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Abstract

Pulmonary cartilage plays a crucial structural role determining the physiologic airway
compressibility and distensibility, necessary for proper mechanical function. This functionality
deteriorates with aging due to increased stiffness of both airway muscle and cartilage, as well

as, decreased renewal capacity. Altered airway remodeling has been suggested as a pathogenic
driver of chronic obstructive pulmonary disease (COPD) through mechanisms still incompletely
understood. Using paraffin-embedded lung tissue sections from archived autopsy material from
COPD with non-COPD age matched controls a histopathologic analysis focused on inflammation,
fibrosis and calcification was performed with special stains (Masson’s trichrome and Von Kossa)
and immunohistochemistry for carbonic anhydrase IV (CA V) and Ki-67. COPD lung tissues
showed increased peribronchial inflammation compared to the non-COPD. Coarse amphophilic
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crystalline deposits in bronchial cartilage were more frequently observed in COPD sections, which
were compatible with early dystrophic calcification of the extracellular matrix and chondrocytes.
Moreover, Von Kossa staining revealed a significant calcium deposition in the cartilages

from COPD in comparison to the controls. Interestingly, Ki-67 immunostains demonstrated a
higher overall proliferative rate, including epithelial cells, in COPD. Furthermore, Masson’s
trichrome staining revealed relatively increased peribronchial collagen deposition associated with
a fibrotic stromal response, which may be secondary to the inflammatory milieu in COPD.

To further characterize the tissue microenvironment associated with dystrophic calcification,
immunohistochemistry for CA IV was used, revealing significantly increased expression in
chondrocytes and peribronchial tissue in COPD. Our findings demonstrate that dystrophic
calcification of the extracellular matrix and chondrocytes can be linked to CA IV expression

in COPD and suggest that pH changes in pulmonary tissue associated with inflammation and
calcification may play an active role in COPD.
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Introduction

Pulmonary calcification occurs in several systemic and pulmonary conditions and may
be underrecognized because specific symptoms are often lacking (Chan et al., 2002).
Calcification may be a marker of disease severity and chronicity. Pathophysiologic states
predisposing to pulmonary calcification and ossification include hypercalcemia, a local
alkaline environment, and previous lung injury (Chan et al., 2002). Enhanced alkaline
phosphatase activity, active angiogenesis and growth factor mitogenic effects may also
predispose to calcification. The clinical classification of pulmonary calcification includes
both metastatic calcification (Brown et al., 1994; Mulligan, 1947), in which calcium
accumulates in previously normal lung, and dystrophic calcification, which occurs in
previously injured lung (Brown et al., 1994). Pulmonary ossification may be idiopathic
or result from a variety of underlying pulmonary, cardiac or extra-cardiopulmonary disorders
(Felson et al., 1984; Joines and Roggli, 1989; Kuplic et al., 1972). The diagnosis of
pulmonary calcification/ossification requires various imaging techniques, such as chest
radiography, computed tomographic scanning and bone scintigraphy (Felson et al., 1984;
Joines and Roggli, 1989; Kuplic et al., 1972). Image analysis to detect and subclassify
calcification/ossification may obviate the need for invasive biopsy. Various significant
clinical conditions causing calcification/ossification in the lung include, chronic renal
failure, orthotopic liver transplantation, granulomatous inflammation, DNAviral/parasitic
infections, pulmonary amyloidosis, atherosclerosis and idiopathic pulmonary alveolar
microlithiasis (Chan et al., 2002).

The C-shaped respiratory cartilage maintains patency of the respiratory tree by attaching to
smooth muscle and connective tissue surrounding the airways. It has characteristic shapes
and arrangements at different levels of the bronchi (Reid, 1976). The hyaline cartilage
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present in the lung is dynamically remodeled and composed by chondrocytes that secrete
extracellular matrix (ECM) rich in type Il collagen and chondroitin sulfate. Chondrocytes
receive mechanical, electrical and physicochemical signals transmitted by the ECM, and
responds by regulating their metabolic activity (Huber et al., 2000; Goldring and Marcu,
2009). It has been suggested that respiratory cartilage plays an important active role

in determining airway compressibility and distensibility. The mechanical function of the
bronchial tree may be altered by age-related changes in rigidity of either the muscular or the
cartilaginous component of the airways (Janssens et al., 1999; Shaffer et al., 2004; Sharma
and Goodwin, 2006). However, the pathologic changes of respiratory cartilage related to
chronic dyspnea have not been fully investigated yet.

Mature respiratory cartilage has a low metabolic activity, concordant with the decreased
proliferative rate of adult chondrocytes, which may contribute to the age-related
deterioration of the mechanical properties of cartilage (Huber et al., 2000; Martin and
Buckwalter, 2001; Umlauf et al., 2010). Cell death and proliferation must be balanced in
adult organisms in order to maintain homeostasis. Lung function remains steady from age
20-35 years and starts declining thereafter. Bronchial cartilage atrophy (diminished mass)
has been implicated in the pathogenesis of chronic obstructive pulmonary disease (COPD)
and other lung diseases, but its exact role remains controversial (San Jose Estepar et al.,
2020; Maisel et al., 1972). Some reports indicate atrophic changes in bronchial cartilage
may be most pronounced in emphysematous lungs (Wright, 1960; Thurlbeck et al., 1974).
However, a quantitative study by Tandon and Campbell (Tandon and Campbell, 1969)

also showed bronchial cartilage atrophy in chronic bronchitis. In contrast, two quantitative
studies (Restrepo et al., 1964; Greenberg et al., 1967) showed no alteration of cartilage in
the bronchi of patients with chronic bronchitis or emphysema. Similarly, studies have failed
to demonstrate, reduction of bronchial cartilage volume in COPD patients (Maisel et al.,
1972). Furthermore, two additional reports revealed no significant alteration in the amount
of bronchial cartilage in asthma (Dunnill et al., 1969; Takizawa and Thurlbeck, 1971), and
a recent study by Carroll et al. (1996) found no difference in amount of cartilage in the
bronchi of patients who died from a rapid fatal attack of asthma versus those who died from
long standing asthma. However, all these studies have been limited to a quantitative analysis
of bronchial cartilage in COPD (chronic bronchitis and/or emphysema) or bronchial asthma,
but none of them reported on histopathological changes. Therefore, to investigate histologic
changes in lung tissue, which may be important to further understand the pathophysiology
of COPD, we performed morphometric analyses of airways from autopsied patients, with a
special reference to changes in bronchial cartilage.

Materials and methods

2.1. Tissue preparation

Specimens of formalin-fixed, paraffin-embedded (FFPE), de-identified lung tissue sections
were obtained from archives of the Pathology and Laboratory Service at the Veterans Affairs
Medical Center, Washington DC (VAMC). Permission to use the specimens for research was
obtained from the Institutional Review Board Subcommittee and Research and Development
Committee of VAMC and were limited to 3 consecutive years. We have reviewed a total
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of twenty cases in which twelve were COPD and eight were non-COPD. Causes of death
for COPD patients were sepsis secondary to cholecystitis and acute bronchopneumonia (3
patients). Non-COPD patients died of metastatic renal cell carcinoma (2 patients), adult T
cell lymphoma/leukemia and invasive mammary duct carcinoma. All were males except one
female with breast carcinoma. The ages ranged from 58 to 77 years (average 69) in the
COPD group, and from 44 to 76 years (average 71) in the non-COPD group respectively.

To evaluate abnormalities associated to calcification/ossification of cartilages and determine
histopathological signatures, samples with a significant amount of small airway cartilage
were selected to allow special stains and immunohistochemistry. Antigen retrieval

during immunohistochemistry caused occasional loss of cartilage impeding interpretation.
Therefore, only tissues yielding entire full sections containing cartilage were further
analyzed. This criterion resulted in a smaller sample size. Tissue blocks were cut into

5 micron sections and deparaffinized, which were then subjected to special stains and
immunohistochemistry.

2.2. Special stains

2.3.

Hematoxylin and eosin (H&E) stains were used for overall histologic assessment and to
delineate inflammation and fibrosis. Sections were stained with the protocol and ready-to-
use solutions obtained from Richard-Allan Scientific, Kalamazoo, MI. Von Kossa Stain
was used to visualize calcium deposits, since it reacts specifically with calcium phosphate
(Luna, 1968). The Masson'’s trichrome method for connective tissue (a triple stain) was
used primarily to facilitate delineation of areas of collagen fibrosis, employing a Masson’s
Trichrome Stain Kit, Artisan"" (AR173) in an Artisan™ LinkPro Special Staining System
autostainer (Dako, Carpenteria, CA). The three stains are Weigert’s iron haematoxylin
(nuclei, black), aniline blue (collagen fibers, blue) and Biebrish scarlet-acid fuchsin (all
other tissue components, pink or red).

Immunohistochemistry (IHC)

2.3.1. IHC procedures—Standard immunohistochemical analysis was performed. In
short, antibodies were localized as a brown precipitate via reaction with H,O, and 3,

3 diaminobenzidine (DAB), using Envision and dual link HRP in a Dako Auto Stainer
(Carpenteria, CA), and counterstained with hematoxylin. Native peroxidase was quenched
in 3% H,0,. Reactions were enhanced by antigen retrieval in a pH buffer solution in a
water bath. Cycling cell nuclei were labeled with monoclonal mouse anti-human antibodies
to Ki-67 (Clone MIB-1, Agilent Technologies, Santa Clara, CA,; Bai et al., 2013) to assess
proliferative activity. A mouse monoclonal anti-human CA IV antibody [CA IV (E-6):
sc-390371 from Santa Cruz Biotechnology, Inc., Dallas, TX] was used. The antibody
dilution and reaction conditions were adjusted for optimal results (antibody dilution 1:50,
20 minand 15 min mouse linker, 20 min secondary antibody, 5 min DAB) in preliminary
experiment with human colon and kidney tissue for positive controls. For negative controls,
the primary antibody was replaced with a negative control cocktail of mouse 1gG1, 19G2a,
1gG2b, 1gG3 and IgM. Criteria for optimal results included minimal background staining
and cellular reactions with the appropriate distribution and intensity (Fleming et al., 1993).
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Image quantification with ImageJ

Using digital photomicrographs of the slides obtained with a BX45 microscope (Olympus)
and DP80 camera (Olympus), areas of calcification or fibrosis were quantified using the
software ImageJ (National Institutes of Health). In order to increase the sampling while
reducing the element of bias, images of 12 photomicrographs per case were taken from
similar perichondrial locations from COPD and non-COPD (controls) samples. We then
converted them to 8-bit black and gray images (when appropriate) to visualize calcification/
fibrosis with special stains or immunoreactivity with antibodies (IHC). The program
(ImageJ) summates the darkest areas of the photomicrograph, which coincide with the
areas of positive staining. Based on these calculations, the total areas of calcification,
inflammation, and fibrosis and DAB-immunoreactivity for CA 1V, a relative score per
section, were calculated from COPD and non-COPD groups. Fibrotic areas and degrees of
fibrosis were estimated with a built-in “Threshold Color” tool in ImageJ as described (Yoon
et al., 2020). Hue intervals for selecting different color gradient categories attributed with
none, mild, moderate, and severe fibrosis, respectively. Similarly, Von Kossa and CA IV
DAB-stained areas were estimated with a “Threshold” tool and particle analysis for pixel
quantification of stained areas. Percentage of affected areas (calcified, fibrotic, or CA IV
expressing) within tissue were assessed by dividing total area of tissue by total area of
affected tissue and multiplied by 100. It must be emphasized, that this image manipulation
generates an arbitrary scale to compare changes relative to the maximal intensity of the
change observed, which does not necessarily correlate with the severity of the biological
process or the possible peak of the process (fibrosis, calcification or CA IV expression) in
vivo.

Proliferation

Ki-67-labeled and unlabeled cells were counted in the entire histologic section of
comparable areas under 400X magnification using a Laboratory Counter (Clay-Adams,
Parsnippany, NJ). The percent positive cells (/abeling index) from each sample were
determined, which was then analyzed in the COPD and non-COPD cases.

2.6. Statistical analysis

Data were expressed as mean + standard error of the mean (SEM). Variance among three
or more specimens in each COPD non-COPD groups was analyzed by a two-tailed #test
(Student t-distribution) using P < 0.01 or P < 0.05 for statistical significance.

3. Results

3.1.

Inflammation and calcification in COPD lung tissue

Representative H&E-stained lung tissue sections of non-COPD patients were compared to
that of COPD patients at 40x and 400x magnification (Fig. 1A-D). The expected increased
chronic inflammatory infiltrates around airways and bronchial glands were seen in COPD,
whereas little to no defined inflamed areas were observed in the non-COPD pulmonary
control tissue (Fig. 1A-D). Of note, the inflammation was seen in peribronchial stroma and
airway spaces, but not in the cartilage per se. In one case of COPD, prominent squamous
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metaplasia was noted, as previously described in the literature. While most COPD cases
showed variable peribronchial fibrosis, and bronchial gland enlargement (due to hyperplasia
and hypertrophy) as seen in Fig. 1B, D, some cases also showed emphysematous changes.
In COPD, the Reid index was higher than 0.4, which indicates that the linear distance
between the airway epithelium and the plane of cartilage occupied by mucous glands

is above 40% of the total distance between the epithelial surface and the cartilage. In
addition, COPD patients showed increased frequency of blood-filled small vessels (high
vessel tortuosity) in submucosal distribution compared with non-COPD patients, as has been
documented previously. At low power the bronchial cartilage had a very similar appearance
in COPD and non-COPD subjects. However, at higher magnifications, coarse amphophilic
crystalline deposits in bronchial cartilage were more frequently observed in COPD vs.
non-COPD controls (Fig. 1B, D), which were suggestive of early dystrophic calcification

of the extracellular matrix. Non-COPD sections were for the most part unremarkable (Fig.
1A). One case had lymphomatous involvement by adult T cell leukemia/lymphoma but the
uninvolved lung parenchyma showed no significant pathologic alterations.

3.2. Fibrosis in COPD lung tissue

Masson’s tri-chrome-stained COPD pulmonary sections were compared to hon-COPD
controls to assess fibrosis (Fig. 2A-D). Significant perichondral and stromal collagen
fibrosis (moderately darker blue) were detected in the COPD tissue when compared with
controls (Fig. 2A-D), which was confirmed using a relative scale generated by ImageJ
software, as described (Fig. 2E). Moreover, areas of moderate-severe fibrosis were prevalent
in the COPD tissue compared to the non-COPD (Fig. 2E).

3.3. Cellular proliferation in COPD bronchial tissue

Proliferating cells in COPD lung tissue sections were identified by Ki-67 staining with
a counter tool, and compared to non-COPD controls (Fig. 3A, B), as described. COPD
sections revealed a significantly greater percentage of Ki-67-stained cells (including
inflammatory and epithelial cells) in perichondrial fibrotic areas (Fig. 3C).

3.4. Cartilage calcification in COPD

Representative COPD lung tissue sections were stained with Von Kossa and compared to
the non-COPD controls to confirm areas of suggestive of calcification (coarse amphophilic
crystalline deposits) seen in H&E (Fig. 1). Cartilage from COPD lungs revealed increased
areas of calcification (dark brown/black silver deposits) compared to the non-COPD control
tissue on Von Kossa stains (Fig. 4A-D). ImageJ quantification demonstrated a significant
difference (Fig. 4E). The calcific deposits were present predominantly in the ECM but also
very close to chondrocytes (pericellular distribution).

3.5. Elevated expression of carbonic anhydrase (CA) IV in COPD lung tissue

CA is involved in diverse physiological and pathological processes, including respiration
and transport of CO, and HCO3- between metabolizing tissues and lungs (pH and CO
homeostasis). We found CA IV expression in all lung tissues examined; however, CA
IV antibody staining (DAB reacting brown areas) was more prominent within the ECM
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of cartilage in COPD compared to non-COPD tissue (Fig. 5A, B), which represented a
significant increase when quantitated with ImageJ (Fig. 5C).

4. Discussion

We reviewed archived lung tissue samples from autopsy material from three consecutive
years comparing COPD with non-COPD specimens to further study the pathology of

the disease. Micromorphological examination revealed the expected increased chronic
inflammatory infiltrates/fibrosis/bronchial gland enlargement that were associated with
COPD, in comparison with the unremarkable control tissue (Fig. 1). Immunohistochemistry
demonstrated lymphoid aggregates composed by a mixture of CD3-positive T cells, and

less frequent CD20-positive B cells as described before (Wagner et al., 1998). Predictably,
the non-COPD cases showed less overall chronic inflammation in peribronchial distribution.
Although the proportion of T and B cells was similar between COPD and controls (data not
shown). Immunohistochemistry for Ki-67 demonstrated a significantly higher proliferative
rate (including epithelial cells) in COPD (Fig. 3). Epithelial linings were found intact in
non-COPD compared to the COPD samples. Because an inflammatory milieu may induce

a fibrotic stromal response (Zhan et al., 2017), staining of lung tissue was performed with
Masson’s trichrome, revealing increased peribronchial and parenchymal collagen deposition,
as indicated by a significantly (P < 0.05) higher density of blue pigmentation of collagen
(Fig. 2). Interestingly, a similar staining trend was observed in the ECM of cartilage, which
showed darker blue staining when compared with non-COPD controls.

Unexpectedly, Von Kossa special stain confirmed increase calcium deposition (previously
suggested by the H&E staining) in cartilage from COPD subjects (Fig. 4), which was
statistically significant (P < 0.01) in comparison with non-COPD controls. Similar results
were obtained with Alizarin Red staining (data not shown). The possibility that calcification
was related to aging was eliminated in our study, since the average age of the COPD patients
(68 yrs.) was higher than that of the non-COPD controls (64 yrs.).

Finally, immunohistochemistry for CA 1V was attempted, where we lost many cartilage
tissues during processing. Nonetheless, we have been able to analyze 12 COPD and 8
non-COPD cases, where we did enough sampling (average 12 pictures) to distinguish the
differences. While we acknowledge the size limitation of our study; the observed differences
between the COPD and non-COPD were very prominent. Future studies along this line can
prospectively analyzed the lung biopsy samples to find the mechanism of such calcification
associated CA IV expression. Interestingly, a markedly increased CA 1V staining (P <

0.01) of chondrocytes and peribronchial tissue was detected in patients with COPD versus
controls (Fig. 5). None of the COPD patients had elevated calcium levels or vitamin

D levels in serum that could explain the observed calcification. One of the non-COPD
patients had mildly elevated serum calcium (11.1 mg/dL), which was attributed to metastatic
cholangiocarcinoma, since vitamin D and parathyroid hormone levels were normal. Notably,
von Kossa stains did not demonstrate calcium deposition in lung cartilage of this patient,
suggesting a COPD-specific mechanism. Furthermore, immunohistochemistry for CA 1V
was negative in this subject.
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CA IV have been detected in pulmonary tissues on the luminal side of alveolar capillary
endothelial cells, although its expression was absent in the large pulmonary vessels (Fleming
et al., 1993). While the role of membrane bound CA 1V in lung physiology has been

studied using selective CA inhibitors, the results have been inconclusive (Esbaugh and

Tufts, 2006), in part motivating this study. Current knowledge of the CA 1V suggests

that its selective expression in the alveolar capillaries implies that it can catalyze the
dehydration of plasma bicarbonate (HCO3™) to carbon dioxide, which can diffuse across

the capillary endothelial surface and be released during respiration (Waheed and Sly, 2014).
While CA 1V is cell membrane bound to the endothelium in lung, in renal epithelia it
attaches to a phosphatidylinositol-glycan anchor (Zhu and Sly, 1990; Waheed and Zhu,
1992). We propose that the CA maintains a concerted effort with various Na*, CI~ and
HCO4_ ion transporters to regulate ion and fluid movement and pH within the alveoli
(Schwartz et al., 2000; Alvarez et al., 2003; Ohana, 2015). Pulmonary CA 1V is similar

to its renal counterpart with nearly identical properties, as well as being a “high activity”
isozyme (Zhu and Sly, 1990). Furthermore, several studies have also examined CA 1V

as a potential biomarker for diseases, including appendicitis, myocardial infarction, or
pancreatitis (Zamanova et al., 2019). Previous research has also shown that CAs are essential
for calcification, especially for calcium bicarbonate formation (de Goeyse et al., 2021).

It is reasonable to hypothesize that the increased expression of CA 1V during COPD allows
the rise in conversion of HCO3- to CO, and H,O in the extracellular space, which are
transported to the intracellular space. Subsequently, a cytosolic form of CA (CA I1) would
generate HCO3™ intracellularly, which would then be utilized by the HCO3™ transporter,
NBCel (Lu et al., 2006), as part of a compensatory response to counter COPD-associated
respiratory acidosis secondary to stable hypercapnia. The overexpression of CA 1V in
COPD would increase the acidity extracellularly, and the alkalinity intracellularly, which
may promote calcification. Access of plasma HCO3- to the large pool CA available in

red blood cells makes pulmonary CA dispensable for CO, excretion. Another potential

role proposed for pulmonary membrane-bound CA is to ensure complete plasma pH/pCO,
equilibrium during capillary transit (Swenson et al., 1993). More simply, membrane-bound
CA in the pulmonary capillaries would ensure that all chemical species are in complete
equilibrium in plasma when blood leaves the lung. Accordingly, the main role of CA IV

in the lung tissue, may be to indirectly regulate ventilation, via chemoreceptors in the
peripheral and central nervous system that detect changes in acid-base chemical species
(Lahiri and Forster, 2003). However, more thorough investigation is required to cement
this mechanism, which is beyond the scope of our present study. In COPD, the main

driver of hypoxemia includes ventilation/perfusion mismatch as a consequence of increased
dead space due to decreased oxygen uptake related to alveolar damage or hypoventilation.
Concomitant hypercapnia and compensatory tachypnea ensue. The observed increased CA
IV expression in COPD, would also be present in hypoxemia, leading to a surge in HCO3™~
excretion to the extracellular space coupled with acidosis. In any case, CA has been

shown to promote the formation of calcium carbonate (de Goeyse et al., 2021), intrinsic

to calcification, although the exact mechanism of mineralization remains poorly understood
(Liu et al., 2015). Nonetheless, upregulation of CA IV in calcified lung cartilage, as we
report here in COPD, provides various opportunities for further research that may lead to
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practical applications. Namely, exploring the possibility of using more sensitive imaging
technology to detect microcalcifications in lung tissue in patients with COPD, which may be
correlated with adverse prognosis, as has been shown with cardiovascular calcifications (Liu
et al., 2015; Budoff et al., 2007), and spearheading investigations on the mechanisms of pH
regulation linked to hypoxia.
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Fig. 1.

chE staining of non-COPD (A, C) and COPD (B, D) lung tissue sections. Coarse
basophilic deposits (yellow arrows) in extracellular matrix in COPD tissue, suggestive
of early calcification. Black arrows and star symbols indicate chronic inflammation and
tortuous blood vessels, respectively.
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Fig. 2.
Masson’s trichrome staining of non-COPD (A, C) and COPD (B, D) lung tissue sections

(40x magnification). Arrows depict fibrotic regions in both non-COPD and COPD tissue,
which are significantly increased (** P < 0.01) in COPD tissue, as indicated by darker blue
staining, in COPD. Bar diagram represents degree of fibrosis from non-COPD and COPD
sections with ImageJ quantification (E).
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Fig. 3.
Ki-67 immunostaining of non-COPD (A) and COPD (B) lung tissue sections (200x

magnification). Increased proliferation index (inflammatory and epithelial cells) in
perichondral fibrotic areas of COPD lung tissue shown (red arrows). Arrows depict stained
cells undergoing proliferation. Bar diagrams summarize percentage of Ki-67 positive cells in
non-COPD and COPD sections as quantitated by ImageJ software (C). (* P < 0.05).
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Fig. 4.
Von Kossa staining of non-COPD (A, C) and COPD (B, D) lung tissue sections (40x and

400x magnification). Blue arrows depict areas of calcification, indicated by Von Kossa
staining. Bar diagrams summarizing percentage of Von Kossa staining in non-COPD and
COPD sections as quantitated by ImageJ software (E). (** P < 0.01).
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Fig. 5.
Immunohistochemistry of CA 1V localization depicted by DAB staining (brown precipitate)

in non-COPD (A) and COPD (B) lung tissue (40x magnification). Black arrows depict
regions of CA IV localization by DAB staining. Bar diagrams summarizing percentage DAB
staining in non-COPD and COPD sections as quantitated by ImageJ software (C). (** P <
0.01)
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