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ABSTRACT

Several patients experience pulmonary sequelae after Sars-Cov-2 infection, ranging from self-
limited abnormalities to major lung diseases. Morphological analysis of lung tissue may help in
understanding pathogenic mechanisms and provide consistent personalized management. Aim of
the study was to ascertain morphologic and immuno-molecular features of lung tissue.
Transbronchial lung cryobiopsy was carried out in patients with persistent symptoms and
computed tomography suggestive of residual lung disease after recovery from Sars-CoV-2
infection. 164 patients were referred for suspected pulmonary sequelae after COVID-19; 10
patients with parenchymal lung disease extent > 5% underwent lung biopsy. Histological pattern
was not homogeneous, as three different case clusters could be evidenced, which were mirrored
in clinical and radiological features: cluster one (“chronic fibrosing”) characterized by post-
infection progression of pre-existing interstitial pneumonias; cluster two (“acute/subacute
injury”) characterized by different types and grades of lung injury, ranging from organizing
pneumonia and fibrosing NSIP to diffuse alveolar damage; cluster three (“vascular changes™)
characterized by diffuse vascular increase, dilatation and distortion (capillaries and venules)
within otherwise normal parenchyma. Clusters two and three were characterized by
immunophenotypical changes similar to those observed in early/mild covid-19 pneumonias
(abnormal expression of STAT3 in hyperplastic pneumocytes and PD-L1, IDO and STAT3 in
endothelial cells). This is the first study correlating histological/immunohistochemical patterns
with clinical and radiological pictures of patients with post-COVID lung disease. Different

phenotypes with potential different underlying pathogenic mechanisms have been identified.



INTRODUCTION

As COVID-19 pandemic has progressed, some patients are experiencing prolonged multi-organ
symptoms and complications (long COVID or post-COVID syndrome) [1-13]. The implications
and consequences of such ongoing clinical manifestations are a growing health concern.
Evidence of residual organ damage following COVID-19 infection applies especially to
pulmonary sequelae, with a spectrum ranging from self-limited abnormalities to a clinical profile
of major lung diseases, with variable extent of significant inflammatory and/or fibrotic
abnormalities. The histological evaluation of lung tissue in this late phase may help reveal
peculiar morpho-phenotypical changes which, together with future studies examining patterns
evolution, may help in better understanding pathogenic mechanisms and provide consistent
personalized therapy. Here, we examine the morphologic and immuno-molecular features of
transbronchial lung cryobiopsies (TBLC) performed in patients with persistent lung disease after
recovery from Sars-CoV-2 infection and the potential explanation of the observed lung

abnormalities.

METHODS

Study design and patient selection

We conducted a comparative, prospective, multicentric, investigator-initiated and observational
study, from January 1% 2021 through March 31% 2021, with the aim to evaluate histological
profile and immunohistochemical/molecular features of lung tissues in patients with persistent
lung involvement on HRCT (high resolution computed tomography) scan and persistent
symptoms (respiratory and/or systemic) after recovery from Sars-CoV-2 infection. Eligible
subjects were aged between 18 and 80 years, had a history of previous molecular confirmed
diagnosis of COVID-19 related pneumonia, with recovery at least 30 days before, persistent lung
involvement on HRCT scan analysis > 5%, persistent symptoms (respiratory and/or systemic)
and no contraindications for lung biopsy. Recovery was defined according to national directives
updated in December 2020 by the presence of two consecutive negative tests for Sars-CoV-2 by
rRT-PCR in 24 hours associated with possible improvement/stabilization of symptoms. Key
exclusion criteria were severely compromised lung function or resting hypoxaemia, high
bleeding risk, pulmonary hypertension assessed by echocardiography and severe comorbidities
(details are reported in the online data supplement); finally, patients who could not provide

consent or refused biopsy were excluded. This study was in accordance with regulations issued



by the Helsinki Declaration; the protocol was approved by the Institutional Review Board (IRB)
of the Area Vasta Romagna Ethical Committee (Prot. 5285/2021) and patients have provided
their informed consent. High Resolution Computed Tomography and Transbronchial Lung
Cryobiopsy were performed as described previously and reported in supplemented data [14-17].
Morphologic examination was based on conventional hematoxylin-eosin stains and
immunostaining with cytokeratin 7. Five dedicated pulmonary pathologists (A.D., G.R., V.P.,
M.C., and C.D.) blindly and independently reviewed the slides from all biopsies and quoted
several morphological features involving different compartments constituting the lung
parenchyma: epithelial and vascular components, alveolar and interstitial spaces, inflammatory
cells. Divergent opinions were then overtly discussed and a final consensus was reached in all
cases. All immunohistochemical tests were performed in the ULTRA Benchmark automated
immunostainer (Ventana Medical Systems/Roche, Tucson, AZ) using standard procedures and
reagents are described in Table S1. We have analyzed 15 control cases with diffuse parenchymal
lung diseases as uninfected control specimens: three Cryptogenic Organizing Pneumonia (OP),
three Non-Specific Interstitial Pneumonia (NSIP), two OP/NSIP, two Usual Interstitial
Pneumonia (UIP), two fibrotic Hypersensitivity Pneumonitis (fHP), one idiopathic Acute
Fibrinous and Organizing pneumonia (AFOP), one Sarcoidosis, one Smoking-Related Interstitial
Fibrosis (SR-IF).

RESULTS

Clinical characteristics

164 patients were referred to our post-acute outpatient service for suspected pulmonary sequelae
after COVID-19. In 141 patients, parenchymal lung disease was absent or < 5%, 13 patients had
contraindications for lung biopsy or did not provide consent to the procedure; 10 patients
underwent transbronchial lung cryobiopsy. Median age was 61 years (range, 38-76 years) and
78% were men. 7/10 patients had been hospitalized but no one had been intubated. Clinical
characteristics are summarized in Table S2. Patients underwent bronchoscopy on average 3.5
months after recovery from Sars-CoV-2 infection. At the time of biopsy all cases resulted
negative at Sars-Cov-2 molecular swab testing. Most patients reported fatigue and low grade
fever, a minority reported joint and muscle pain and depression (Table S2). Median forced vital

capacity (FVC) was 77% of predicted value (range 46-116); median carbon-monoxide diffusion



coefficient (DLCO) was 51% of predicted value (range 43-80). The most representative

laboratory tests are shown in Table S3.

High resolution computed tomography

Radiologic findings are summarized in Table 1. In a sub-group (cluster 1) , CT scan showed
fibrotic appearances with some aspects of interstitial involvement, architectural distortion and
traction bronchiectasis; in one of these patients, a previous CT scan had shown a pre-existing
background of fibrotic interstitial lung abnormalities (ILA), which were stable and persistent
after COVID-19 pneumonia (Figure 1), while in the second patient, acute consolidations masked
and covered the possible presence of underlying pre-existing traction bronchiectasis.

In five cases (cluster 2), CT scan showed persistence of ground glass with perilobular pattern and
consolidations as observed in organizing pneumonia (OP) or fibrotic NSIP (Figures 2-3); a
common feature was residual vessel enlargement (gravity dependent perilobular pattern as
assessed after prone positioning) as supposed venular dilatation in the peri-lobule [18]. Finally,
third sub-group (cluster 3) was characterized by only mild residual radiological changes, with
mild peripheral ground glass associated with perilobular pattern in 2/3. In a single case, features

suggesting pleuro-parenchymal fibroelastosis in the upper lobes were observed.

Histological patterns and immunohistochemistry

Histological evaluation on H&E stained slides revealed significant modifications of the
pulmonary structure in all ten investigated cases, matching the three-cluster separation. All cases
were tested and resulted negative for Sars-Cov-2 [in situ hybridization in tissue (SmFISH method,
HuluFISH, Pixelbiotech Germany) and real-time reverse transcriptase polymerase chain reaction
(RT-PCR) assay in BAL (bronchoalveolar lavage)].

Cluster 1 (“pre-existing chronic fibrosing”)

This cluster included two cases with features of either UIP (usual interstitial pneumonia), as
defined by architectural distortion, spatial and temporal heterogeneity of scarring modifications,
fibroblastic foci and microscopic honeycombing (Figure 4), or fibrosing smoking-related
interstitial pneumonia, as defined by the accumulation of macrophages containing smoking-
related light brown pigment in alveolar spaces and interstitial collagenous fibrosis (Table S4).

The immunohistochemical analysis in the first case was consistent with UIP, including TUBB3



in myofibroblasts and focal p16 expression in pneumocytes [19]. The second case (showing pre-

existing background of smoking related ILD at HRCT which persisted after COVID-19
pneumonia), showed histological features consistent with a smoking-related ILD, with also
lymphoid nodules [20].

Cluster 2 (“acute/subacute injury )

Cluster two was characterized by different types and grades of lung injury, ranging from
organizing pneumonia or overlapping OP/NSIP to diffuse alveolar damage (DAD - proliferative
phase, 2 cases) (Figure 4) [21]. These cases shared morphological and immunohistochemical
similarities with cases of severe COVID-19 pneumonia previously described [16]. In the two
cases consistent with DAD (proliferative/organizing without hjaline membranes), the interstitial
spaces were diffusely thickened by dense fibrosis and aggregates of myofibroblasts (Figure 4).
Residual alveolar spaces were lined by patchy collections of hyperplastic AECII, expressing
pSTAT3 and Ki67. Four cases were characterized by the occurrence of endoalveolar Masson’s
bodies and various amounts of interstitial thickening (OP/NSIP) (Figure 4) (Table
S4). Inflammatory cells: abundant immune infiltrates, composed mainly of lymphocytes were
present in all cluster 2 cases, either diffusely distributed in interstitial spaces, or forming
perivascular aggregates; lymphoid infiltrates were mainly composed of T and B cells; in T cells,
CD4 cells and CD8 subsets were almost equally represented. Macrophages were less represented,
neutrophils were rare and no eosinophils were observed. Alveolar cells: hyperplastic AECII were
characterized by a high Ki67 index, and nuclear pSTAT3. TUBB3 staining was also expressed
in alveolar cells, mainly in the cases with the most severe damage. Vascular bed: diffuse IDO,
PD-L1 and pSTAT3 immunostaining was detected in the endothelial cells of both interstitial
capillary vessels and venules, this representing the most relevant finding in this subgroup [22].
Cluster 3 (“vascular changes )

Cluster 3 was characterized by diffuse vascular increase, dilatation and distortion (both
capillaries and venules) within an otherwise normal parenchyma (minimal patchy AECII
hyperplasia in one case) (Table S4) (Figure 5). This pattern was comparable to that described in
early-phase COVID-19 pneumonia with conserved parenchymal structure [16]. Inflammatory
cells: a small number of macrophages and interstitial T lymphocytes were present, without
obvious predominance of either CD4 or CD8. PD-L1 was expressed in alveolar macrophages (as

may commonly be observed in alveolar macrophages in normal conditions), but no PD-L1



immunoreactivity was observed in the epithelial alveolar cells. Vascular bed: diffuse PD-L1
staining decorated the capillary lining along with IDO reactivity in endothelial cells (Figure 5).
Stromal/interstitial compartment: no TUBB3 reactivity was observed. These cases shared
similarities with some cases of early/mild COVID-19 pneumonia previously described [16], in
particular the persistence of diffuse and strong expression of PD-L1 and indoleamine 2,3-
dioxygenase (IDO) in endothelial cells of both interstitial capillaries and venules in post-acute
phase cases. This peculiar expression profile may be appears—as—strongly more related with
SARS-CoV-2 pneumonias, since these markers are not typically observed absent in lung tissue
obtained in healthy subjects [23-24] and/or in control cases with diffuse parenchymal lung
diseases as uninfected control specimens. These morphologic abnormalities were mirrored in
BAL fluid (Table S3); in fact, all patients with lymphocytosis in BAL (> 20%) were characterized
by organizing pneumonia in lung tissue, with abundant immune infiltrates, composed mainly of
lymphocytes, located in perivascular and interstitial spaces, sometimes forming nodular

aggregates.

DISCUSSION

To our knowledge, this is the first prospective analysis of morpho-phenotypical changes in
patients with persistent symptoms and residual parenchymal lung disease after recovery from
COVID-19. Most published studies have been small and mainly focused on clinical sequelae in
patients admitted to hospital for COVID-19 [1,3-5,6,8,10]. Little is known of the extent and
features of lung pathology in COVID-19 survivors, mostly those who had milder infections not
requiring hospitalization. Three cases with post-COVID histologically confirmed OP have been
published so far (two trans-bronchial lung biopsy and one surgical lung biopsy) [25,26] and
eleven asymptomatic patients who had previously contracted COVID-19 underwent elective lung
resections for other unrelated indications (recovered asymptomatic survivors were confirmed to
have no discernible histopathological changes suggesting parenchymal damage) [27]. As is the
case with other interstitial lung diseases (ILDs), lung biopsy may have a significant role in post-
COVID-ILDs, in order to better define histological patterns for the purposes of management. The
ILDs community has long been aware that fibrotic nonspecific interstitial pneumonia and
organizing pneumonia progressing to fibrosis are not infrequently seen in survivors of
DAD/acute lung injury [28]. Current algorithms mostly view post-COVID lung disease as a
single entity; however, the existence of different COVID-induced pathways may underlie



separate post-COVID lung entities, which may require separate management. In this
multidisciplinary study, we have identified three different subtypes or sub-groups (Table 2).
One group (cluster 1) was characterized by features suggesting the occurrence of interstitial
lung disease before SARS-CoV2 infection. Both cases included were male and former smokers.
Clinical behavior was characterized by persistent respiratory symptoms after COVID-19
pneumonia, shortness of breath on exertion and cough, with less frequent systemic symptoms
(Table S2). One case, whose pattern was consistent with UIP, was characterized by fibrotic
appearances on CT scan and lung tissue, architectural distortion, traction bronchiectasis, spatial
and temporal heterogeneity of scarring modifications, and extended honeycombing (Figure 4 and
Table 1). It is possible to argue that the acute consolidations in this case masked and covered the
presence of underlying pre-existing fibrosing ILD. The second patient had a documented pre-
existing background of fibrotic interstitial lung abnormalities (ILA), which were stable and
persistent after COVID-19 pneumonia. Previous pulmonary function tests were normal (FVC
103% predicted, FEV1 104% predicted, DLCO 76% predicted). Lung cryobiopsy showed a
pattern consistent with smoking-related interstitial fibrosis, SR-IF). We hypothesize that a
number of post-covid-19 cases, characterized by radiological and/or pathological finding of
fibrotic appearances might be actually more an expression of a pre-existing pulmonary interstitial
disease (which may or may not be accelerated by the virus infection itself) than strictly related
to the viral infection. Acceleration of pulmonary fibrosis by respiratory virus has been described
in the bleomycin model of pulmonary fibrosis [29]; interestingly, in these cases, foci of cells
expressing the cell-senescence associated marker p16 were observed as in UIP/IPF [30-34].
The second cluster included patients with a more “auto-inflammatory” phenotype, with
different clinical presentation, radiological features and immuno-morphological pattern. The
inflammatory pathway may be triggered by the virus itself causing type 2 pneumocytes
proliferation/activation, influx of inflammatory cells and vascular dysfunction. CT scan showed
residual ground glass with perilobular pattern, sometimes consolidations, halo signs and reverse
halo sign, with no fibrotic distortion; these changes can be included in a OP-like pattern (Table
1). All patients had different morphological types and grades of lung injury, ranging from
organizing pneumonia to diffuse alveolar damage (DAD - proliferative phase) and had in
common abundant immune infiltrates, composed mainly of lymphocytes, in the perivascular and
interstitial spaces, sometimes forming nodular aggregates. In this cluster, patients had more

frequently systemic symptoms, such as fever and fatigue, together with respiratory symptoms



(Table S2). Cluster two patients were treated with steroids following lung biopsy results (details
are reported in Supplement). Patients with organizing pneumonia on lung biopsy experienced
significant improvement in both symptoms and lung function impairment; three-months follow-
up CT scan showed a significant reduction in ground glass areas and perilobular pattern in all
cases. Patients with diffuse alveolar damage / proliferative phase features on lung biopsy showed
moderate improvement, both clinical and functional, with complete resolution of fever and
reduction of shortness of breath, although persistent on mild to moderate exertion; the three-
months follow-up CT scan showed a slight reduction of the extension of parenchymal
involvement.

Third subgroup included patients with persistent respiratory and systemic symptoms but
minimal changes on CT scan. The histological picture was characterized by dilatation of the
lumen of alveolar capillaries and venules and hyperplasia of capillaries within an otherwise
normal or minimally abnormal parenchyma (minimal patchy AECII hyperplasia and
heterogeneous interstitial thickening in one case). We considered this “pattern” as similar in some
aspects to pulmonary capillary hemangiomatosis (hyperplastic interstitial capillaries along and
in the alveolar walls, frequently dilated lumens of the capillaries and capillary congestion);
however, we think they are clearly two distinct conditions. In fact, the capillary proliferation
observed in cluster 3 cases was not typically centered around bronchovascular bundles and did
not create any nodular appearance; endothelial cells were negative for proliferation cues (i.e. Ki-
67) and vascular changes involved also post-capillary venules, which showed dilated and
tortuous lumen, with thickened edematous walls and a patchy perivascular lymphocyte infiltrate,
all changes that are not observed in capillary hemangiomatosis. In addition, hemosiderin-laden
macrophages and intimal thickening of small muscular arteries were not observed. All these
patients underwent echocardiography and pulmonary artery hypertension was excluded.
Interestingly, the expression of molecules involved in immune derangement and vascular tone
control (STATS3, IDO, PD-L1) were altered as in early phase COVID-19 pneumonia [16]. In
order to assess whether these findings were related to Sars-CoV-2 infection, we have analyzed
the control cases with diffuse parenchymal lung diseases as uninfected control specimens and we
found that the endothelial expression of these markers was faint and/or restricted to rare cells.

One of the most relevant findings of our study was the persistent elevated expression of
nuclear pPSTAT3 in both alveolar epithelial cells and endothelial cells of interstitial capillary and
venules months after the clearing of SARS-CoV-2 infection. Nuclear pPSTAT3 was particularly



overexpressed in cluster 2 patients, characterized by more prominent systemic symptoms (mostly
fever and fatigue) associated with persistence of ground glass opacities on CT scan, perilobular
pattern and consolidations. These cases shared similarities with cases of severe COVID-19
pneumonia previously described [16], in which alveolar epithelial type 2 cells and endothelial
cells expressed nuclear pSTAT3. A significant reduction in pSTAT3 after administration of
Baricitinib in patients with severe Covid-19 pneumonia, preventing progression, with a safer and
more favorable clinical outcome, has been previously demonstrated [35]. These results might
suggest a potential rationale for the use of inhibitors of the Janus kinases JAK1 and JAK2 in a
subgroup of patients with post-Covid persistent symptoms. All patients included in the study
were found negative for Sars-CoV-2 in BAL, confirming the fact that pulmonary manifestations
are not associated with the persistence of virus in the lung, but are related to pathogenic
mechanisms irrespective of viral clearance and continuing after infections. We have observed
that vascular abnormalities (disordered angiogenesis with luminal enlargement and dilated vessel
wall, perivascular T-cell infiltration) are distinctly present from the beginning of COVID-19
pneumonia, can persist through progressive disease stages [16] and may linger also several
weeks/months after infection. The co-regulatory ligand PD-L1 and the tolerogenic enzyme IDO
are part of negative feed-back circuits that restrain immune responses and maintain peripheral
tolerance [36-38] and are both implicated in defense mechanisms from lung injury [39-42].
Tryptophan is a substrate for IDO enzymatic activity, and abnormal levels of tryptophan
metabolites have been demonstrated in Covid-19, with normalization at recovery [42-44]. As
previously demonstrated, IDO is involved in the regulation of vascular remodeling and relaxation
[24] and according to this study its potential role in reducing pulmonary vascular resistance may
also be involved in long COVID or post-COVID syndrome. These observations might explain
the persistence on CT scan, in some post-COVID cases, of areas of ground-glass attenuation,
with or without a “crazy paving” pattern, associated with enlarged veins contained within
ground-glass areas, partially disappearing with a change from the supine to the prone position
(“venoplegic/hyperemic pattern”) [42]. In some post-COVID cases of this series, we observed
the persistence of these features on CT scan (Table 1), through progressive disease stages several
weeks/months after infection.

This study has some limitations. Firstly, the baseline data of pulmonary function tests and
chest CT scan were not available, the number of enrolled patients was limited and patients group
was heterogeneous. Secondly, the short timeframe between the post-acute sampling and the acute



COVID-19 infection maybe a further issue of concern as it may not be representative of the long
term abnormalities. In future, a larger sample would be needed and longer longitudinal
observational studies will be critical to elucidate the health consequences attributable to COVID-
19.

In conclusion, this is the first study showing correlation between histological patterns and
immunohistochemistry with clinical and radiological pictures of patients with post-COVID
syndrome, which identified different subtypes or phenotypes with potential different underlying
pathogenic mechanisms (Table 2). Our results confirm that a multidisciplinary evaluation of
these patients is needed (instead of a limited imagine evaluation) to identify key patient
subgroups and their current optimal management. In particular, immune-histochemical
evaluation of lung tissue may help revealing peculiar morphological and morpho-phenotypical
changes of this new “Post-COVID/Long-COVID syndrome”, but also help in better
understanding of pathogenic mechanisms and lay the groundwork to efficiently conducting
therapeutic intervention studies and designing future follow-up plans as previously described
[17,45-48]. Although the pathogenic role of different cell types and the mechanisms leading to
different disease endotypes are not fully understood, this heterogeneity is likely to reflect
different COVID-induced phenotypes of interstitial lung disease, probably in predisposed
subjects to abnormal wound healing. Post-COVID lung disease is not a single entity, but includes
different subtypes or sub-groups [49], each of them potentially requiring separate and different

management.
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Tables

Table 1. Radiological and pathological findings in patients with persistent lung disease

Acute phase HRCT Post-acute phase HRCT Time histology
from
recovery
(days)
Patient 1 | Peripheral consolidation. Mild crazy Reticulation with some peri- | 100 AECII Hyperplasia, honeycombing,
paving lobular pattern, traction patchy fibrosis, fibroblastic
(OP-like pattern) bronchiectasis foci, lymphoid nodules
Patient 2 | Bilateral ground glass. Vessel Mild peripheral ground 227 AECII Hyperplasia, interstitial
enlargement (“Veno-plegic glass, smoking-related ILD fibrosis, perivascular fibrosis,
hyperhemic pattern”). Smoking related | (AEF + emphysema) lymphoid nodules, macrophages
ILD (AEF + emphysema) containing light brown pigment
Patient 3 | Not performed Peripheral consolidation. 32 AECII Hyperplasia, organizing
Ground glass. Vessel pneumonia, vascular dilatation,
enlargement (= “gravity perivascular fibrosis, perivascular
dependent perilobular lymphocytes, lymphoid nodules
pattern”)
Patient 4 | Peripheral consolidation. Ground glass. | Scattered bronchial ectasis, 65 Organizing pneumonia
Vessel enlargement (“gravity no fibrotic distortion, mild
dependent perilobular pattern”) peri-lobular pattern




Patient 5 | Ground glass. Vessel Stable ILA. Mild ground 76 AECII Hyperplasia, perivascular
enlargement. “Venoplegic hyperhemic | glass attenuation with mild lymphocytes, interstitial fibrosis
pattern” in a background of ILA peri-lobular pattern

Patient 6 | Ground glass. Vessel enlargement Extensive consolidations, 160 AECII Hyperplasia, organizing
(“Venoplegic hyperhemic pattern”) Halo sign, Reverse halo pneumonia, vascular dilatation,

sign. Peri-lobular pattern perivascular fibrosis, perivascular
lymphocytes, interstitial fibrosis

Patient 7 | Not performed Ground glass. Vessel 56 AECII Hyperplasia, perivascular

enlargement lymphocytes, interstitial fibrosis
“Venoplegic hyperemic

pattern” in a background of

NSIP-OP

Patient 8 | Peripheral consolidation. Ground glass. | Mild residual ground glass 123 vascular dilatation, perivascular
Vessel enlargement (“gravity with perilobular pattern fibrosis
dependent perilobular pattern”)

Patient 9 | Ground glass. Vessel enlargement Mild residual ground glass 137 minimal patchy AECII, vascular
(“Venoplegic hyperhemic pattern™) with perilobular pattern dilatation, perivascular fibrosis

Patient Not performed PPFE, mild ground glass 44 vascular dilatation, perivascular

10 fibrosis

Definition of abbreviations: HRCT = high resolution computed tomography; ILD = interstitial lung disease; AEF
= airspace enlargement with fibrosis; ILA = interstitial lung abnormalities; OP = organizing pneumonia; PPFE =
pleuro-parenchimal fibroelastosis; AECII = alveolar epithelial type 2 cells

Table 2. Identification of possible sub-groups (clusters) of patients with post-acute Covid-19.

Clinical picture

Radiological pattern

Histopathology

Cluster 1 Respiratory symptoms (cough, Interstitial lung disease. Lung UIP or fibrosing interstitial
dyspnea). fibrotic appearances with pneumonia.
No systemic symptoms. architectural distortion. Traction | Spatial and temporal heterogeneity
Compromised DLCO. bronchiectasis. of scarring modifications.
Fibroblast foci.
Honeycombing.
Cluster 2 Respiratory symptoms (cough, Peripheral consolidation. Lung injury
dyspnea). Ground glass. Organizing pneumonia
Systemic symptoms Peri-lobular pattern. Vessel OP/NSIP
(fever, fatigue). enlargement. Reverse halo sign. | Diffuse alveolar damage.
Compromised DLCO. No hyaline membranes.
Lymphocytic inflammatory
infiltrate
Cluster 3 Respiratory symptoms (cough, Mild residual lung disease. Diffuse vascular increase, dilatation
dyspnea). Mild ground glass. and distortion (capillaries and
Systemic symptoms (fatigue, Peri-lobular pattern venules).
aches). Otherwise normal parenchyma.
Normal DLCO.

Definition of abbreviations: DLCO = carbon-monoxide diffusion coefficient; UIP = usual interstitial pneumonia
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Figure 1

CT scan in a 60 y/o male, smoker. CT scan during acute infection (A-C) a mild peripheral ground
glass is present in both upper lobes, mainly in the left hemithorax (red circle). Scattered areas of
cystic changes suggestive of airspace enlargement with associated fibrosis (AEF) with mild
architectural distortion is present bilaterally. CT scan performed four months later (D-F) shows
reduction of ground glass attenuation, with residual ground glass attenuation and areas of AEF

(F, green arrow).



Figure 2

Male, 62 y/o, with acute Covid infection characterized by bilateral, peripheral consolidations (A,
B, blue arrow) and perilobular pattern (C, red arrow). Two months later (D-F) CT scan shows
mild peripheral reticulation and minimal perilobular pattern, mainly in the right lower lobe (F,
yellow circle).



Figure 3

Male 50 y/o, with Covid-related acute pneumonia (A-C) with extensive, peribronchovascular
consolidations, in both lungs (A-C) and lobular sparing in both lower lobes. Moderate ground
glass attenuation is present in both upper lobes associated with vessel enlargement (C, blue
circle). Two months later, a mild, diffuse ground glass attenuation is present in both lungs

associated with central bronchiectasis in middle lobe and in both lower lobes.



Figure 4

Cluster 1. A case with UIP pattern: architectural distortion, spatial and temporal heterogeneity of
scarring modifications, and microscopic honeycombing. H&E (a); Cluster 2. A case with
morphological evidence of ongoing interstitial fibrosis and extended AECII hyperplasia as
observed in diffuse alveolar damage (DAD), proliferative phase. H&E (b). Cytokeratin-7
immunostaining of epithelial cells, at low magnification, showing the severe effacement of
parenchymal structure. (c); Cluster 2. A case with organizing pneumonia pattern. H&E (d). Most
epithelial cells and endothelial cells express nuclear pSTATS3 (e).



Figure 5
Cluster 3. A case with diffuse vascular increase, dilatation and distortion (both capillaries and

venules) within an otherwise normal parenchyma. H&E (a); Cytokeratin-7 immunostaining (b);

diffuse and strong endothelial expression of pPSTAT3 (c), IDO (d) and PD-L1 (e).



Materials and methods

Patients selection

Patients were offered a comprehensive medical assessment with detailed history and physical
examination: data on all clinical characteristics were collected and information about specific
symptoms potentially correlated with COVID-19 were obtained. Before medical visit, all patients
underwent lung function respiratory tests (forced vital capacity - FVC, diffusion capacity of the lung
for carbon monoxide - DLCO, six-minute walking test - 6MWT) and chest high resolution computed
tomography (HRCT). Key exclusion criteria were severely compromised lung function (FVC < 50%
or DLCO <40% of predicted value) or resting hypoxaemia (SpO2 <90% on room air), high bleeding
risk (abnormal coagulation parameters or platelets <100x109/L or anti-platelet agents), pulmonary
hypertension (estimated right ventricular systolic pressure > 50 mmHg on echocardiogram and/or
right ventricular dysfunction), severe comorbidities (including ischaemic heart disease, severe
obesity, uncontrolled severe hypertension or heart failure, severe heart valves disease, myocarditis,
acute pulmonary embolus/thrombus/venous thromboembolic disorders, mental impairment, current

infective illness)

Computed tomography images

Chest computed tomography had to be no more than two weeks older than the date of the
bronchoscopy. Scans were viewed in the lung window settings (width 1000-1500 Hounsfield Units,
HU; level 700 to -550 HU). Prevalent features were listed, including peri-lobular changes, ground
glass opacities, consolidations, traction bronchiectasis, reticulation, honey-combing, nodules, crazy
paving; distinct patterns were described when possible (fibrotic or non-fibrotic), such as UIP pattern
(usual interstitial pneumonia), NSIP (non-specific interstitial pneumonia), HP (hypersensitivity

pneumonitis), indeterminate for UIP pattern, OP-like (organizing pneumonia), etc.

Bronchoscopic procedure

Lung samples were obtained by trans-bronchial lung cryobiopsy. Cryobiopsy was performed with
rigid technique: patients were intubated with rigid bronchoscope and tissue biopsy was carried out by
using the flexible bronchoscope inserted through the rigid tube. 1,7 or 1,9 mm probes were used. The
cryobiopsy site was decided taking into consideration the HRCT scan appearance of each case and
the biopsies were targeted at specific areas of the scan in accordance with the dedicated radiologist.

Fluoroscopy guidance was always used.



Prophylactic endobronchial Fogarty balloon was always placed in the lobar bronchus near the biopsy
segment and inflated after each biopsy, then immediately deflated in case of no hemorrhage. Patients
were deeply sedated (propofol and remifentanil) and spontaneous breathing was maintained during
the procedure. During the broncoscopic procedure, bronchoalveolar lavage (BAL) was also
performed in all patients. Blood examinations included blood count, coagulation profile, serum
biochemical tests (including renal and liver function, lactate dehydrogenase, and electrolytes),
interleukin-6 (IL-6), serum ferritin, and D-dimer.

Histological patterns and immunohistochemistry

All specimens were fixed in 10% buffered formalin and routinely paraffin-embedded. Morphologic
examination was based on conventional hematoxylin-eosin stains and immunostaining with
cytokeratin 7. The modifications were defined according to histological patterns.
Immunohistochemical markers were applied, in order to better recognize and characterize different
cell types and phenotypes within the pulmonary microenvironment. All immunohistochemical tests
were performed in the ULTRA Benchmark 141 automated immunostainer (Ventana Medical

Systems/Roche, Tucson, AZ) using standard procedures and reagents are described in Table S1

Results

None of the patients were immunocompromised before contracting COVID-19; none had received
corticosteroids since hospital discharge or acute phase recovery.

Cluster two patients were treated with steroids following lung biopsy results. Prednisone was started
at initial dose of 0.5 mg/kg per day given as a single oral dose in the morning for four weeks; if patient
was stable or improved, prednisone was gradually tapered for the ensuing four to six weeks and after
three to six months, the dose was gradually tapered to zero. Patients with organizing pneumonia on
lung biopsy experienced significant improvement in both symptoms and lung function impairment;
DLCO improved from 50%, 43% and 44% of predicted value to 69%, 72% and 62% respectively
after three months; three-months follow-up CT scan showed a significant reduction in ground glass
areas and perilobular pattern in all cases. Patients with diffuse alveolar damage / proliferative phase
features on lung biopsy showed moderate improvement, both clinical and functional, with complete
resolution of fever and reduction of shortness of breath, although persistent on mild to moderate
exertion; the three-months follow-up CT scan showed a slight reduction of the extension of
parenchymal involvement. There is still insufficient data about treatment of patients with clinical,

radiological and morphological picture compatible with post-COVID-19 organizing pneumonia.



Complications

Pneumothorax was observed in two cases that could be attributed to cryobiopsy procedures; it
spontaneously recovered with no need of drainage and was not associated with any longer-term

consequences for the patients in both cases. There were no cases of bleeding nor other procedure-

related adverse events.

Table S1. Immunohistochemical and FISH probes utilized in this study

Antibody Clone Source Target

Cytokeratin 7 SP52 Ventana-Roche Epithelial cells

Ki67 30-9 Ventana-Roche AECII

Tubulin beta-3 TUJ1 Covance Myofibroblast Activated AEII
CD4 SP35 Ventana-Roche T cell

CD8 SP57 Ventana-Roche T suppressor lymphocytes
IDO D5J4E Cell Signaling Immune checkpoint inhibition
PD-L1 22C3 Agilent-Dako Immune checkpoint inhibition
phospho-STAT3 | D3A7 Cell Signaling IL-6 pathway

Sars-Cov-2

smFISH, HuluFISH

Pixelbiotech Germany

Sars-CoV-2 virus

Table S2. Patients characteristics, comorbidities, symptoms, lung function

Pat. 1 Pat. 2 Pat. 3 Pat. 4 Pat. 5 Pat.6 | Pat.7 | Pat.8 | Pat.9 Pat. 10
Age (years) | 76 60 62 50 63 63 73 49 47 38
Sex (M/F) M M M M M F F M M F
Smoke ex ex no no no no ex ex no no
(Yes,No,ex)
Comorbidit | Hyperten | No Hyperte | Hyperte | No No Hyper | No No No
ies sion nsion nsion tensio

n

Prior no fILA no no no no no no no no
imaging
studies




Prior PFTs | no normal no no no no no no no no

Hospital or | Hospital | Hospital | Hospital | Hospital | Hospital | Home | Hospit | Hospit | Home Home

Home al al

(acute

phase)

Respiratory | Oxygen Oxygen | Oxygen | Oxygen | Oxygen No Oxyge | Oxyge | No No
Support NIV n n

(acute NIV

phase)

Treatment | Antiviral | Steroids | Steroids | Steroids | Antiviral | Antibi | Steroi | Steroi | LMWH Steroids

(acute S LMWH | LMWH | LMWH |[s otics ds ds Azithro | Azithro
phase) Steroids | Hydrox Steroids LMW | LMW | mycine mycine
LMWH ychloro LMWH H H
Canakinu | quine Antibi
mab Antibiot otics
Antibioti | ics

Cs

Persistent Cough Cough Cough Cough Cough Dyspn | Dyspn | Cough | Cough Dyspnea

symptoms Dyspnea | Dyspne | Fatigue | Dyspnea | Dyspnea | ea ea Dyspnea | Fatigue
a Fever Fatigue Fever | Fever | Dyspn | Fatigue [ Aches
Fever ea Aches Fever

Fatigu | Depressi | Depressi

e on on
Aches
Time (days) | 100 227 32 65 76 160 56 123 137 44
*
FVC (%) 87 96 78 46 64 74 96 77 116 72
DLCO (%) | 44 61 50 43 43 44 51 72 80 73

Definition of abbreviations: M = male; F = female; LMWH = low molecular weight heparin; NIV =
non invasive ventilation; FVC = forced vital capacity; DLCO = carbon-monoxide diffusion
coefficient; PFTs = pulmonary function tests; fILA = fibrotic interstitial lung abnormalities. *Time

means interval in days between recovery (defined in the text) and bronchoscopy



Table S3. Laboratory findings and broncho-alveolar lavage data (BAL)

of patients at the time of

biopsy
Pat.l | Pat.2 | Pat.3 Pat.4 Pat.5 | Pat.6 | Pat.7 Pat.8 | Pat.9 Pat.10
Blood lymphocytes 1,63 3,08 | 3,05 461 1,71 2,83 1,93 1,54 1,15 4,02
(NXx1079/L)
Blood D-dimer (ug/L) 620 532 1130 487 421 357 886 198 160 174
Ferritin (ug/L) 257 148 541 101 234 283 492 615 376 12
Blood LDH (U/L) 312 238 241 291 379 180 285 250 182 148
Auto-antibodies anti-Ro ANA 1/89 Mi-2beta
60 speckled
CRP (mg/L) 1 3 15,1 18 0,9 53 14,2 1 0.8 0,3
BAL total cells (10"6/L) | 398 102 5 179 364 717 128 159 177 103
BAL lymphocytes (%) 15 7 Not 25 25 72 15 11 5] 2
evaluable
BAL neutrophils (%) 3 9 Not 3 6 8 7 19 3 2
evaluable
BAL macrophages (%) 82 83 Not 71 69 25 75 70 92 96
evaluable
BAL eosinophils (%0) 0 1 Not 1 0 0 8 0 0 0
evaluable
CD4+/CD8+ 0,8 0,8 Not 25 14 0,6 0,2 0,6 Not Not
lymphocytes ratio evaluable evaluable evaluable

Table S4. Histological patterns and immunohistochemistr

Cluster 1 (pre-existing
chronic fibrosing)

Cluster 2 (acute/sub-acute
injury)

Cluster 3 (minimal changes - vascular
abnormalities)

Histological patterns

-fibroblastic foci
-microscopic honey
combing

-interstitial collagenous
fibrosis

-nodular aggregates of
lymphocytes

-OP

-alveolar cell hyperplasia
-DAD (organization phase)
-perivascular and interstitial
lymphoid infiltrates

-diffuse dilatation of vascular lumina (both
interstitial capillaries and post-capillary
venules)

Immunohistochemistry




Alveolar cells

-focal p16
-no PD-L1
Endothelial cells

-limited IDO
-focal PD-L1

Alveolar cells

-nuclear pSTAT3
-Ki67
-rare PD-L1

Endothelial cells

-diffuse IDO (*)

-diffuse PD-L1 (*)

-diffuse nuclear pSTAT3 (*)
(*) both interstitial capillary
vessels and venules.

Stromal/interstitial
compartment

-TUBBS3 (areas of stromal
remodeling)

Alveolar cells

-no PD-L1
-no TUBB3

Endothelial cells

-diffuse PD-L1 (*)
-diffuse 1DO (*)

venules.

Stromal/interstitial compartment
-no TUBB3

(*) both interstitial capillary vessels and

Abbreviations: FF = fibroblastic foci; HC = honeycombing; OP = organizing pneumonia; DAD = diffuse
alveolar damage; TUBB = Tubulin-beta; IDO = indoleamine 2,3-dioxygenase-1

Table S5. Clinical and radiological features of patients with parenchymal lung disease on CT scan

with extension > 5% but not undergoing lung biopsy (contraindications or not consenting)

HRCT SCAN GENDER | AGE | SYMPTOMS TIME
(M/F) (years) FROM
RECOVERY
(days)
Patient 1 | Reticulation with some peri-lobular  |F 47 Persistent dyspnea on exertion, fatigue, cough 123
pattern, traction bronchiectasis Patient had been admitted with respiratory failure,
intubated and ventilated
Patient 2 | Peripheral consolidation. Ground M 56 Persistent fatigue, diffuse muscle pain, memory 128
glass. Vessel enlargement (= loss, depression
“gravity dependent perilobular Patient had been admitted for respiratory failure,
pattern”) but not intubated
Patient 3 | Ground glass attenuation, F 78 Persistent dyspnea on exertion, fatigue, low grade 92
reticulation, peri-lobular pattern fever
Patient had been treated at home
Patient 4 | Reticulation with some peri-lobular (M 62 Persistent dyspnea on exertion, fatigue. 94
pattern, traction bronchiectasis Patient had been admitted with respiratory failure
and intubated
Patient 5 | Ground glass attenuation with peri-  [F 52 Persistent dyspnea on exertion, fatigue, cough, 124
lobular pattern, reticulation and fever
traction bronchiectasis Patient had been admitted for respiratory failure,
but not intubated
Patient 6 | Reticulation M 77 Persistent dyspnea and fatigue 68
Patient had been admitted but not ventilated
Patient 7 | Minimal changes (mild residual M 37 Fatigue, muscle pain, depression 56
ground glass and gravity dependent Patient had been treated at home
perilobular pattern)




Patient 8 | Peripheral consolidation. Ground 59 Fatigue, dyspnea, joints pain 115
glass. Perilobular pattern Patient had been treated at home
Patient 9 | Ground glass and gravity dependent 53 Fatigue. Alopecia. Dyspnea 54
perilobular patter Patient had been treated at home
Patient Reticulation with some peri-lobular 52 Dyspnea. Fatigue 88
10 pattern, traction bronchiectasis Patient had been admitted for respiratory failure but
not intubated
Patient Ground glass, halo sign, reticulation 84 Fatigue. Dyspnea 99
11 Patient had been admitted for respiratory failure but
not intubated
Patient Minimal changes (mild residual 49 Fatigue. Dyspnea. Alopecia 160
12 ground glass and gravity dependent Patient had been treated at home
perilobular pattern)
Patient Reticulation with some peri-lobular 76 Dyspnea. Cough 87
13 pattern, traction bronchiectasis Patient had been admitted for respiratory failure but

not intubated




