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K E Y   P O INT   S

	•	 This study evaluates the 
pulmonary pathology in lung 
explants of patients with chronic 
respiratory failure 8 to 11 months 
after COVID-19.

	•	 Explanted lung specimens were 
characterized by proliferative and 
fibrotic phase of diffuse alveolar 
damage consisting of both diffuse 
interstitial fibrosis and evidence of 
ongoing fibrosis.
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A B S TRACT   

Objectives:  Patients with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
infection may develop end-stage lung disease requiring lung transplantation. We report 
the clinical course, pulmonary pathology with radiographic correlation, and outcomes after 
lung transplantation in three patients who developed chronic respiratory failure due to 
postacute sequelae of SARS-CoV-2 infection.

Methods:  A retrospective histologic evaluation of explanted lungs due to coronavirus 
disease 2019 was performed.

Results:  None of the patients had known prior pulmonary disease. The major patho-
logic findings in the lung explants were proliferative and fibrotic phases of diffuse alveolar 
damage, interstitial capillary neoangiogenesis, and mononuclear inflammation, specifi-
cally macrophages, with varying numbers of T and B lymphocytes. The fibrosis varied from 
early collagen deposition to more pronounced interstitial collagen deposition; however, 
pulmonary remodeling with honeycomb change was not present. Other findings included 
peribronchiolar metaplasia, microvascular thrombosis, recanalized thrombi in muscular 
arteries, and pleural adhesions. No patients had either recurrence of SARS-CoV-2 infection 
or allograft rejection following transplant at this time.

Conclusions:  The major pathologic findings in the lung explants of patients with 
SARS-CoV-2 infection suggest ongoing fibrosis, prominent macrophage infiltration, 
neoangiogenesis, and microvascular thrombosis. Characterization of pathologic findings 
could help develop novel management strategies.

INTR    O D U CTI   O N

Progressive respiratory failure remains an important cause of mortality in individuals with severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection.1 Many patients with coronavirus 
disease 2019 (COVID-19) lung disease develop acute respiratory distress syndrome (ARDS) requir-
ing mechanical ventilation, with reported mortality rates of up to 40%.2,3 In a subset of patients 
recovered from COVID-19 infection, lung function does not fully recover, and these patients may © The Author(s) 2022. Published by Oxford 
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benefit from lung transplantation in end-stage lung disease.4 There are 
still no validated, evidence-based guidelines to support informed decision 
making for who should be considered a candidate for lung transplant.5-7 
Although pathologic characterization of postmortem lung specimens 
from patients who died early after COVID-19 has been extensively re-
ported,8-12 little is reported on the pathology of the lungs in patients who 
survived the acute illness and developed chronic hypoxic respiratory 
failure necessitating lung transplantation. Diffuse pulmonary fibrosis 
with focal microscopic honeycomb change has been described in two of 
the three antemortem specimens from patients requiring extracorporeal 
membrane oxygenation (ECMO) for severe COVID-19, one of whom was 
from a patient who underwent bilateral lung transplantation.8 Herein, we 
report the pathologic changes seen in three lung explants from patients 
with chronic hypoxic respiratory failure due to postacute sequelae of 
SARS-CoV-2 infection and clinical outcomes after lung transplantation.

CA  S E S

Patient 1

Pretransplant Clinical Course
A 40-year-old woman  TABLE 1  with obesity, type 2 diabetes 
mellitus, hypertension, hyperlipidemia, hypothyroidism, and 

latent Mycobacterium tuberculosis infection previously treated 
in 2018 was admitted to an outside hospital in mid-April 2020 
for severe hypoxemic respiratory failure due to COVID-19 in-
fection. She received hydroxychloroquine, convalescent plasma, 
tocilizumab, remdesivir, glucocorticoids, and empiric therapeutic 
anticoagulation as COVID-19–directed therapies. She also received 
multiple courses of antibiotics for presumed bacterial pneumonias, 
although her cultures remained negative.

She was never placed on invasive mechanical ventilation. Re-
peat nasopharyngeal SARS-CoV-2 polymerase chain reaction (PCR) 
became negative on hospital day 39. Her hospital course was com-
plicated by a spontaneous right tension pneumothorax. She un-
derwent bilateral lung transplantation 8  months after her initial 
presentation with COVID-19 pneumonia. Intraoperatively, the left 
lung had minimal chest wall adhesions; the right lung had signif-
icant dense circumferential adhesions to the chest wall, mediasti-
num, and diaphragm.

Posttransplant Clinical Course
The patient was extubated on postoperative day (POD) 2 and dis-
charged on POD 13. Three weeks after her transplantation, she was 
able to ambulate 450 feet and climb up seven steps independently, 
as well as maintain oxygen saturations above 95% on room air. The 

TABLE 1  Demographics of Patients Included in the Study

Variable Patient 1 Patient 2 Patient 3

Age, y 40 33 47

Sex F M M

BMI (at time of transplant), kg/m2 28.8 23 22.3

Comorbidities Obesity, type 2 diabetes mellitus, 
hypertension, hyperlipidemia, 
hypothyroidism

None None

Presenting symptoms related to 
COVID-19 infection

Shortness of breath, cough Fevers, shortness of breath, cough Fevers, shortness of breath, cough

Type of ventilatory/oxygenation 
support at time of transplant

High-flow nasal cannula Venovenous ECMO High-flow nasal cannula

Time spent on above support 
prior to transplant, mo 

8  9  5 

Complications of COVID-19 (prior 
to transplant)

Pneumothoraces Pneumothoraces Pneumothoraces with persistent bronchopleural 
fistulas, hydropneumothoraces, and hemothoraxPresumed bacterial pneumonias 

(culture negative)
Acute limb ischemia due to spontaneous 
hematoma

Nosocomial infections (Serratia marcescens, 
Klebsiella pneumoniae, and Pseudomonas 
aeruginosa bacteremia)

Nosocomial infections (P aeruginosa and K 
pneumoniae bacteremia; Chryseobacterium 
indologenes VAP; Candida krusei/glabrata 
candidemia)

Time between diagnosis and first 
negative SARS-CoV-2 PCR test, d

38 Unknown 71

Time between onset of COVID-19 
symptoms and transplant, mo

8 9 11

ICU stay posttransplant, d 11 37 4

Posttransplant venovenous 
ECMO, h

0 81 4

Posttransplant ventilator, d 2 25 1.7 (41 hours)

Pleural drainage, d 10 8 7

BMI, body mass index; COVID-19, coronavirus disease 2019; ECMO, extracorporeal membrane oxygenation; ICU, intensive care unit; PCR, polymerase chain reaction; SARS-CoV-2, 
severe acute respiratory syndrome coronavirus 2; VAP, ventilator-associated pneumonia.
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patient has not had either recurrence of SARS-CoV-2 infection or 
allograft rejection following transplant at this time.

Radiologic Findings: Pretransplant and Posttransplant
Representative radiologic findings from this patient are 
shown in  FIGURE 1 . Chest radiograph 2  months prior to trans-
plant  FIGURE 1A  demonstrates hazy and patchy opacities bilaterally 
with multiple round lucent areas correlating with bronchiectasis. 
On chest computed tomography (CT) 2  months prior to trans-
plant  FIGURE 1B-E , peripheral triangular densities containing high-
attenuation calcifications and mild lateral right pleural thickening 
are seen in the lingula and right upper lobe when viewed in soft 
tissue windows  FIGURE 1B . Severe varicose and cystic bronchiectasis 
bilaterally particularly affects the left anterior upper lobe  FIGURE 1C . 
A background of diffuse mildly heterogeneous ground-glass opacity 
is present in the full extent of both lungs, intermixed with focal areas 
of consolidation  FIGURE 1C ,  FIGURE 1D , and  FIGURE 1E . Consolida-
tion is present in the lower lobes containing areas of bronchiecta-
sis  FIGURE 1D . Coronal image through the mid-chest shows multiple 
cystic areas representing severe traction bronchiectasis bilaterally 
and pneumatocele formation  FIGURE 1E . Four months after bilateral 
lung transplant, chest radiograph shows postsurgical changes and 
clear lungs  FIGURE 1F .

Gross Findings
The right and left lungs weigh 324.5 and 442.5  g, respec-
tively. The gross findings of the explanted lungs are shown 
in  FIGURE 1 . The pleural surface of the right lung has significant 
adhesions  FIGURE 1G  secondary to the right tension pneumo-
thorax, and that of the left lung has few adhesions  FIGURE 1H  on 
the diaphragmatic surface. The cut surfaces of the lungs show 
diffuse consolidation involving the majority of the lung paren-
chyma of all lobes  FIGURE 1I ,  FIGURE 1J , and  FIGURE 1K . Trac-
tion bronchiectasis and bronchiolectasis with multiple smaller 
cysts are present  FIGURE 1J . Besides the diffuse fibrosis, the left 
lung also has areas of peripheral, subpleural-based, pyramidal-
shaped areas of fibrosis with tan-yellow streaks, as shown in 
the inset  FIGURE 1K , that correspond to the peripheral triangu-
lar densities with high-attenuation calcifications seen on the 
soft tissue windows of the CT scan  FIGURE 1B .

Histologic Findings
The histologic findings in the lungs are shown in  FIGURE 2 . The lung 
parenchyma shows overlapping stages of proliferative and fibrotic 
phases of diffuse alveolar damage (DAD) with focal fibrin. Honey-
comb change is not present. The proliferative phase shows areas 
of interstitial myxoid fibrosis  FIGURE 2A . The fibrotic phase shows 
varying degrees of collagen deposition, ranging from mild inter-
stitial fibrosis and preserved architecture  FIGURE 2B  to extensive 
collagen deposition with residual compressed alveolar spaces and 
peribronchiolar metaplasia  FIGURE 2C  and  FIGURE 2D . Prominent 
type 2 pneumocyte hyperplasia is present in all the phases  FIGURE 2E . 
The lung parenchyma shows diffuse mononuclear inflammation 
consisting of mild interstitial T lymphocytes and scattered clusters 
of B lymphocytes. Numerous macrophages, specifically within the 

alveoli spaces, are present  FIGURE 2E . The wedge-shaped areas of 
consolidation in the lung seen grossly correspond to foci of loose 
intra-alveolar fibrosis with septal calcification  FIGURE 2F . These 
could represent either areas of organizing pneumonia with calcifi-
cation or healed infarcts. Multiple smaller cysts seen grossly corre-
spond to pneumatoceles that are lined by macrophages  FIGURE 2G . 
In addition to the inflammation and fibrosis, there are multiple foci 
of increased interstitial capillary density with occasional foci of 
microvascular thrombosis, megakaryocytes, and platelets in the 
lung parenchyma  FIGURE 2H  and  FIGURE 2I . Focal bronchopneu-
monia is present. The lining epithelium of scattered small airways 
shows squamous metaplasia. The larger pulmonary arteries show 
mild intimal thickening and no evidence of thromboemboli. The 
medium-sized muscular arteries show medial thickening with 
scattered recanalized thrombi and eccentric intimal thickening.

Patient 2

Pretransplant Clinical Course
A 33-year-old man  TABLE 1  with no known medical problems 
was admitted to an outside hospital in late April 2020 for severe 
hypoxemic respiratory failure due to severe COVID-19 pneumonia. 
He received convalescent plasma, glucocorticoids, sarilumab, and 
empiric therapeutic anticoagulation as COVID-19–directed ther-
apies but continued to have worsening oxygenation. The patient 
was cannulated for peripheral venovenous ECMO (VV-ECMO) 
within 2 weeks of his hospitalization for refractory severe ARDS. 
The patient’s hospital course was complicated by pneumothorax 
and multiple nosocomial infections, including Serratia marcescens, 
Klebsiella pneumoniae, and Pseudomonas aeruginosa bacteremia 
and ventilator-associated pneumonias (VAPs) requiring prolonged 
courses of antibiotics. Efforts to improve his lung function and to 
wean VV-ECMO support were unsuccessful. He underwent bilat-
eral lung transplantation during his ninth month of hospitalization, 
after being on VV-ECMO for 259 days. Intraoperatively, significant 
adhesions were encountered bilaterally throughout the entire pleu-
ral space with elevated bilateral diaphragms and small fibrotic 
lungs.

Posttransplant Clinical Course
Posttransplant, the patient was slowly weaned off mechanical 
ventilation and was discharged from the hospital on POD 37. 
Two months posttransplant, he was able to ambulate 100 feet 
independently and maintain an oxygen saturation of at least 
96% on room air. The patient has not had either recurrence of 
SARS-CoV-2 infection or allograft rejection following transplant 
at this time.

Radiologic Findings: Pretransplant and Posttransplant
Representative radiologic findings from this patient are shown 
in  FIGURE 3 .

Chest radiograph 3  months prior to hospital transfer shows 
severe bilateral parenchymal consolidation  FIGURE 3A . A  chest 
CT examination performed  FIGURE 3B  19  days later shows a 
large right anterior pneumothorax contiguous with lung de-
struction, with an undulating interface with the right middle 
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FIGURE 1  Patient 1: A 40-year-old woman with coronavirus disease 2019 prior to and after bilateral lung transplant. Overview of radiographic and gross 
pathologic observations. A, Chest radiograph 2 months prior to transplant shows lucencies representing bilateral bronchiectasis (arrows) and extensive 
bilateral patchy and hazy parenchymal opacities. B, Chest computed tomography (CT) axial soft tissue window image shows right pleural thickening 
(arrows) and calcified peripheral triangular densities (arrowheads). C-E, Chest CT lung window images show all areas of lung affected by ground-glass 
opacity, consolidation, and bronchiectasis. Severe bronchiectasis is present bilaterally, particularly in the upper lobes and anteriorly, such as in the left 
upper lobe (C, arrow) with cystic areas (C, arrowheads) that represent cystic bronchiectasis and pneumatoceles. 
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lobe. The right lower lung regions are severely consolidated 
with pneumatoceles such as in the right middle lobe and right 
lower lobe  FIGURE 3B . The remainder of the lungs is affected 
by heterogeneous ground-glass opacity such as at the left lung 
base, which also has consolidation and volume loss  FIGURE 3B . 
On chest CT images 2.5 months later, the pneumothorax has re-
solved, with cysts noted in the right upper lobe. Dense consol-
idation and ground-glass opacities are present in both upper 
lobes  FIGURE 3C . Bilateral cylindrical bronchiectasis has pro-
gressed and is now severe in the lower lobes with decreased 
consolidation, which is decreased, and extensive ground-glass 
opacity  FIGURE 3D . A fluid-filled cavity in the right middle lobe 
is present, adjacent to a cyst  FIGURE 3E . Mild right pleural thick-
ening is present  FIGURE 3E . A chest radiograph 3.5 months after 
transplant demonstrates bilateral surgical changes  FIGURE 3F .

Gross Findings
The right and left lungs weigh 356.3 and 240.1 g, respectively. The 
gross findings of the explanted lungs are shown in  FIGURE 3 .The 
pleural surfaces of the right  FIGURE 3G  and the left  FIGURE 3H  lungs 
have significant adhesions that could be secondary to the pneumo-
thorax as well as pleural involvement related to multiple secondary 
bacterial infections. The cut surfaces of the right  FIGURE 3I  and 
left  FIGURE 3J  lungs show diffuse fibrosis and traction bronchiecta-
sis/bronchiolectasis. The right middle lobe has a cavity with organ-
izing hematoma that corresponds to the fluid-filled cavity seen on 
CT scans  FIGURE 3E .

Histologic Findings
The histologic findings in the lungs are shown in  FIGURE 4 . 
Similar to patient 1, histologically the lung parenchyma shows 

G H

JI K

FIGURE 1  (cont) D, On a more caudal axial image, consolidation in the left lower lobe and right lower lobe is present with traction bronchiectasis (arrows). 
E, Coronal image demonstrates cystic areas (arrows) related to pneumatoceles and varicose and cystic bronchiectasis. F, Chest radiograph 4 months after 
bilateral transplanted lungs with sternal hardware and mediastinal clips. Grossly (G-K), the pleural surface of the right lung has adhesions (G), whereas that 
of the left lung (H) has few adhesions on the diaphragmatic surface (arrow). The cut surface of the lungs shows consolidation affecting all lobes diffusely 
(I, right lung; J, K, left lung), with multiple small cysts (arrows, J) and bronchiectasis/bronchiolectasis (arrowhead, J). The calcified peripheral triangular 
densities seen on the CT scan (arrowheads, B) are seen on the cut surface as denser areas of consolidations (arrows, K), with the inset in K showing tan 
white streaks of calcification (arrow).
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FIGURE 2  Patient 1: Histopathologic findings in lung explant of the 40-year-old woman with coronavirus disease 2019. The lungs show changes of 
proliferative (A) and fibrotic (B-E) phases of diffuse alveolar damage. The proliferative phase is characterized by myxoid interstitial fibrosis (arrows, A) and 
reactive type 2 pneumocyte hyperplasia (arrowheads, A). The fibrotic phase has varying degrees of fibrosis varying from mild interstitial collagen deposition, 
as shown on trichrome stain (arrows, B), to more marked fibrosis with collapsed alveoli (arrowheads, C) and peribronchiolar metaplasia (arrows, C). 
Focal intra-alveolar fibrin is present (arrows, D). Diffuse type 2 pneumocyte hyperplasia (arrows, E) and macrophages (arrowheads, E) is present. The 
peripheral densities with calcification seen on computed tomography scan and grossly on the cut surface show areas of loose intra-alveolar myxoid fibrosis 
(arrowheads, F) with delicate alveolar septal calcification (arrows, F). 
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overlapping stages of proliferative and fibrotic phases of DAD 
with prominent type 2 pneumocyte hyperplasia. Honeycomb 
change is not present. The proliferative phase shows areas 
of interstitial myxoid fibrosis, and the fibrotic phase shows 
varying degrees of collagen deposition with preserved architec-
ture  FIGURE 4A . Residual compressed alveolar spaces  FIGURE 4B  
with peribronchiolar metaplasia  FIGURE 4C  are present. In 
addition to interstitial fibrosis, there is mild to moderate mon-
onuclear inflammation comprising T lymphocytes  FIGURE 4D , 
scattered clusters of B lymphocytes, and intra-alveolar macro-
phages  FIGURE 4E . The larger pulmonary arteries show mild 
intimal thickening and no evidence of thromboemboli. The 
medium-sized and small muscular arteries show medial 
thickening, eccentric intimal thickening, and recanalized 
thrombi  FIGURE 4F , G . Scattered small capillaries with plate-
let thrombi as well as varying amounts of platelets are present 
in the lung parenchyma  FIGURE 4H . Multiple foci of increased 

interstitial capillary density are present  FIGURE 4I . Both the 
large cartilaginous and small airways  FIGURE 4F  show fibrosis 
of the wall.

Patient 3

Pretransplant Clinical Course
A 47-year-old man  TABLE 1  with no medical history was admitted 
in early April 2020 for severe hypoxemic respiratory failure and 
ARDS due to COVID-19 pneumonia. He was intubated on hospital 
day 3 but had refractory hypercapnia and hypoxemia despite deep 
sedation, paralysis, and prone positioning. Peripheral VV-ECMO 
was initiated on hospital day 4, and percutaneous tracheostomy 
was performed on hospital day 5.  COVID-19–directed therap-
ies included hydroxychloroquine, azithromycin, glucocorticoids, 
and clazakizumab. The clinical course was complicated by bi-
lateral pneumothoraces, bronchopleural fistula, alveolar-pleural 
fistula, and right hemothorax. He also had nosocomial infections, 

G H

I

FIGURE 2 (cont) Immunohistochemical stains for CD68 (G), CD34 (H), and CD61 (I) highlight the macrophages (arrows, G) lining the pneumatoceles, 
increased capillaries in the interstitium (arrows, H), and platelet microthrombi (arrows, I) and platelets (arrowheads, I). A, C-E, H&E; B, trichrome; G, CD68; 
H, CD34; I, CD61. A, D, ×20; F, ×2; B, C, G, ×10; E, H, I, ×40.
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including Pseudomonas aeruginosa, Klebsiella pneumoniae, and 
Chryseobacterium indologenes and Candida krusei/glabrata 
candidemia. He was eventually weaned from VV-ECMO after a 
total runtime of 135 days; his tracheostomy was decannulated after 
176  days. He was discharged from the hospital to acute inpatient 
rehab after 196 days. The patient was listed for transplant due to his 
end-stage progressive pulmonary fibrosis. He underwent bilateral 
lung transplantation 343  days after his index hospitalization for 
COVID-19 pneumonia. Intraoperatively, both lungs had significant 
circumferential chest wall adhesions.

Posttransplant Clinical Course
He was extubated on POD 2 and discharged on POD 7.  At his 
1-month posttransplant follow-up, he is ambulating several city 
blocks without difficulty and saturating 98% on room air. The 

patient has not had either recurrence of SARS-CoV-2 infection or 
allograft rejection following transplant at this time.

Radiologic Findings: Pretransplant and Posttransplant
Representative radiologic findings from this patient and the gross 
pathologic findings of the explanted lungs are shown in  FIGURE 5 .

Chest radiograph performed on admission for COVID-19 infection 
demonstrates patchy dense consolidation bilaterally with a lower 
lung and mild peripheral predisposition  FIGURE 5A . Ten months later, 
prior to transplantation, chest CT  FIGURE 5B ,  FIGURE 5C ,  FIGURE 5D , 
and  FIGURE 5E  reveals pleural thickening bilaterally, particularly on 
the right  FIGURE 5B . Anteriorly located severe traction bronchi-
ectasis with multiple cysts is seen on axial  FIGURE 5E  and coro-
nal  FIGURE 5C  images aligned along a plane  FIGURE 5C  through the 
right ventricle. More posterior coronal image  FIGURE 5D  anterior to 

A B

C D

FIGURE 3  Patient 2: A 33-year-old man who had a bilateral lung transplant for coronavirus disease 2019. Overview of radiographic and gross pathologic 
observations. A, Chest radiograph 3 months prior to hospital transfer shows a superior vena cava extracorporeal membrane oxygenation cannula tip 
overlying the superior cavoatrial junction (arrow), tracheostomy, and severe consolidation. B, On an axial lung window image from chest computed 
tomography (CT) 19 days later, a large right lower hemithorax air collection represents both pneumothorax and cavity. Multiple pneumatoceles (arrow) 
are in the right lung within bilateral consolidation and diffuse ground-glass attenuation. C, D, Two and a half months later, chest CT axial lung window 
images show opacification of the lung by ground-glass opacities and consolidation with right upper lobe cysts (C, arrows). At the lung bases (D), cylindrical 
bronchiectasis is now severe, consolidation is decreased, and extensive ground-glass opacities persist. 
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G H

JI

E F

FIGURE 3  (cont) E, Axial soft tissue windowed chest CT image shows a cyst (long arrow), fluid-filled cavity in the right middle lobe (short arrow), and 
right pleural thickening (arrowheads). Some consolidation is evident on the image. F, Chest radiograph 3.5 months after transplant demonstrates bilateral 
lung transplant changes. Grossly (G-J), the pleural surfaces of the right (G) and left (H) lungs have pleural adhesions. The cut surface of the lungs shows 
consolidation affecting all lobes diffusely (I, right lung; J, left lung), with bronchiectasis/bronchiolectasis (arrows, I and J). The right middle lobe has a cavity 
filled with blood (arrowhead, I). 
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FIGURE 3  (cont) E, Axial soft tissue windowed chest CT image shows a cyst (long arrow), fluid-filled cavity in the right middle lobe (short arrow), and 
right pleural thickening (arrowheads). Some consolidation is evident on the image. F, Chest radiograph 3.5 months after transplant demonstrates bilateral 
lung transplant changes. Grossly (G-J), the pleural surfaces of the right (G) and left (H) lungs have pleural adhesions. The cut surface of the lungs shows 
consolidation affecting all lobes diffusely (I, right lung; J, left lung), with bronchiectasis/bronchiolectasis (arrows, I and J). The right middle lobe has a cavity 
filled with blood (arrowhead, I). 

A B

C D

E F

FIGURE 4  Patient 2: Histopathologic findings in lung explant of the 33-year-old man with coronavirus disease 2019. The lungs show interstitial fibrosis 
varying from mild interstitial fibrosis (arrows, A) to more marked fibrosis (arrow, B) with collapsed alveoli (arrowhead, B). Peribronchiolar metaplasia is 
present (arrow, C). Immunostain for CD3 highlights the interstitial lymphocytic inflammation (D) and that for CD68 (E) highlights the numerous macrophages. 
The wall of the small airways has fibrosis (arrowhead, F), and the accompanying muscular artery has eccentric intimal fibrosis (arrow, F) that likely 
represents a healed thrombus. 
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the vertebral bodies shows heterogeneous ground-glass opacities 
intermixed with bronchial wall thickening, mild cystic areas, and 
reticular opacities. The parenchymal opacities have a lower lung 
region predisposition. Chest radiograph 5 weeks after transplant 
demonstrates small bilateral effusions, mild basilar linear atelecta-
sis, and cardiomegaly  FIGURE 5F .

Gross Findings
The right and left lungs weigh 741 and 691  g, respectively. The gross 
findings of the explanted lungs are shown in  FIGURE 5 .The pleu-
ral surfaces of the right  FIGURE 5G  and left  FIGURE 5H  lungs have 
significant adhesions that could be related to the pneumothorax, 
bronchopleural fistula, and/or multiple secondary bacterial infec-
tions. The cut surface of the lungs shows diffuse fibrosis and multiple 
cysts that represent traction bronchiectasis/bronchiolectasis as well 
as pneumatoceles  FIGURE 5I ,  FIGURE 5J , and  FIGURE 5K . The cystic 
areas are present more anteriorly in the lungs, and diffuse consolidation 
is present posteriorly in the right  FIGURE 5J  and left  FIGURE 5L  lungs.

Histologic Findings
The histologic findings in the lungs are shown in  FIGURE 6 . Similar 
to patients 1 and 2, the lung parenchyma shows overlapping stages 
of proliferative  FIGURE 6A  and fibrotic  FIGURE 6B  phases of diffuse 
alveolar damage with prominent type 2 pneumocyte hyperplasia 
and peribronchiolar metaplasia. Honeycomb change is not present. 
Varying degrees of interstitial collagen deposition are present with 
residual compressed alveolar spaces  FIGURE 6C . Multiple foci of bron-
chopneumonia with numerous neutrophils, multinucleated giant 
cells  FIGURE 6D , ulceration, and squamous metaplasia of the lining 
of the small airways  FIGURE 6E  are present in this patient. In addition 
to fibrosis, the lung parenchyma also shows diffuse widening of the 
alveolar septal wall with mild to moderate mononuclear inflamma-
tion comprising T lymphocytes  FIGURE 6F , clusters of B lymphocytes, 
and increased interstitial capillary density  FIGURE 6G . Scattered 
small capillaries with platelet thrombi as well as varying amounts 
of platelets are present in the lung parenchyma  FIGURE 6H . Multiple 
pneumatoceles lined by macrophages are present  FIGURE 6I . The large 

G H
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FIGURE 4  (cont) Recanalized thrombus is present in muscular artery (arrow,G). Immunostain for CD61 (H) shows microvascular thrombi (arrow, H) and 
platelets (arrowheads, H) in the parenchyma. Immunostain for CD34 shows increased interstitial capillary density (I). B, C, G, H&E; A, F, trichrome; E, CD68; 
H, CD61; I, CD34. A, B, D, ×10; C, F, ×4; E, ×40; G-I, ×20.
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FIGURE 5  Patient 3: A 47-year-old man who had hypoxemic respiratory failure due to coronavirus disease 2019 and underwent bilateral lung 
transplantation. Overview of radiographic and gross pathologic observations. A, Admission chest radiograph with bilateral patchy dense consolidation 
bilaterally. B, Chest computed tomography (CT) soft tissue window image from study 10 months later before transplant with pleural thickening (arrows). C, 
Coronal lung window CT images in a horizontal plane anteriorly through the right ventricle demonstrates numerous cysts from traction bronchiectasis. D, 
Coronal lung window CT images in a horizontal plane posteriorly anterior to the vertebral bodies show ground-glass opacities, reticulation, and mild cystic 
areas. E, Axial lung window image shows the anteriorly located cysts (arrowhead) and connection to bronchiectatic airways (arrows). F, Chest radiograph 5 
weeks after transplant. 
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pulmonary arteries show mild intimal thickening, and medial and ec-
centric intimal hyperplasia is present in the muscular arteries.

S U MMAR    Y  O F  P ATH   O L O GIC   
FEAT    U RE  S  IN   L U NG   E X P LANT    S

Grossly, the pleural surfaces have varying degrees of adhesions. The 
cut surface of the lungs shows diffuse consolidation involving both 
upper and lower lobes with cysts. The predominant histologic find-
ings include interstitial fibrosis with bronchiectasis/bronchiolectasis, 
pneumatoceles, interstitial and intra-alveolar inflammation, and in-
creased interstitial capillary density. The fibrosis varies from established 
interstitial fibrosis with collagen deposition to interstitial fibroblastic 
proliferation. Architectural remodeling with honeycomb lung is not 
seen. The inflammation is composed of T lymphocytes, aggregates 
of B lymphocytes, and prominent macrophages. Three histologically 
distinct populations of macrophages are present: foamy macrophages 
with vacuolated cytoplasm  FIGURE 7A , hemosiderin-laden macro-
phages, and macrophages with eosinophilic dense cytoplasm that lack 

vacuoles and hemosiderin  FIGURE 7B . An elastic stain  FIGURE 7C  shows 
fragmented residual elastic fibers in the interstitium. There is no evi-
dence of vasculitis. Other histologic features include prominent type 2 
pneumocyte hyperplasia, peribronchiolar metaplasia, and recanalized 
thrombi involving small muscular arteries. Large vessel thrombi are 
not present. Multiplex chromogenic immunohistochemical staining for 
vimentin, CD34, and CD68 (see method below) shows coexpression of 
vimentin and CD68 in elongated and spindle-shaped cells with red to 
orange staining indicative of overlap of the two separate chromogens 
(arrows in  FIGURE 7D ,  FIGURE 7E , and  FIGURE 7F ).

METH    O D  F O R  M U LTI   P LE  X  CHR   O M O GENIC     
IMM   U N O HI  S T O CHEMI     S TR  Y

Ready-to-use unconjugated murine anti-human CD34 (cat. 
790-2927, RRID: AB_2336013; Ventana Medical Systems) clone 
QBEnd/10, unconjugated murine anti-human vimentin (cat. 790-
2917, RRID: AB_2335925; Ventana Medical Systems) clone V9, and 

G H

I J K L

FIGURE 5  (cont) Grossly (G-L), the pleural surfaces of the right (G) and left (H) lungs have pleural adhesions. The cut surface of the lungs shows 
consolidation affecting all lobes diffusely (I, J, right lung; K, L, left lung), with bronchiectasis/bronchiolectasis (arrow, I and K).
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vacuoles and hemosiderin  FIGURE 7B . An elastic stain  FIGURE 7C  shows 
fragmented residual elastic fibers in the interstitium. There is no evi-
dence of vasculitis. Other histologic features include prominent type 2 
pneumocyte hyperplasia, peribronchiolar metaplasia, and recanalized 
thrombi involving small muscular arteries. Large vessel thrombi are 
not present. Multiplex chromogenic immunohistochemical staining for 
vimentin, CD34, and CD68 (see method below) shows coexpression of 
vimentin and CD68 in elongated and spindle-shaped cells with red to 
orange staining indicative of overlap of the two separate chromogens 
(arrows in  FIGURE 7D ,  FIGURE 7E , and  FIGURE 7F ).

METH    O D  F O R  M U LTI   P LE  X  CHR   O M O GENIC     
IMM   U N O HI  S T O CHEMI     S TR  Y

Ready-to-use unconjugated murine anti-human CD34 (cat. 
790-2927, RRID: AB_2336013; Ventana Medical Systems) clone 
QBEnd/10, unconjugated murine anti-human vimentin (cat. 790-
2917, RRID: AB_2335925; Ventana Medical Systems) clone V9, and 
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FIGURE 6  Patient 3: Histopathologic findings in the lungs of a 47-year-old man who had hypoxemic respiratory failure due to coronavirus disease 2019 
and underwent bilateral lung transplantation. The lungs show features of the proliferative phase of diffuse alveolar damage consisting of myxoid interstitial 
fibrosis (arrows, A). Peribronchiolar metaplasia (arrow, B) and interstitial collagen deposition (arrowheads) are present. Immunohistochemical stain for 
keratin (AE1/3) highlights the widening of the alveolar septa (arrow, C). D, E, Bronchopneumonia with neutrophils (arrowhead) and multinucleated giant cells 
(arrow) and organizing pneumonia are shown. 
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unconjugated murine anti-human CD68 (cat. 790-2931, RRID: 
AB_2335972; Ventana Medical Systems) clone KP1 were validated 
on a Ventana Medical Systems Discovery Ultra platform according 
to the manufacturer’s instructions. Chromogenic-multiplex se-
quential immunohistochemistry was performed according to best 
practices.13 Incubation, antigen retrieval, and application sequence 
were determined based on antigen retrieval requirements for each 
marker. Multiplex sequences were iteratively tested with crossover 
controls to eliminate primary-secondary antibody cross-detection 
and verify horseradish peroxidase (HRP) quenching. In addition, 
isotype and diluent (no primary antibody) negative controls were 
included in the multiplex assay.14 In brief, endogenous peroxidase 
was blocked with 3% hydrogen peroxide. CD34 was applied neat, 
incubated for 30 minutes without antigen retrieval, and detected 
with goat anti-mouse HRP-conjugated multimer and teal chro-
mogen.15 Samples were denatured with instrument buffer for 32 
minutes. Sections were antigen retrieved using Cell Conditioner 

1  (Ventana Medical) (Tris-borate-EDTA pH 8.5) for 24 minutes. 
Vimentin was applied neat and incubated for 30 minutes, followed 
by detection with goat anti-mouse HRP-conjugated multimer and 
magenta chromogen.15 Samples were denatured with instrument 
buffer for 32 minutes. CD68 was applied neat and incubated for 
30 minutes, followed by detection with goat anti-mouse alkaline 
phosphatase–conjugated multimer and yellow chromogen.15 Slides 
where washed in distilled water, counterstained with hematox-
ylin, dehydrated through graded alcohols, cleared in xylene, and 
mounted with synthetic permanent media.

D I S C U S S I O N

The pulmonary pathologic findings seen in these explants are likely 
multifactorial and could be due to the direct effects of SARS-CoV-2 
infection, immune-mediated injury related to severe COVID-19, or 
secondary bacterial infections, as there was no prior pulmonary 

G
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F

FIGURE 6  (cont) F, G, Immunohistochemical stains for CD3 and CD31 show the presence of T lymphocytes (F) and increased capillary density in the 
interstitium (G). Immunohistochemical stain for CD61 (H) shows microvascular thrombi (arrow, H) and platelets (arrowheads, H) in the parenchyma. 
Immunohistochemical stain for CD68 shows multiple pneumatoceles (arrows) lined by macrophages (I). A, B, trichrome; C, D, H&E; E, keratin (AE1/3); F, 
CD3; G, CD31, H, CD61; I, CD68. A, B, ×4; C, ×20, D, E, ×10; F, G, ×20; H; ×40; I, ×2.
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1  (Ventana Medical) (Tris-borate-EDTA pH 8.5) for 24 minutes. 
Vimentin was applied neat and incubated for 30 minutes, followed 
by detection with goat anti-mouse HRP-conjugated multimer and 
magenta chromogen.15 Samples were denatured with instrument 
buffer for 32 minutes. CD68 was applied neat and incubated for 
30 minutes, followed by detection with goat anti-mouse alkaline 
phosphatase–conjugated multimer and yellow chromogen.15 Slides 
where washed in distilled water, counterstained with hematox-
ylin, dehydrated through graded alcohols, cleared in xylene, and 
mounted with synthetic permanent media.

D I S C U S S I O N

The pulmonary pathologic findings seen in these explants are likely 
multifactorial and could be due to the direct effects of SARS-CoV-2 
infection, immune-mediated injury related to severe COVID-19, or 
secondary bacterial infections, as there was no prior pulmonary 
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FIGURE 7  Distinct population of macrophages and immunohistochemical evidence suggesting possible transition of macrophages into fibroblast-like 
cells. Three histologically distinct populations of macrophages are present: foamy macrophages (arrows, A) with vacuolated cytoplasm, hemosiderin-laden 
macrophages (arrow, B), and macrophages with eosinophilic dense cytoplasm that lacked vacuoles and hemosiderin (arrowheads, B). An elastic stain (C) 
shows fragmented residual elastic fibers in the interstitium (arrows). Multiplex chromogenic immunohistochemical staining for vimentin (magenta) and CD68 
(yellow) and CD34 (teal) shows coexpression of vimentin and CD68 in elongated and spindle-shaped cells with red to orange staining (arrows, D-F). A, B, 
H&E; C, elastic; D-F, multiplex immunohistochemical staining for vimentin (magenta), CD68 (yellow), and CD34 (teal). A-F, ×40.
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disease in these patients.16-19 The clinical course was complicated 
by pneumothoraces and culture-proven nosocomial infections in 
two patients, whereas one patient (patient 1) was treated for pre-
sumed bacterial pneumonia. Prior autopsy studies from patients 
with COVID-19 have reported DAD with hyaline membranes early 
in the disease course to be the most common underlying patho-
logic change.8-12,20,21 The major pathologic findings in the lungs 
of patients who underwent transplantation 8 to 11  months after 
SARS-CoV-2 infection included proliferative and fibrotic phases of 
DAD, diffuse type 2 pneumocyte hyperplasia, prominent intersti-
tial capillary neoangiogenesis, and mononuclear cells, specifically 
macrophages. The interstitial fibrosis consisted of varying degrees 
of collagen deposition associated with traction bronchiectasis/
bronchiolectasis with evidence of ongoing injury showing inter-
stitial fibroblastic proliferation; however, architectural remodeling 
with honeycomb change was not observed. The patients were neg-
ative for the virus by PCR testing for several weeks to months before 
the transplant. Similar to that reported in multi-institutional case 
series, none of our patients had either recurrence of SARS-CoV-2 
infection or allograft dysfunction at this time.22

The pattern of interstitial fibrosis was similar to that de-
scribed by Aesif et  al8 in their case series and resembled non-
specific interstitial pneumonia. All three patients in their series 
were on prolonged ECMO, whereas only one of our patients 
was on prolonged ECMO. Similar to patients with non–COVID-
19–related ARDS wherein fibrosis has been shown to develop 
in as early as 1 week,23 a recent autopsy study has shown that 
pulmonary fibrosis in SARS-CoV-2 infection starts as early as 
15  days from onset of symptoms.24 The etiology of the ongoing 
fibrosis could be multifactorial and likely related to the direct 
and immune-mediated effect of the SARS-CoV-2 infection and 
also nosocomial infections.25 Progressive lung fibrosis has been 
shown to develop in a mouse model after infection with Strepto-
coccus pneumoniae by releasing cytotoxic factors that promote 
apoptosis of epithelial cells and subsequent fibrosis.19

After lung injury, type 2 pneumocytes self-renew and 
give rise to type 1 pneumocytes. Failure to do so could re-
sult in fibroblastic proliferation by epithelial-mesenchymal 
transition.26,27 Latent viral infections such as that seen with 
γherpesvirus infection that persists in epithelial cells has been 
shown to augment lung fibrosis in murine models by increasing 
production of profibrotic factors such as TGF-β1.28 Cytology 
samples of olfactory epithelium from patients with long-term 
persistence of anosmia after COVID-19 showed the presence of 
SARS-CoV-2 virus transcripts with associated inflammation.29 
The presence of ongoing injury with diffuse type 2 pneumocyte 
hyperplasia and myxoid fibrosis in the lung explants months 
after the initial infection may in part reflect ongoing lung injury 
related to persistence of the SARS-CoV-2 virus. Persistent stem 
cell activation due to prolonged inflammatory states and infec-
tion leads to stem cell exhaustion. This can drive abnormal re-
pair and failure of alveolar regeneration and is associated with 
aberrant expression of transforming growth factor–β (TGF-β), 
Wnt/β-catenin, and sonic hedgehog signaling pathways.30-34 

Notably, lungs from patients with COVID-19 showed increased 
RNA expression of TGFBR2 compared with lungs of patients 
with influenza A  (H1N1).35 TGFBR2 is important in the TGF-β 
signaling pathway and plays an important role in pulmonary 
fibrosis by fibroblast activation and myofibroblast prolifera-
tion.36 Currently, the evidence base for the use of antifibrotics 
in diffuse alveolar damage is limited. We also note that there 
are phase II to IV trials under way evaluating the potential for 
repurposing antifibrotic agents in the setting of COVID-19.37 In 
a case series of three patients, the combination of pirfenidone, 
azithromycin, and prednisolone in post-H1N1 ARDS fibrosis 
showed clinical and radiologic improvement.38

Different types of macrophages in the explanted lungs re-
flect the underlying pathogenesis. Foamy macrophages with 
fine vacuoles are seen in postobstructive pneumonia and have 
been described in patients with COVID-19 secondary to small 
airway obstruction.8 Hemosiderin-laden macrophages are seen 
in patients with prior hemorrhage. Although no vasculitis or 
capillaritis is seen in the lungs, the pathologic change is similar 
to that described in the proliferative and fibrotic phase of diffuse 
alveolar damage in which there is injury to the alveolar capillary 
membrane with resultant hemosiderin-laden macrophages.39 
A third population of macrophages with eosinophilic cytoplasm 
that lacks vacuoles and hemosiderin is present. Previous studies 
have reported that late cases of COVID-19 have a macrophage-
rich inflammatory component. It has been shown that, in the 
later stages of COVID-19, macrophages could contribute to 
fibrosis as they interact with the fibroblasts in the alveolar 
wall.40 While M1 macrophages are predominant in the acute 
phase of acute lung injury (ALI) and have a proinflammatory 
function, M2 macrophages are involved in the resolving phase 
of ALI and have been shown to play a role in the development 
of lung fibrosis via cytokine pathways.41 Antifibrotic drugs such 
as pirfenidone mainly target the TGF-β pathway, but they have 
also been shown to suppress the activity of pulmonary fibro-
blasts by reducing the M2 macrophages.42 In a mouse model of 
lipopolysaccharide-induced ALI, pirfenidone has been shown to 
reduce both inflammation and fibrosis by blocking the activa-
tion of the NLRP3 inflammasome.43 Transition of macrophages 
into fibroblast-like cells has been reported after myocardial in-
farction and during renal fibrosis.44,45 The combined presence 
of spindle cell morphology with coexpression of macrophage 
(CD68) and mesenchymal (vimentin) markers, although spec-
ulative as vimentin is not a specific marker for fibroblasts, sug-
gests that macrophages may transition into fibroblast-like cells. 
However, additional studies are needed to resolve this potential 
mechanism as being one of the pathways.

A prominent and consistent feature seen in end-stage lungs 
due to SARS-CoV-2 is the presence of multiple foci of increased 
interstitial capillary density with occasional foci of microvascular 
thrombosis, megakaryocytes, and platelets in the lung parenchyma. 
An autopsy study comparing the morphologic differences between 
lungs of patients who died of ARDS due to SARS-CoV-2 and those 
who died of H1N1 infection showed that lungs from patients with 
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COVID-19 had characteristic intussusceptive or nonsprouting an-
giogenesis by scanning electron microscopy as well as widespread 
vascular thrombosis with endothelial injury.10 Similar findings, re-
ferred to as vascular congestion and hemangiomatosis-like change 
(VCHL), were seen in 50% of cases in another series. Interestingly, 
there was a negative correlation between the presence of ALI and 
VCHL.11

None of our patients had evidence of thrombosis in the lar-
ger branches of the elastic pulmonary arteries. However, despite 
their being on anticoagulants, the presence of persistent thrombosis 
in the microvasculature and recanalized thrombi in the small and 
medium muscular arteries emphasizes the importance of appro-
priate and continued thromboprophylaxis even months after the 
infection. The specificity of vascular thrombi in end-stage COVID-19 
lungs is unclear as, based on our personal observations (unpublished 
observation), explanted lungs with end-stage fibrosis from other 
etiologies, including pulmonary hypertension, also show microvas-
cular thrombi in addition to increased megakaryocytes and platelets 
in the lung parenchyma.

C O NCL   U S I O N S

The major pathologic findings in the lung explants of patients with 
SARS-CoV-2 infection suggest ongoing fibrosis, inflammation, 
and persistent microvascular thrombosis. Characterization 
of pathologic findings could help develop novel management 
strategies.
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