participants moving from relatively low-risk to high-risk subgroups
of future diseases, such as chronic obstructive pulmonary disease.

As highlighted by Guo and colleagues, and also discussed elsewhere
(5), this highlights the importance of taking the heterogeneity of
processes that can lead to chronic airway obstruction into account
(e.g., bronchopulmonary dysplasia after preterm birth as one specific
example) (6). Whether the growth failure group will experience the
same (or different) lung aging process as the persistently low group
needs to be explored in future studies (7). As pointed out in an
accompanying editorial by Custovic and Fontanella (8), the potential
respiratory consequences of moving from a higher to a normal group
will also have to be explored.

Finally, we agree with Guo and colleagues that different
trajectory models and predictive scores should be evaluated in
different studies and populations to define normal versus abnormal
trajectories for clinical use, thus allowing for interventions in those at
risk of lung function growth failure and/or accelerated decline. We
believe that a life-course approach incorporating genetics with both
early and adult life events are, to date, the best alternative to better
understand the pathogenesis of chronic respiratory disease through
the lifetime (9). M
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To the Editor:

With interest, we have read the contribution of Hatabu and
colleagues in a recent issue of the Journal summarizing the current
knowledge on residual radiological and histological pulmonary
alterations after severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection (1). The authors point out the lack of
knowledge regarding the histopathologic manifestations and
underlying mechanisms of residual coronavirus disease
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Figure 1. (A) The trajectory of severe and fatal pulmonary coronavirus disease (COVID-19) is driven by a time-dependent evolution of different
pathomechanisms. Initially, there is high inflammatory activity promoting microthrombosis with consecutive lobular microischemia and tissue
hypoxia. This, in turn, leads to a rapid and aberrant expansion of the vascular plexus by progressive intussusceptive neoangiogenesis, which
appears to drive fibrotic tissue remodeling and to contribute to the long-term physical impairment known as long COVID syndrome. This
cascade-like pathophysiology is based on the sequential expression of distinct markers. (B) Venn diagram of selected differentially expressed
genes compared with control samples (adjusted P<0.05). Comparative analysis demonstrated an overlap between usual interstitial pneumonia
(UIP), nonspecific interstitial pneumonia (NSIP), and COVID-19. (C) Histologic comparison of COVID-19 and different interstitial lung diseases
(ILDs). (a) Early COVID-19 with diffuse alveolar damage showing hyaline membranes (indicated by an arrowhead). (b) Post-COVID chronic
interstitial fibrosis in explanted lungs with an NSIP-like pattern. (c and d) Late COVID-19 (>7 days of hospitalization before death)-associated
changes with rather unspecific interstitial thickening of alveolar septae (c) and organizing pneumonia (OP)-like changes (d, arrowhead). (e-h)
These patterns were compared with different ILD patterns of (e) UIP with foci of activated fibroblasts (arrowhead), (f) NSIP with homogeneous
thickened alveolar septae, (g) OP with intraalveolar mesenchymal proliferations (arrowhead), and (h) AFE with collagen-filled alveolar spaces
and hyperelastosis of the remodeled alveolar septae (arrowhead). (D) Cinematic rendering of a hierarchical phase-contrast tomography scan
from a 74-year-old male patient who succumbed to COVID-19 depicts the mosaic-like affection of lung parenchyma (left) as well as the spatial
heterogeneity of affected airways in COVID-19 (right). AFE = alveolar fibroelastosis.
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(COVID-19)-associated lung abnormalities. However, the leading
mechanisms contributing to pulmonary fibrogenesis in severe
COVID-19—and, therefore, presumably to long COVID—have
recently been explored.

In the early phase of the pandemic, we analyzed the time-
dependent molecular motifs of pulmonary COVID-19 using
transcriptome profiling of autopsy lungs from patients who
succumbed to severe COVID-19 either within the first 7 days of
hospitalization or later (2). Here, we could demonstrate an early shift
from proinflammatory to profibrotic gene expression patterns and
further identify several signaling pathways involved in the initiation
of pulmonary fibrogenesis in severe COVID-19. In a subsequent
follow-up study (3), serum markers and lung tissue from patients
with COVID-19 at different hospitalization times were analyzed
using comprehensive 3D imaging and multi-omics analysis and
compared with those from healthy controls, patients with influenza
A pneumonia, and patients with different interstitial lung diseases
(ILDs; usual interstitial pneumonia [UIP], nonspecific interstitial
pneumonia [NSIP], and alveolar fibroelastosis [AFE]). Our
morphomolecular findings provide evidence of widespread
microvascular occlusions due to capillary micro-thrombosis of
pulmonary and bronchial vessels with concomitant secondary lobular
ischemia as a mechanistic correlate to the observed mosaic-like
appearance of COVID-19 in conventional radiologic imaging.

In addition, we could demonstrate an increasing prevalence of
intussusceptive neoangiogenesis and consecutive fibrotic remodeling
over the course of hospitalization. On the molecular level, these
alterations were associated with enhanced proangiogenic and
profibrotic signaling and massive matricellular gene expression,

as detected by holistic transcriptome, metabolome, and proteome
profiling. Moreover, we identified liquid biomarkers predicting a
severe course of disease (and, possibly, also long-lasting sequelae)

in COVID-19. ILD lungs with UIP, NSIP, and AFE injury patterns
were similarly analyzed and compared with COVID-19 lungs. We
previously reported differences between the angiogenetic patterns of
different ILDs (4). While NSIP and AFE, two clinically rapid
progressing fibrosis patterns, display increased intussusceptive
neoangiogenesis, UIP is characterized by a rather sprouting
angiogenesis-driven pattern. It is interesting that, although
intussusceptive neoangiogenesis was prevalent in the lungs of patients
with COVID-19 who showed signs of fibrosis and required longer
hospitalization, these showed a separate distinct gene expression
pattern, only in part overlapping with those of other ILDs (3).
Analysis by light microscopy revealed early (<7 days hospitalization)
COVID-19 pneumonia to be characterized by diffuse alveolar
damage, as previously described (5). In lungs from patients who had
been hospitalized for >7 days, we found variable interstitial changes,
ranging from a rather unspecific, peribronchial-accentuated
thickening of alveolar septae with distorted alveolar spaces to
organizing pneumonia with occasional remnants of hyaline
membranes. In lung explants of patients who received transplants
because of irreversible lung fibrosis after COVID-19, we saw
prominent interstitial fibrosis with multiple facets, including NSIP-
like alterations. Compared with chronic ILD, the histologic
patterns of post-COVID alterations showed distinct fibrotic

Correspondence

remodeling, which significantly varied inside its own cluster, along
with the distinct molecular and 3D-imaging findings on
angiogenesis and gene expression. Our postmortem results are in
line with a very recent comparative study of radiologic and
histopathologic findings in transbronchial cryobiopsies of patients
post—-COVID infection with residual radiologic abnormalities (6) in
which three different histologic phenotypes have been proposed: 1)
“chronic fibrosing,” characterized by the progression of interstitial
pneumonia; 2) “acute and/or subacute injury” with variable lung
injuries, including organizing pneumonia, NSIP, and diffuse
alveolar damage; and 3) “vascular changes” with increased
vascularity, dilatation, and distortion of capillaries and venules.
Thereby, post-COVID-19-related fibrosis reveals a distinct
morphomolecular pattern.

Taken together, these findings (summarized in Figure 1) provide
a sound foundation for better understanding of the underlying
pathophysiology of severe COVID-19 and its trajectory toward
interstitial fibrosis. Obviously, long COVID is a multisystemic
symptom complex, and persistent pulmonary tissue abnormalities
might account only for a very minor part of affected patients.
However, mechanisms involved in COVID-19-associated
pulmonary fibrogenesis (e.g., impaired microcirculation and altered
angiogenesis) might also be prevalent in respiratory or skeletal
muscles, or even in the nervous system, and therefore persistently
compromise the physical and mental capacities that are encouraging
for future studies. M
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