of the perigranuloma fibrous ring, but the direction of its 

flow could not be determined.[18] Granulomas are composed of central clusters of epithelioid 

cells and giant cells primarily associated with peripheral T lymphocytes.[19] All those 

observations strongly support a major role of juxta-granuloma lymphatics in lymphocyte-

trafficking towards mediastinal lymph nodes. The mobilization of CD4+ T lymphocytes, 

known to play a pivotal role in the granulomatous process of sarcoidosis via the lymphatics 

might explain the onset of granulomas along the lymphatic collectors flowing towards the 

mediastinal lymph nodes.[19] 

Except for a very few small-diameter granulomas localized in the interalveolar walls, 

capillary CD31 and CD34 immunolabeling showed blood microvascularization confined at 

the outer border of the connective tissue ring, far from the cellular compartment in up to 85% 

of sarcoid granulomas. This finding suggests that a large majority of pulmonary sarcoid 

granulomas can be considered �avascular�. Those observations, along with previous findings, 

give rise to three hypotheses. First, we did not observe any angiogenesis in pulmonary 

sarcoidosis, in contrast with other pulmonary inflammatory fibrotic processes.[20] This 

absence of angiogenesis is at variance with the expected findings, in light of the high levels of 

vascular endothelial growth factor in bronchoalveolar lavage fluids reported in sarcoidosis, 

and in epithelioid cells detected by immunohistochemistry and in-situ hybridization.[21,22] 

Conversely, macrophages are also known to secrete antiangiogenic factors, such as 

endostatin/collagen XVIII.[23] However, the secretion of such factors by epithelioid or giant 

cells has not been reported.  

Second, more than half of the granulomas we examined exceeded 200 µm in diameter, 

leading us to think that the distance separating them from the blood capillaries could be 

responsible for intragranuloma hypoxia. Indeed, it was shown that the pO2 gradient in tissues 

dropped exponentially as a function of the distance from the blood vessels.[24] In the present 
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context, such a hypothetical relationship between the granuloma pO2 gradient and the distance 

from blood vessels and/or alveolar spaces could be advanced. The evidence suggests that the 

center of aggregated granulomas, impacted in a thick fibrous sheath is much further from the 

blood vessels, and therefore even more hypoxic. The concept of  �hypoxic granuloma�  in 

sarcoidosis is supported by previously described hypoxemic granulomas in the setting of 

experimental tuberculosis in guinea pigs.[25] Such a hypothesis could also explain, at least in 

part, perigranuloma fibrosis, the hallmark of sarcoid granuloma progression.[2,6,26�29] In 

this hypoxic context, transforming growth factor-β, one of the cytokines secreted by sarcoid 

granulomas, has been shown to exert a synergistic action on collagen production by 

fibroblasts.[28,29] Moreover, it is striking that a minority of small diameter interalveolar 

granulomas close to blood capillaries or alveolar spaces were not associated with a fibrous 

ring.  

Third, the distance between capillaries and the cellular component of granulomas 

might hamper the distribution of systematically administered drugs used to treat sarcoidosis. 

Indeed, a collagen-rich area including a well-defined collagen network organized like a 

�capsule� was demonstrated to facilitate the interstitial transport of fluid and molecules.[30]   

 In conclusion, this focused examination of the morphological features of the local 

lymphatic environment of intralobular pulmonary sarcoid granulomas provided new evidence 

for the critical role of lymphatics in the emergence of these lesions, and reinforced the 

putative role of airborne particles in their pathogenesis. Furthermore, the consequences of the 

scarce blood microvessels on the role of hypoxia in granulomas or impairment of therapeutic 

drug distribution can be envisaged.  
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Table 1: Relationship between D2-40�labeled lymphatics and intralobular or perilobular 

sarcoid granulomas. Results are expressed as n (%) of granulomas associated with at least one 

lymphatic (total), according to the number of lymphatics observed. 

     

Granulomas  

No. of associated  

D2-40 lymphatics 

Intralobular 

(n = 249) 

Perilobular 

(n = 62) 

1   80 (32%) 26 (42%) 

2   37 (15%) 11 (18%)  

3   17 (7%)   8 (13%) 

>4   12 (5%)   1 (1%) 

total 147 (59%) 46 (74%) 
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Figure legends 

 

Figure 1 Examples of hematoxylin�eosin (A, B) or Masson�s trichrome (C, D) staining of 

intralobular pulmonary sarcoid granulomas. Note the dense blue-stained surrounding two 

granulomas in Figure 1D (magnifications: A ×350; B ×250; C ×400; D ×250). 

 

 

Figure 2 Morphometric analysis of the respective minimal (minimal D) and maximal 

(maximal D) diameters expressed in µm (y axis) of 38 intralobular pulmonary sarcoid 

granulomas (x axis). 
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Figure 2      
 

 

Figure 3 Lymphatic (L: A, B, C) and blood microvessels (*: D, E, F) associated with  

intralobular sarcoid granulomas. A and B (magnification ×350) and (C) (magnification ×500) 

show D2-40�labeled lymphatics near granulomas. (D) (magnification ×300) and (E) 

(magnification ×400) show CD34 immunolabeling of blood capillaries. Note the intense 

CD34 labeling of alveolar capillaries. (F) (magnification ×350) shows CD31 immunolabeling 

of a larger blood vessel. Note the absence of small blood capillaries close to the granulomas.  
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Figure 4 3D-reconstruction of granulomas located within a pulmonary lobule. Twelve D2-

40�immunolabeled serial sections were used for 3D modeling of the lesion. The clusters of 

the cellular components of granulomas (G) are pink, whereas the surrounding connective 

tissue sheath (F) is purple. D2-40�labeled lymphatic channels (L) and lymphatic collectors 

(C) are yellow and the satellite intralobular artery (A) is blue. 
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