Received: 13 September 2021 Revised: 24 October 2021

Accepted: 30 October 2021

DOI: 10.1002/ctm?2.648

LETTER TO EDITOR

CLINICAL AND TRANSLATIONAL MEDICINE
————— D

WILEY

COVID-19 bimodal clinical and pathological phenotypes

Dear Editor,

For the first time to our knowledge, we describe a
bimodal phenotype of coronavirus disease 2019 (COVID-
19) patients provided by clinical and pathological corre-
lation and multidisciplinary discussion, characterized by
thrombotic and fibrotic poles (Figure 1).

Patients with COVID-19 may present various symp-
toms leading to different clinical complications and out-
comes, ranging from mild to severe."” Differences in
these outcomes can be attributed to a differential host
response to infection with variable viral load, age, gender,
comorbidities, genetic and immune background. While
different studies have stratified heterogenous COVID-19
patients based on different strategies,® the characteriza-
tion of histopathological patterns in association with clini-
cal outcome of patients who died from COVID-19 remains
largely unreported. We hypothesized that COVID-19 could
lead to different lung injury/repair mechanisms related
to different clinical and ventilatory manifestations. There-
fore, we aimed to assess whether a clinical and patho-
logical correlation could explain the different clinical out-
comes among COVID-19 patients with commonly associ-
ated long-term lung dysfunction.

To answer our question, we performed 47 consecutive
COVID-19 patients minimally invasive autopsies followed
by lung morphological analysis and clinical and radiolog-
ical evaluation (Supporting information Tables S1-S4). A
detailed description of the methodology can be found in
the Supporting information. After a multidisciplinary dis-
cussion and data integration, we discovered a bimodal clin-
ical and pathological phenotype presented as poles, not
groups (Figure 1A; Supporting information Tables S5-S9):
(1) Fibrotic phenotype (N = 5)—characterized by a progres-
sive decline in PaO,/FiO, ratio (Figure 1B) with low com-
pliance levels during hospitalization (Supporting informa-
tion Table S5) and alveolar septal thickening with myx-
oid fibrosis typical to an organizing phase of diffuse alve-
olar damage (DAD) (Figure 1C; Supporting information
Table S6); and (2) Thrombotic phenotype (N = 10)—
characterized by a progressive increase in PaO,/FiO, ratio
(Figure 1D) with high pulmonary compliance levels dur-

ing hospitalization (Supporting information Table S5) and
recovery of the acute/sub-acute lung injury or slight distor-
tion of the underlying lung parenchyma architecture with
a high frequency of thrombosis (80%) (Figure 1E; Support-
ing information Table S6). Additionally, although symp-
toms, signs, demographics, or comorbidities did not corre-
late to the phenotypes (Supporting information Table S7),
D-dimer and platelets count was higher in these throm-
botic patients than fibrotic ones (Supporting information
Figure S1A and B and Table S8).

The fibrotic phenotype results from the imbalance
between myofibroblastic activation and further deposi-
tion/degradation of the collagen and elastic fibers to cause
alveolar septal thickening (Figure 2), as reported in other
studies.*> All these features were highlighted in fibrotic
phenotype compared to thrombotic one, as follows: (1)
higher active myofibroblasts a-SMA area fraction (Fig-
ure 2A and B); (2) higher a-SMA and MMP-2 expression
(Figure 2C and D); (3) increased extracellular matrix depo-
sition by types I and III collagen fibers by Picrosirius Red
staining (Figure 2E and F); and (4) reduced elastic fibers
area fraction by Verhdeff staining (Figure 2G and H), corre-
lating negatively to a-SMA (r = —0.57; p = 0.035; Support-
ing information Figure S2A). This dysfunctional alveolar
septal thickening in the fibrotic phenotype impairs ade-
quate lung function and gas exchange, which is reflected
by the suggestive correlation between collagen fibers depo-
sition and PaO,/FiO, ratio (r = —0.64; p = 0.019; Sup-
porting information Figure S2B and C) and significant
negative correlation between compliance and drive pres-
sure (r = —0.67; p = 0.001; Supporting information Fig-
ure 2D). According to other studies,®’ these patients pre-
sented a progressive decline in PaO,/FiO, ratio (Figure 1B)
and low compliance levels during hospitalization (Sup-
porting information Table S5), suggesting a poor clinical
outcome. Moreover, fibrotic phenotype patients showed
neutrophil extracellular traps to a significantly greater
extent throughout lung parenchyma compared to throm-
botic phenotype patients (p = 0.0004) (Supporting infor-
mation Figure S3), which is a crucial response during the
acute COVID-19 phase and a potential contributory factor
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FIGURE 1 COVID-19 bimodal clinical and pathological phenotypes. After a multidisciplinary discussion and data integration and
analysis, bimodal clinical and pathological phenotypes of COVID-19 minimally invasive autopsies were discovered by PaO,/FiO, linear
regression and lung morphology correlation, presented as a gradient (A). The two opposite ends of lung injury were named as (1) Fibrotic
phenotype (N = 5) presenting progressive decline in PaO,/FiO, ratio (B) with significant alveolar septal thickening by fibrosis (C-double blue
arrows) without thrombus formation (C); and (2) Thrombotic Phenotype (N = 10) presenting a progressive increase in PaO,/FiO, ratio (D)
with recovery of acute/sub-acute lung injury to or near to normal parenchyma architecture and thrombus formation on vessels (E). Between
both phenotypes, a population (N = 32) of non-bimodal phenotype with different stages of acute, organizing and fibrotic lung injury (A). Scale
bar indicates 500 um in the low power field and 50 um in high power field (C and E)
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FIGURE 2 Pulmonary morphological panels of COVID-19 bimodal phenotypes. Cells expressing «-SMA by immunohistochemistry
were highlighted in fibrotic phenotype compared to thrombotic one (red arrows), probably induced by myofibroblastic activation and
neovasculogenesis (A). The a-SMA expression is confirmed by morphometric analysis (B). Protein expression levels of a-SMA and MMP-2
were performed by Western blot (C). GAPDH was used as gene expression control (C-last line). Their quantification was also increased in
fibrotic phenotype compared to thrombotic one, confirming the disbalance of production/degradation of extracellular matrix (D).
Additionally, extracellular matrix deposition was confirmed by alveolar septal thickening in fibrotic phenotype seen by polarized
birefringence of Picrosirius red staining (E-yellow arrow). Morphometric analysis of green and yellow orange polarized collagen fibers by
Picrosirius red staining was significantly higher in fibrotic phenotype than thrombotic one (F). Inversely, lung elastic fibers related to elastic
tissue capacity were rarefied in fibrotic phenotype by Verhoeff staining compared to thrombotic one (G). This finding was confirmed by
morphometric analysis (H). Scale bar indicates 50 um in high power field (A and E) and 200 um in low power field (E and G)
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to later fibrotic phase by amplifying the chronic reparative
phase.®

Conversely, patients from the thrombotic phenotype
showed an unexpected progressive increase in PaO,/FiO,
ratio (Figure 1D), correlating to D-dimer levels (r = 0.37;
p = 0.032; Supporting information Figure 2E) and high pul-
monary compliance levels (Supporting information Table
S5) correlating to elastic fibers (r = 0.57; p = 0.042; Support-
ing information Figure S2F), as also surprisingly reported
in Gattinoni et al.” This may be justified by the grad-
ual recovering of the acute/sub-acute lung injury (Fig-
ure 1E) with an increased area fraction of elastic fibers (Fig-
ure 2G and H). Nevertheless, sudden death occurred, prob-
ably due to higher frequency (80%) of pulmonary throm-
boembolism (Supporting information Table S6), equally
described in other study.'” As expected, D-dimer levels
and platelet counts were higher in these patients than in
fibrotic phenotype subjects (Supporting information Fig-
ure S1A and B and Table S8).

Besides those two crucial phenotypes in opposite poles,
it is essential to mention that 32 patients (68%) had
a mixed pattern of lung injury appearing as a non-
bimodal phenotype, with some overlapping of histopatho-
logical findings (Figure 1A). Thus, the pathophysiology
of these patients probably represents different stages of
viral lung injury with both features of acute/sub-acute and
fibrotic/organizing lung injury at variable degrees.

Regardless of the phenotypes, upon viral insult to the
airways and bronchial epithelial cells, severe lymphocytic
bronchiolitis occurs, promoting epithelial injury and cell
death, eventually resulting in structural disarray by airway-
centered remodeling (Figure 3). The aggressive airway wall
infection then spreads to the lung parenchyma, inducing
cellular pneumonitis and damaging the alveolar-capillary
barrier (Figure 3, yellow arrow). This could promote
DAD, bronchiolocentric alveolar hemorrhage, or fibroblas-
tic plug, called organizing pneumonia (OP), associated or
not with fibrin balls, known as acute fibrinous and OP (Fig-
ure 3). These pathophysiological processes in COVID-19
tend to happen more slowly and gradually when compared
to HIN1," around 15 to 20 days, as shown in our cohort
(Supporting information Table S1). Therefore, the longer
disease progression could give histopathological basis for
an organizing phase, with sustained myofibroblastic prolif-
eration, interstitial scarring and parenchymal remodeling,
representing the “birth” of fibrosis as a future and possi-
ble sequel in post-COVID-19 patients, called as the fibrotic
phenotype; or gradual recovery of the acute/sub-acute lung
injury associated with thrombosis and unexpected sudden
death, called as thrombotic phenotype (Figures 1 and 3).

Consequently, the reported sudden deaths of COVID-
19 patients in clinical improvement and the description of
post-COVID-19 tomographic fibrotic changes may be justi-
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FIGURE 3
infection starts in the lungs first by reaching the airways and
infecting bronchial epithelial cells. Then, the pathophysiological
processes in response to the viral attack cause an exulcerating

COVID-19 lung pathophysiology. The viral

lymphocytic bronchiolitis, followed by lymphocytic (viral)
pneumonitis. Consequently, the second wave of infection
overspreads through the lung parenchyma, inducing cellular
pneumonitis, which injures the alveolo-capillar barriers near distal
airways, highlighted by immunohistochemistry with
anti-SARS-CoV-2 (yellow arrow). Then, fibroplastic balls
(organizing pneumonia-OP) and fibrin balls (acute fibrinous and
organizing pneumonia-AFOP), diffuse alveolar damaged (DAD)
and bronchiolocentric alveolar hemorrhage may occur in the
injured lung tissue. Over the time of viral infection and mechanical
ventilation, two different repair processes can occur depending on
the resolution or progression of the injury, coinciding with the
bimodal clinic-pathological phenotype: (1) Chronic injury with
fibrotic phenotype; or (2) Gradual injury resolution with thrombotic
phenotype. Scale bars indicate: 500 um (blue), 200 um (black),

100 um (green) and 50 um (red)

fied respectively by thrombotic and fibrotic phenotypes.'
Two COVID-19 patients’ follow-up with transbronchial
biopsies, performed at 3 to 5 months post-infection,
demonstrated lung parenchyma remodeling with alveolar
septal thickening by dense fibrosis (Supporting informa-
tion Figure S4).

The present study presents a unique histopathological
analysis of 47 COVID-19 autopsy cases with clinical
and pathological correlation. We cannot disregard some
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limitations due to our sample size, as 47 cases are too
few to establish ground rules for COVID-19 outcomes.
Nevertheless, our samples are exceptional and should be
valued. In conclusion, we believe that the categorization
of patients based on these two phenotypes can be used to
develop prognostic tools and potential therapies since the
Pa0,/FiO, ratio and D-dimer correlate with the underly-
ing fibrotic or thrombotic pathophysiologic process, which
may indicate the possible clinical outcome of the patient.
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