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Abstract

Background: The pathogenetic steps leading to Covid-19
interstitial pneumonia remain to be clarified. Most postmor-
tem studies to date reveal diffuse alveolar damage as the
most relevant histologic pattern. Antemortem lung biopsy
may however provide more precise data regarding the ear-
lier stages of the disease, providing a basis for novel treat-

ment approaches. Objectives: To ascertain the morphologi-
cal and immunohistochemical features of lung samples ob-
tained in patients with moderate Covid-19 pneumonia.
Methods: Transbronchial lung cryobiopsy was carried outin
12 Covid-19 patients within 20 days of symptom onset. Re-
sults: Histopathologic changes included spots of patchy
acute lung injury with alveolar type Il cell hyperplasia, with
no evidence of hyaline membranes. Strong nuclear expres-
sion of phosphorylated STAT3 was observed in >50% of
AECII. Interalveolar capillaries showed enlarged lumen and
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were in part arranged in superposed rows. Pulmonary ve-
nules were characterized by luminal enlargement, thickened
walls, and perivascular CD4* T-cell infiltration. A strong nu-
clear expression of phosphorylated STAT3, associated with
PD-L1 and IDO expression, was observed in endothelial cells
of venules and interstitial capillaries. Alveolar spaces macro-
phages exhibited a peculiar phenotype (CD68,CD11¢,CD14,
CD205,CD206,CD123/IL3AR, and PD-L1). Conclusions: Mor-
phologically distinct features were identified in early stages
of Covid-19 pneumonia, with epithelial and endothelial cell
abnormalities different from either classical interstitial lung
diseases or diffuse alveolar damage. Alveolar type Il cell hy-
perplasia was a prominent event in the majority of cases. In-
flammatory cells expressed peculiar phenotypes. No evi-
dence of hyaline membranes and endothelial changes char-
acterized by IDO expression might in part explain the
compliance and the characteristic pulmonary vasoplegia ob-
served in less-advanced Covid-19 pneumonia.

© 2021 S. Karger AG, Basel

Introduction

Coronavirus disease 2019 (Covid-19) is an infectious
disease caused by a novel coronavirus, SARS-CoV-2. Co-
vid-19 infection is characterized by clinical variability,
with some patients developing mild symptoms and oth-
ers rapidly progressing to acute respiratory failure requir-
ing intensive care unit treatment [1]. Despite intense in-
vestigation, the pathogenesis of Covid-19 is incompletely
understood. The relevance of pathological information
has been repeatedly highlighted [2], and a considerable
number of systematic postmortem examinations have
been published thus far [1-6]. Nevertheless, only a hand-
ful of reports of antemortem biopsy findings are current-
ly available [7, 8], which limits the knowledge about the
early phases of the Covid-19 interstitial pneumonia. In
the lung, autopsies of Covid-19 have generally revealed
histological features of diffuse alveolar damage (DAD)
with hyaline membranes, interstitial and intra-alveolar
proteinaceous edema, and type II pneumocyte hyperpla-
sia, consistent with a histopathologic background of acute
respiratory distress syndrome [9]. Although most post-
mortem studies describe the severe Covid-19 pneumonia
as “identical” to non-Covid-19 DAD/acute respiratory
distress syndrome, the disproportionate occurrence of
thromboembolic complications, microangiopathic le-
sions, and endothelial injury suggest Covid-19-specific
features purporting an endothelial-dependent contribu-
tion to disease pathogenesis [3, 5, 10]. These observations
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however clash with the preserved lung compliance docu-
mented in a significant number of patients with respira-
tory failure [11, 12] and with the few available data re-
garding the first phases of interstitial pneumonia, which
do not document the typical DAD findings [7, 8]. Fur-
thermore, no data on either the cellular target of infection
or immunohistochemical markers describing the inflam-
matory infiltrate and signaling pathways have been pro-
vided by reports on early-phase pneumonia.

Here, we examine the morphologic and immunomo-
lecular features of a series of patients affected by Covid-19
interstitial pneumonia. Biopsies were carried out in the
first 20 days of symptom appearance. This study was per-
formed in accordance with regulations issued by the Hel-
sinki Declaration; the protocol was approved by the Insti-
tutional Review Board (IRB) of the Area Vasta Romagna
Ethical Committee (Prot. 2672), and patients have pro-
vided their informed consent according to the rules ap-
plied in our hospital, accepting potential risks and advan-
tages of the proposed procedure (patients were informed
that the identification of pulmonary histologic lesions
might have helped to drive treatment decisions or drug
selection).

Materials and Methods

Enrolled subjects were aged between 31 and 76 years, with con-
firmed diagnosis of Covid-19 and high-resolution computed to-
mography scan analysis showing parenchymal lung involvement.
All patients were not in need of invasive ventilatory support. A
total severity score was calculated according to Pan et al. [13].

Covid-19 was diagnosed with real-time reverse-transcriptase-
polymerase-chain-reaction assay for SARS-CoV-2 in respiratory
tract samples tested by a designated hospital diagnostic laboratory.
Key exclusion criteria were excessive or uncorrectable bleeding
risk and cardiovascular disease with clinically overt heart failure.
Lung samples were obtained by transbronchial lung cryobiopsy,
using a standardized methodology [14] within 20 days of the first
symptom appearance. During the bronchoscopy procedure, bron-
choalveolar lavage (BAL) was performed. Lung cryobiopsy sam-
ples from 15 patients with diffuse parenchymal lung diseases
served as uninfected control specimens: 3 organizing pneumonia
(OP), 3 nonspecific interstitial pneumonia (NSIP), 2 OP/NSIP, 2
usual interstitial pneumonia, 2 chronic hypersensitivity pneumo-
nia, 1 acute fibrinous and organizing pneumonia, 1 sarcoidosis,
and 1 smoking-related interstitial fibrosis.

Morphologic examination was based on conventional hema-
toxylin-eosin stains and immunostaining with cytokeratin 7
(CK?7). Five expert pulmonary pathologists (A.D.,G.R., V.P.,, M.C,,
and C.D.) blindly and independently reviewed the slides from all
biopsies describing morphological features involving different
compartments of lung parenchyma. The presence of SARS-CoV-2
viral genome and IL-6 was investigated using fluorescence in situ
and RNAscope technology with commercially available probes. All
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Table 2. Patients’ characteristics and radiographic findings on HRCT

Table 1. Immunohistochemical and FISH probes utilized in this study

Antibody Clone Source Cell target

CK7 SP52 Ventana-Roche Epithelial cells

Ki67 30-9 Ventana-Roche AECII

Tubulin-beta-3 TUJ1 Covance Myofibroblast-activated AEII

CD3 2GVe6 Ventana-Roche T lymphocytes

CD4 SP35 Ventana-Roche T cell

CD8 SP57 Ventana-Roche T suppressor lymphocytes

CD14 EPR3653 Ventana-Roche Macrophages

CD20 L26 Ventana-Roche B lymphocytes

CD25 4C9 Ventana-Roche Activated T cells

CD30 Ber-H2 Ventana-Roche Activated lymphoid cells

CD61 212 Ventana-Roche Platelets and megakariocytes

CD123 BR4M Leica Biosystems Plasmacytoid dendritic cells

GATA3 L50-823 Ventana-Roche Th2

T-bet D6N8B Cell Signaling Th1

TCF1 C63F9 Cell Signaling T-cell transcription factor

MUMI1 MRQ-43 Ventana-Roche Plasma cells

PD1 NATI105 Ventana-Roche T lymphocytes, subset

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 RNAscope ACD Biotechne SARS-CoV-2 virus
V-nCoV2019-S

IL-6 RNAscope 2.5 ACD Biotechne IL-6

Probe-Hs-IL-6 C2

Pt Age,  Sex Presenting symptoms* Time from symptom  TSS Prominent radiographic
years onset to biopsy, days findings on HRCT'
1 31 Male Fever, cough, fatigue 8 6 Ground glass (halo sign), alveolar
consolidation
2 63 Male Fever 8 11 Pure ground glass, perilobular pattern
3 61 Male Fever, dyspnea, cough, myalgia, diarrhea 14 4 Part solid ground glass, perilobular pattern
4 76 Male Fever, cough, dyspnea 13 11 Crazy paving, perilobular pattern
5 61 Female Fever, myalgia, fatigue 11 6 Crazy paving
6 60 Female Fever, cough 12 11 Perilobular pattern, crazy paving
7 31 Female Fever, headache 6 2 Pure ground glass
8 56 Male Fever, cough, dyspnea 20 14 Pure ground glass
9 46 Female Fatigue, myalgia 8 7 Part solid ground glass; crazy paving
10 50 Male Fever 9 13 Perilobular pattern
11 62 Male Fever, cough 14 7 Part solid ground glass; perilobular pattern
12 53 Female Fever, myalgia, fatigue, diarrhea 16 10 Perilobular pattern

Pt, patient; TSS, total severity score [13]; HRCT, high-resolution computed tomography. * Reported symptoms refer to the time of onset of the disease

and/or the time of admission to the hospital. T Enlargement of pulmonary veins (inside and/or outside the areas of ground glass alveolar consolidation) was
observed in all cases.

immunohistochemical tests were performed in the ULTRA Bench-
mark automated immunostainer (Ventana Medical Systems/

Results

Roche, Tucson, AZ, USA) using standard procedures and reagents

described in Toble 1 Clinical characteristics and major radiological and lab-

oratory findings are described in Tables 2 and 3.
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Table 3. Clinical picture and laboratory findings

Pt

Comorbidities

oT

NIVS*

Treatment at biopsy time'

Blood
lymphopenia*

High serum
IL-6°

High D-dimer
levels'"

Increased BAL
lymphocytes**

No

No

No

Hydroxychloroquine
Ritonavir/darunavir
Corticosteroids

Yes

No

No

Yes

Yes

Hydroxychloroquine
Ritonavir/darunavir
Corticosteroids
Enoxaparin

Yes

Yes

Hypertension,
hyperlipidemia, GERD

Hydroxychloroquine
Corticosteroids
Enoxaparin

Yes

Hypertension, obesity, OSA

Yes

Hydroxychloroquine
Ritonavir/darunavir
Corticosteroids
Enoxaparin

Yes

Hyperlipidemia

No

No

Hydroxychloroquine
Ritonavir/darunavir
Corticosteroids
Enoxaparin

No

No

No

n/a

Hyperlipidemia

Hydroxychloroquine
Ritonavir/darunavir
Corticosteroids
Enoxaparin

n/a

Yes

Hydroxychloroquine
Ritonavir/darunavir
Corticosteroids
Enoxaparin

No

No

No

Hydroxychloroquine
Ritonavir/darunavir
Corticosteroids

No

No

No

Yes

Hypertension

Hydroxychloroquine
Ritonavir/darunavir
Corticosteroids
Enoxaparin
Canakinumab

No

No

No

No

Corticosteroids
Enoxaparin

10

Hyperlipidemia

Corticosteroids
Enoxaparin

11

No

Corticosteroids
Enoxaparin

n/a

12

Psoriasis

No

Corticosteroids
Enoxaparin

n/a

Pt, patient; OT, oxygen therapy; NIVS; noninvasive ventilator support; BAL, bronchoalveolar lavage; GERD, gastroesophageal reflux disease; OSA, ob-

structive sleep apnea; n/a, not available. * All patients did not need invasive ventilation and recovered completely. * All patients received corticosteroids at
biopsy time (30-100 mg prednisone equivalent a day); all patients receiving enoxaparin were treated with standard prophylaxis dose. * Lymphopenia was
defined as lymphocytes count <1.00 x10°/L at biopsy time. ® Normal value for serum IL-6 was <5.90 pg/mL; significantly high IL-6 levels were defined as
IL-6 >40 pg/mL at biopsy time. ! Cutoff value for D-dimer was <500 pg/mL FEU. ** BAL lymphocytosis was defined as lymphocytes >20%.
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Fig. 1. a, b H&E: parenchymal structure is variably altered by AE-
CII hyperplasia, vascular enlargement, and interstitial thickening.
¢, d CK7: AECII form variable small nodules, aggregates, and pseu-
dopapillary sprouts. e In situ demonstration of AECII infected by
SARS-CoV-2: cytoplasmic (red) signals are evidenced in scattered
cells recognized as AECII by morphology and location. f In situ

Histological Patterns

Histological evaluation on hematoxylin-eosin-stained
slides revealed significant modifications of the pulmo-
nary structure with distortion of the alveolar architecture,
AECII hyperplasia, and diffuse vascular modifications.
The general pattern did not match, in any case, classical
pathological patterns including either subacute OP, acute
fibrinous and organizing pneumonia, or acute lung dam-
age (DAD). Type I pneumocyte (AECI) necrosis, alveolar
hemorrhage, granulocytic infiltration, and hyaline mem-
branes were absent in all cases, independently from dis-
ease timing. In only a few cases, scattered spots of tiny
alveolar fibrin buds were detected. Hyperplasia of type II
pneumocyte (AECII) was clearly evidenced in 9/12 cases,
exhibiting a peculiar “patchy” distribution, ranging from
cases with isolated small clusters of AECII to wide prolif-
eration of micronodular and/or pseudopapillary sprouts,
interposed with variable proportions of morphologically
normal AECIL in 3 cases, occasional epithelial syncytial
clusters were observed. These findings were more evident
in CK7-immunostained slides (shown in Fig. 1). Vascular
changes characterized by dilated and hyperplastic inter-
stitial capillaries and venules were present in all cases, in-
cluding those where AECII hyperplasia was either mini-

Pathology and Pathogenesis of Early
Covid-19 from Cryobiopsy

8
T
#

*h &

St ad

analysis of IL-6 mRNA expression: strong signal is evidenced in
scattered AECIL. g pSTAT3 immunohistochemistry: strong signal
demonstrated in most AECIIL. h Tubulin-beta-3 immunohisto-
chemistry: strong signal in AECII; interstitial dilated spaces are
negative. i Ki67 immunohistochemistry: elevated (>50%) prolif-
eration in AECIIL. CK?7, cytokeratin 7.

mal or absent, as shown in Figure 1. The venules also
showed dilatation and tortuosity of the lumen and thick-
ened, edematous walls, without overt vasculitis nor endo-
thelialitis (Fig. 2). Scattered microthrombi were observed
in 2 cases. A patchy lymphocyte infiltrate, more promi-
nent around the venules, was observed in 9/12 cases,
ranging from isolated to heavy nodular clusters (Fig. 2).
Interstitial plasma cells, neutrophils, and eosinophils
were either absent or extremely rare. Interstitial and lu-
minal organizing changes were absent in all cases, except
a single case exhibiting focal myofibroblast accumula-
tion. Irregular clusters of mononuclear cells were demon-
strated within alveolar spaces in 9/12 cases, without evi-
dence of intraluminal granulocytes.

In situ Analysis and Immunohistochemistry

Epithelial Cells

In situ analysis using SARS-CoV-2-specific probes ev-
idenced viral genome in scattered cells recognized as AE-
CII by morphology and distribution (Fig. 1). A semiquan-
titative evaluation of infected cells showed SARS-CoV-
2-positive cells in 10/12 cases, involving from 1 to 10% of
the total AECII population. Similar figures were obtained
by in situ analysis using an IL-6-specific probe (Fig. 1).
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No signal corresponding to infection could be revealed in
either endothelial cells or intra-alveolar macrophage
clusters. In the AECII sprouts or nodules, the prolifera-
tion index, as assessed by Ki67 staining, was >50% (Fig. 1).
Morphologically recognizable apoptotic bodies were not
identified, and there was a lack of cleaved caspase-3 ex-
pression. Strong nuclear expression of phosphorylated
STAT3 (pSTAT3) was demonstrated in >50% AECII in
9/9 investigated cases (Fig. 1). In control cases, pSTAT3
immunoreactivity was either absent or very low, confined
to scattered AECII and rare blood vessel. AECII strongly
expressed tubulin-beta-3 (a sensitive marker of epithelial
mesenchymal transition and activated myofibroblasts),
but interstitial spaces were negative (Fig. 1), revealing the
rarity/absence of ongoing fibrosis in contrast to typical
DAD, where intense staining is invariably located in
thickened interstitial spaces [15]. In only one case, focal
interstitial tubulin-beta-3 expression was present, local-
ized in areas of myofibroblast infiltration.

Macrophages

Irregular clusters of mononuclear cells, characterized
as macrophages by the CD68+, CD11c+, and CD14+ im-
munophenotype, were present within alveolar spaces in
10/12 cases. These cells were smaller than typical alveolar
macrophages and exhibited, in 3/3 investigated cases, an
unusual “hybrid” phenotype including dendritic-cell
markers (DC-Lamp/CD208, CD206, and CD123/IL-
3AR). Myeloperoxidase, CD303, and CD117 negativity
excluded the presence of myeloid cells, plasmacytoid den-
dritic cells, and mastocytes. The pSTAT3 nuclear immu-
nostaining was never observed in these macrophages. Im-
munohistochemical analysis of immune checkpoint
pathways revealed strong expression of PD-L1 in alveolar
macrophage clusters, but indoleamine 2,3-dioxygenase-1
(IDO) was negative in all cases (Fig. 2).

Blood Vessels

Although a relevant finding was the increased number
of capillaries in the alveolar septa, including 2 cases with
minimal AECII hyperplasia, endothelial cells were nega-
tive for proliferation cues (i.e., Ki67). Endothelial cells lo-

Fig. 2. Abnormal morphology and phenotype in enlarged vascular
endothelial cells: H&E (a); CK7 (b, ¢). Lymphocyte infiltration of
vascular walls: CD3 (d), CD4 (e), and CD8 (f): perivascular lym-
phocytes mostly exhibit a CD3+, CD4+, CD8-negative immuno-
phenotype. Ph-STATS3 (g): strong nuclear expression in endothe-
lial cells. PD-L1 (h, i), and IDO (j): strong expression in capillaries
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cated in the alveolar capillaries and pulmonary venules
presented a rather unexpected immunophenotype, which
included strong nuclear expression of pSTAT3 in endo-
thelial cells of both venules and interstitial capillaries
(Fig. 2) and strong diffuse expression of PD-L1 and IDO,
2 molecules related to the regulation of adaptive immu-
nity (Fig. 2; Table 1) [16, 17]. These findings appeared to
be related to Covid-19 pneumonia in particular, since
comparable expression of pSTAT3, PD-L1, and IDO was
never observed in control cases where the endothelial ex-
pression was faint and/or restricted to rare cells. CD61
highlighted the presence of isolated megakariocytes en-
trapped within interstitial capillaries (3/12 cases) and
scattered microthrombi in 2/12 cases (Fig. 2).

Lymphoid Infiltrate

A thorough immunophenotypic analysis of infiltrat-
ing lymphocytes demonstrated that they were invariably
represented by CD3+, CD8- cells (Fig. 2). A more extend-
ed analysis could be performed in 3 cases, showing nega-
tivity for functional and activation markers T-bet, FOXP3,
PD1, CD25, and CD30. Only the Th2-related marker
GATA3 [18] was expressed by a minority of perivascular
lymphocytes in 2/3 cases (10-20%). Small collections of
interstitial CD8+, PD-1+, and TCF1+ lymphocytes were
occasionally observed in interstitial spaces. In all cases,
CD56+ NK cells, CD20+ B cells, and MUM1+ plasma
cells were either extremely rare or absent.

Discussion

The most relevant findings of this study can be sum-
marized as follows. The morphological changes do not
match with the typical features of DAD observed on a
large number of postmortem studies [4, 5, 9, 19, 20]. The
absence of hyaline membranes is particularly relevant,
confirming the observations of all antemortem periop-
erative reports [7, 8]. Another observation is the absence
or rarity of myofibroblast accumulation in the interstitial
spaces, a finding confirmed immunohistochemically by
the lack of tubulin-beta-3 expression (Fig. 1) [15]. The

and venules. CD61 (k): occasional positive megakaryocytes within
interstitial capillaries. Immunohistochemical profile of aggregates
of alveolar mononuclear cells: CK7 negative (I), CD11lc+ (m),
CD4+ (n), CD14+ (0), CD123+ (p), CD206+ (q), CD303-negative
(r), and PD-L1+ (s). CK7, cytokeratin 7.

Respiration 7
DOI: 10.1159/000514822



only relevant feature documenting the occurrence of
acute lung injury was the proliferation of AECII. These
cells, in most cases (10/12) of our series, were arranged in
nodules or pseudopapillary sprouts with a peculiar patchy
distribution, better emphasized by CK7 immunostaining.
This atypical AECII hyperplasia, occurring in all samples
with variable grades, was associated with relevant patho-
logical changes in the vascular component, characterized
in all cases by hyperplasia of alveolar capillaries with di-
lated lumens, as well as dilated and tortuous postcapillary
venules (Fig. 2).

The in situ hybridization demonstrated the presence of
viral genome in cells with morphology and location con-
sistent with AECII (Fig. 1), in agreement with the preva-
lent angiotensin converting enzyme-2 expression in these
cells [21]. Infected epithelial cells were scattered among
the majority of FISH or RNA-scope-negative AECII, sug-
gesting that infection of a small number of epithelial cells
may be sufficient to trigger the pathologic process by a
paracrine effect. IL-6 is a stimulator of STAT3 and NF-kB
pathways, and SARS-CoV-2 might be then able to fuel an
IL-6 amplifier mechanism in a positive feedback loop [22].
Elevated expression of pSTAT3 in both AECII and endo-
thelial cells in both capillaries and venules (Fig. 2) was also
evident and could have a role in disease progression [23].
This finding seems to be characteristic, as comparable lev-
els of pSTAT3 expression were never observed in control
samples including cases of non-Covid-19 DAD and cases
of OP and NSIP. Imbalanced activation of the NF-kB/
STAT3 pathway is generally ascribed to innate immune
response following infection [24], but the data collected
by this study suggest a different scenario, whereby the ini-
tial local triggering by parenchymal cells might signifi-
cantly amplify this mechanism. As for other STATS, this
powerful and pleiotropic pathway is able to support mech-
anisms involved in cell proliferation, survival, and angio-
genesis [25]. In line with this hypothetical scheme, AECII
in early interstitial Covid-19 pneumonia cases do not ex-
hibit apoptotic markers (morphology and expression of
caspase-3) and show an elevated proliferation index
(>50% Ki67+). STAT3 has been suggested as a druggable
target in Covid-19 [22], and revealing its triggering in the
early phase might help to improve the timing of the use of
STATS3 inhibitors. The preliminary conclusion drawn by
our findings is that the viral infection directly affects AE-
CII that acquire an important role in triggering IL-6-
STATS3 activation and amplification in Covid-19 intersti-
tial pneumonia, as suggested by the experimental demon-
stration of a rapid inflammatory response elicited by
SARS-CoV-2-infected human AECII [26].

8 Respiration
DOI: 10.1159/000514822

A third intriguing finding of the study relates to mor-
phological and immunohistochemical vascular changes.
The number and the luminal size of interstitial capillaries
and postcapillary venules were consistently increased in
all cases. Vascular dysfunction is considered a relevant
pathogenic component in the disease severity, likely in-
volved in the cascade of coagulation abnormalities even-
tually leading to thromboembolic complications in se-
verely ill patients [27]. In a recent study, distinctive vas-
cular abnormalities were demonstrated at autopsy,
including severe endothelial injury, intussusceptive neo-
angiogenesis, microthrombi, and microangiopathy [3].
We demonstrated that vascular abnormalities (disor-
dered angiogenesis with luminal enlargement and dilated
vessel wall and perivascular T-cell infiltration) are dis-
tinctly present even in moderate Covid-19 interstitial
pneumonia.

Another remarkable finding is the demonstration of
diffuse and strong expression of PD-L1 and IDO in endo-
thelial cells of both interstitial capillaries and venules, ei-
ther minimal or absent in control samples. The coregula-
tory ligand PD-L1 and the tolerogenic enzyme IDO are
part of negative feedback circuits that restrain immune
responses and maintain peripheral tolerance and are both
involved in immune escape of tumors from immune at-
tack [28, 29]. In addition, experimental evidence has been
provided for a role of IDO in inhibiting the production of
type I interferon and viral clearance [30]. The endothelial
expression of IDO is normally very low or absent in lung
tissue [28], but increased after viral infection, likely in re-
sponse to IFN-y produced by activated lymphocytes [31].
IFN-y-induced IDO can represent a defense against in-
tracellular pathogens [32]. Thus, tolerogenic mechanisms
previously ascribed to suppressive signals from innate
immune responses in Covid-19 [33] might be amplified
within the pulmonary microenvironment by endothelial
expression of PD-L1 and IDO [34]. Interestingly, PD-L1
expressionisenhanced by the IFN-y-JAK1/JAK2-STAT1/
STAT2/STAT3-IRF1 axis [35], and both PD-L1 and IDO
are implicated in defense mechanisms from lung injury
[36, 37]. It must be pointed out, however, that IDO is also
involved in the regulation of vascular perfusion, remodel-
ing, and relaxation and exerts a protective role against
human eclampsia and pulmonary hypertension [16, 38,
39]. Acting as a nitrite reductase, IDO can generate NO
under anaerobic conditions [40]. These hemodynamic
activities might allow to argue that, when hyperexpressed,
IDO controls the pathologically low pulmonary vascular
resistance occurring in moderate Covid-19 interstitial
pneumonia, providing a biologic background to physio-
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pathology and clinical evidence [11, 41]. These changes
might, at least in part, also explain some CT features ob-
served in patients with Covid-19 pneumonia: midfield
and distal pulmonary vein dilatation and tortuosity, pre-
dominantly within or surrounding areas of lung opacities
[42, 43]. The pulmonary vascular changes possibly sus-
tained by endothelial IDO expression might elucidate the
significant hypoxemia (due to ventilatory/perfusion mis-
matching and “shunt effect”) [41] in a parenchyma where
alveolar stability is preserved, as suggested by pathophys-
iological studies and supported by the absence of hyaline
membranes [11, 12].

An intra-alveolar cell population expressing macro-
phage markers (CD68, CD14, and CD11c) with unusual
morphology and phenotype (i.e., positive for CD123,
CD208, CD206, and PD-L1) was also detected in early
lesions. Interestingly, similar phenotypes can be induced
in monocytes by pulmonary epithelial cells, determining
proinflammatory cytokine production [44]. Depletion of
tissue-resident alveolar macrophages with a concomi-
tant increase in monocyte-derived inflammatory macro-
phages has been demonstrated in Covid-19 patients, as
well as the potential pathogenic role of monocytes with
immune suppressive activity; the occurrence of these
macrophages within the alveolar microenvironment
may be related to the defective immune responses in ear-
ly phases of the disease [45, 46]. It is possible to argue that
the immune-inhibitory signals (PD-L1 and IDO) pro-
vided by endothelial cells and intra-alveolar macro-
phages might result in a further derangement of the an-
tiviral response within the alveolar microenvironment
(33, 47].

Lymphocytic infiltrate consisting of CD3+CD4+ T-
lymphocytes was more prominent around the wall of the
venules. These lymphocytes do not exhibit clear function-
al polarization as evidenced by lack of the transcriptional
regulators T-bet, FOXP3, and GATA3 expression [48].
The lymphocytic perivascular infiltration is mirrored in
BAL fluids; in fact, half of the patients in this cohort ex-
hibited BAL lymphocytosis >20% (Table 3). The frequent
lymphocytopenia characterizing Covid-19 patients might
thus be caused by different mechanisms involving differ-
ent T-cell subsets: redistribution to the lung may be rel-
evant for CD4" cells, whereas cytokine-triggered apopto-
sis and exhaustion be prevalent for CD8" lymphocytes
[49].

Limitation of the study is that transbronchial cryobi-
opsies were carried out in patients with a moderate form
of Covid-19 interstitial pneumonia with an average high-
resolution computed tomography total severity score of
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8.5 (range 2-14). No patient progressed to respiratory
failure needing invasive ventilatory supports. This could
represent a bias due to the small number of cases recruit-
ed, the younger age of the patients (average age 54 years),
or even to the use of methyl prednisolone, a therapeutic
protocol applied in our center even before the publication
of the RECOVERY trial results [50]. Additional observa-
tions are necessary to define the morphomolecular evolu-
tion to the more severe interstitial pneumonia leading to
ICU or death.

In conclusion, this study provides unprecedented in-
sights into a missing link between the lung alterations
and the systemic immune responses in moderate Cov-
id-19 interstitial pneumonia, showing a complex scenar-
io where severe derangement of the cross-talk between
innate and adaptive immune mechanisms are triggered
by the viral infection. Tolerogenic and proinflammatory
signals are produced quite early in the lung by an array
of different cell types, including infected AECII, endo-
thelial cells, and specialized monocytes/macrophages.
The balance between the beneficial and detrimental roles
of these factors may be crucial for the disease evolution
toward either recovery or more severe phases, when oxy-
gen support and ICU become necessary. The close simi-
larity with cancer-related immune impairment can sug-
gest that therapies reverting these altered regulatory cir-
cuits might be beneficial also in SARS-CoV-2 pneumonia
(48].
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