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Alveolar type II (ATII) pneumocytes as defenders of the alveolus are critical to repairing lung injury. We investigated the ATII 
reparative response in coronavirus disease 2019 (COVID-19) pneumonia, because the initial proliferation of ATII cells in this 
reparative process should provide large numbers of target cells to amplify severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) virus production and cytopathological effects to compromise lung repair. We show that both infected and 
uninfected ATII cells succumb to tumor necrosis factor-α (TNF)-induced necroptosis, Bruton tyrosine kinase (BTK)-induced 
pyroptosis, and a new PANoptotic hybrid form of inflammatory cell death mediated by a PANoptosomal latticework that 
generates distinctive COVID-19 pathologies in contiguous ATII cells. Identifying TNF and BTK as the initiators of 
programmed cell death and SARS-CoV-2 cytopathic effects provides a rationale for early antiviral treatment combined with 
inhibitors of TNF and BTK to preserve ATII cell populations, reduce programmed cell death and associated 
hyperinflammation, and restore functioning alveoli in COVID-19 pneumonia.
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By the third year of the coronavirus disease 2019 (COVID-19) 
pandemic, the severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) virus has cumulatively infected more than 750 
million people worldwide with nearly 7 million reported deaths 
from COVID-19 pneumonia and associated comorbidities [1]. 
While the severe and fatal outcomes from SARS-CoV-2 infection 
and COVID-19 pneumonia have been greatly reduced by vacci
nation, they have not been altogether prevented, particularly in 
the elderly and other high-risk groups, and remain an ongoing 
threat with each new variant. Thus, identifying the mechanisms 
underlying disease progression in COVID-19 pneumonia is of 
great importance to guide development of effective treatments.

In broad outline, there is already a rationale for treating 
COVID-19 pneumonia as a 2-stage process initiated by 
SARS-CoV-2 infection and destruction of alveolar type I and 
II (ATI and ATII) pneumocytes, to be targeted with antiviral 
treatment; and a second stage in which pathological progres
sion is mediated by hyperinflammatory mechanisms, to be tar
geted by inhibitors of inflammation such as steroids [2, 3]. 
However, further advances in treating this second stage of 
COVID-19 pneumonia will require a deeper understanding 
of specific mechanisms of hyperinflammatory lung injury, par
ticularly the role of tumor necrosis factor-α (TNF-α) [4–8], be
cause blocking TNF decreased hospitalization for COVID-19 
pneumonia in people with rheumatoid arthritis undergoing 
treatment with TNF inhibitors [9], and blocking Bruton tyro
sine kinase (BTK), because inhibitors of BTK to block nuclear 
factor-κB (NF-κB) production of proinflammatory cytokines 
and activation of the NLRP3 inflammasome improved oxygen
ation in severe COVID-19 pneumonia [10].

We investigated the role of TNF-α and BTK in fatal 
COVID-19 pneumonia because of these reported therapeutic 
benefits, focusing on ATII cells, the so-called defenders of the 
alveolus [11] because, in addition to supplying surfactant to 
keep alveoli patent on expiration, ATII cells proliferate in re
sponse to lung injury, differentiate to replace ATI cells lost to 
infection and other forms of lung injury, and then are largely 
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cleared by apoptosis to restore a patent functional alveolus for 
gas exchange. This ATII cell reparative process, initially driven 
by proliferation, suggests that SARS-CoV-2 would be able to 
target large numbers of susceptible cell to amplify virus produc
tion and cytopathic effects, thereby reducing the population of 
ATII cells available for repair in the first stage of severe pneu
monia. Because ATII cells can themselves produce TNF-α [11], 
we also thought that investigating ATII cells might yield in
sights into the mechanisms of hyperinflammation in the second 
stage of COVID-19 pneumonia.

METHODS

Human Participants

Specimens were collected from autopsies at the beginning of the 
COVID-19 pandemic in Milan, Italy. All the study patients had 
COVID-19 confirmed by a positive real-time reverse- 
transcription polymerase chain reaction on a nasopharyngeal 
swab. Health care providers obtained witnessed consent from 
families for limited autopsies after the death. Research using au
topsy tissue for this project was approved by the local institution
al review board, Comitato Etico Interaziendale Area 1. Patient 
demographics, clinical and laboratory data, treatment, and 
course of infection are summarized in Supplementary Table 1.

Immunohistochemistry

Five-micron selections were deparaffinized and rehydrated fol
lowed by heat-induced epitope retrieval. Endogenous peroxi
dases and tissues were blocked before adding the primary 
antibodies and subsequently horseradish peroxidase or alkaline 
phosphatase substrates. Key resources are listed in 
Supplementary Table 2.

RNAscope in Situ Hybridization

SARS-CoV-2 RNA was visualized by RNAscope in situ hybrid
ization (ISH) with antisense probes and reagents from 
Advanced Cell Diagnostics as previously published [12]. 
SARS-CoV-2 antisense probes VnCoV2019S 21631-23303 of 
NC 045512.2, which hybridizes specifically to the 5′ end of 
SARS-CoV-2 spike RNA, and VnCoV-N 28275-29204 of 
MN908947.3 were added before continuing with the 
RNAscope 2.5 Red detection kit. Warp Red chromogen was 
added to visualize the RNA.

RNAscope Enzyme-Labeled Fluorescence

Intracellular viral RNA and virions were visualized following 
the same protocol for the RNAscope 2.5 Red detection kit, 
but replacing Warp Red staining with the ELF 97 endogenous 
phosphatase substrate.

Scanscope, Image Acquisition, and Analysis

Immunohistochemistry (IHC)-stained slides were imaged us
ing whole-tissue scanning by an Aperio Versa 8 (Leica 

Biosystems) with 20×/0.80NA, 40×/0.85NA, and oil 63×/ 
1.30NA objectives. Digitized images were viewed and annotat
ed using Aperio Webscope. IHC- and ISH-stained slides were 
imaged using brightfield whole-tissue scanning and digitized 
images were viewed and annotated using Aperio eSlide 
Manager. Monochrome images for fluorescence in situ hybrid
ization (FISH) and immunofluorescence-stained slides were 
captured for each fluorophore using an Olympus DP80. A 
pseudocolor was applied using the constrained iterative decon
volution algorithm (Olympus) for each marker and fused into a 
composite image for viewing. Image processing and analysis for 
IHC- and ISH-stained slides were performed using the area 
quantification and deconvolution modules of Halo image anal
ysis platform (Indica Labs, Inc).

RESULTS

SARS-CoV-2 Infection of Bronchiolar and ATI and ATII Cells in Early-Stage 
COVID-19 Pneumonia

We undertook a collaborative study of SARS-CoV-2 replication 
and pathology in autopsy lung tissues collected during the first 
wave of the pandemic in Italy from 4 unvaccinated, immuno
logically naive, and elderly patients who succumbed with a 
short hospitalized course of 0–16 days to primary infection 
caused by the ancestral variant of SARS-CoV-2 
(Supplementary Table 1). The lung tissue pathology ranged 
from early focal infection as the initial stage of COVID-19 
pneumonia [13] to late-stage COVID-19 pneumonia with dif
fuse alveolar damage and hemorrhage. We found evidence of 
focal pneumonia in the tissues from an asymptomatic 
88-year-old woman who died of a cardiac arrhythmia. 
Abundant SARS-CoV-2 genomic RNA was detectable by ISH 
in (1) fused terminal bronchiolar and ATI and ATII cells, iden
tified by their morphology and anatomic location (Figure 1A 
and 1B); (2) large clusters of fused ATII cells lining and lying 
within alveolar spaces (Figure 1C); and (3) large desquamated 
syncytial mats of lysed cells (Figure 1D). At each location, viral 
RNA (vRNA) was concentrated in round bodies (RBs) that we 
subsequently discovered to be distinctive components of a lat
ticework that mediates necroptosis and viral cytopathic effects.

SARS-CoV-2 Production, Spread, and Cytopathic Effects

We characterized SARS-CoV-2 virus production with ISH and 
ELF-97 staining that renders virions visible by light and immu
nofluorescence microscopy, as previously described [14, 15]. 
Most visualized SARS-CoV-2 virions were detected in RBs, 
similar to the finding for vRNA, in lysed fused cells lining the 
terminal bronchioles and alveoli (Figure 2). The hub and spoke 
distribution of these virus aggregates (Figure 2A) visually 
traced replication and spread from branching terminal bron
chioles into lung parenchyma, consistent with spread of virus 
from the upper airways into the lung. The images of 
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SARS-CoV-2 in a continuous alveolar lining traced infection 
and spread, fusion, and lysis of contiguous ATI cells 
(Figure 2B); similarly, virus spread and fusion of spatially con
tiguous cells generated focal clusters of virus-producing cells 
and large syncytia of virus-producing cells with virus aggregat
ed in RBs (Figure 2C); and lysis of these syncytia generated 
mats of cells with virus concentrated in RBs (Figure 2D).

SARS-CoV-2 Replicates and Spreads in Type I Interferon-Negative ATII 
Cells

SARS-CoV-2 replicates and spreads in this early-stage pneu
monia in spatially contiguous ATII cells identified by napsin 
A staining of vRNA+ cells (Figure 3A). Virus production and 
spread followed a similar pattern of infection of cells in close 
spatial proximity and fusion of contiguous cells to generate 
clusters of virus-producing cells (Figure 3B). While type I inter
feron (IFN) was expressed in many cells in the lung sections, 
the vRNA+ cells were uniformly negative for type I IFN 
(Figure 3C).

SARS-CoV-2 Cytopathic Effects and TNF-Induced Necroptosis

To assess the role of TNF and hyperinflammation in 
COVID-19 pneumonia, we stained lung tissues from each pa
tient to detect TNF+ cells, and, in the focal pneumonia lung 

tissue, combined detection of TNF with ISH to assess the spatial 
relationship to SARS-CoV-2 infection. We discovered in this 
way that there were large numbers of TNF+ SARS-CoV-2 
RNA+ ATII cells in which vRNA and TNF colocalized in lat
ticework bodies (LBs) corresponding to the previously de
scribed RBs. The LBs also housed necroptotic pathway 
components that mediated necroptosis as the mechanism un
derlying SARS-CoV-2 cytopathic effects in ATII cells. In this 
process, LBs became porous and this porous latticework was as
sociated with emptying of cell components, cell enlargement, 
and eventually rupture, leaving disrupted cells and pores in 
the alveoli and residual cell membranes lining alveolar walls 
(Figure 4A).

This reconstruction of TNF-associated necroptosis of infect
ed ATII cells mediated by and through the latticework was 
based on images of an asynchronous process at a single point 
in time in autopsy tissues. We designated intact deeply stained 
TNF+ LBs as the initial stage of the process, and the next stage 
as a visibly porous latticework through which cell components 
emptied (Figure 4B). Because of the spatial proximity of the 
large numbers of ATII cells that fill and line alveoli in the repar
ative process, the cells fuse to generate clusters of cells in which 
vRNA is enclosed by or empties from TNF pores (Figure 4C). 
In the end stages of the process, only syncytial masses of the 

Figure 1. SARS-CoV-2 replication and cytopathic effects in bronchiolar epithelium and ATI and ATII pneumocytes. RNAscope in situ hybridization on autopsy lung tissue: 
red, SARS-CoV-2 viral RNA, and hematoxylin counterstain. A, SARS-CoV-2 RNA in fused cells in a bifurcation of terminal bronchiolar epithelium. Viral RNA is concentrated in 
small RBs. B, Alveoli lined by thin fused SARS-CoV-2 RNA+ ATI cells. Arrow points to a SARS-CoV-2 RNA+ cell, identified morphologically as an ATII cell. C, Syncytial clusters 
of fused SARS-CoV-2 RNA+ ATII cells with viral RNA in dark-staining RBs. D, Large desquamated syncytial mat with viral RNA in RBs. Abbreviations: AT, alveolar type; RB, 
round body; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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porous latticework and cell remnants with TNF+ 

vRNA-containing pores remain (Figure 4D).
In addition to TNF-mediated necroptosis of infected cells, 

many uninfected ATII cells in this early-stage COVID-19 
pneumonia were also undergoing TNF-associated necroptosis 
(Supplementary Figure 1) mediated by and through the lattice
work that housed the downstream components of the 
TNF-necroptotic pathway, RIPK3, MLKL-p, and NINJ1, a 
cell surface protein recently shown to mediate plasma mem
brane rupture during necroptotic and pyroptotic cell death 
[16–18] (Supplementary Figure 1B–1D).

Limited Viral Replication but Extensive Cytopathology in Type I 
Interferon-Positive Uninfected ATII Cells in Late-Stage Pneumonia

SARS-CoV-2 RNA was detectable in late-stage pneumonia but 
was reduced by 79- to 673-fold in late-stage pneumonia com
pared to the early-stage focal pneumonia (Supplementary 
Figure 2 SARS-CoV-2 RNA panel), and this reduction was cor
related with expression of type I IFN in SARS-CoV-2− CK7+ 

ATII cells (Supplementary Figure 2, Type I IFN and CK7 pan
els). Although the ATII cells were not infected, they 

Figure 2. SARS-CoV-2 spread to and replication in the lung. Individual SARS-CoV-2 
virions detected by in situ hybridization with ELF-97 substrate appear green and are 
approximately 0.25 μm. Nuclei stained blue with DAPI. Large numbers of virions are 
amassed in RBs of varying size. A, Virus production and spread in bronchiolar epithe
lium leave a visible trace of the hub and spoke mode of spread from branching ter
minal bronchioles into the lung parenchyma (encircled). B, Virus is concentrated in 
RBs in fused lysed ATI cells lining alveolar walls. C, Virus spread and fusion of spa
tially contiguous ATII cells generate focal clusters of virus-producing cells. D, 
Syncytial mat of virus RBs in lysed epithelium. Abbreviations: AT, alveolar type; 
RB, round body; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

Figure 3. SARS-CoV-2 replication and spread in type I interferon-negative ATII 
pneumocytes. A, Red cells are viral RNA+; green cells are napsin A+ ATII cells; red- 
green cells are infected ATII cells; nuclei stained blue with DAPI. The viral RNA+ 

ATII cells in numbered regions 1–5 are spatially contiguous, consistent with spread 
of infection to susceptible type II cells in close spatial proximity. Region 6 shows a 
napsin A− viral RNA+ cell overlying lysed viral RNA+ epithelial syncytium. Region 7 
shows a viral RNA+ napsin A+ and napsin A− cell conjugate, consistent with acqui
sition of viral RNA in macrophages by phagocytosis. B, SARS-CoV-2 virions and in
tracellular RNA, green. Virus spread and fusion of spatially contiguous ATII cells 
generates focal clusters of virus-producing cells. C, SARS-CoV-2 RNA+ cells, red; 
type I interferon, green; nuclei stained blue with DAPI. Viral RNA+ cells are type 
I interferon−, and interferon+ cells are viral RNA−. Abbreviations: AT, alveolar 
type; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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nonetheless showed extensive cytopathology typical of necrop
tosis and pyroptosis mediated by and through the latticework. 
However, because of the proliferation of ATII cells in the re
sponse to lung injury, CK7+ ATII cells and cell remains were 
only reduced approximately 1.5-fold compared to control 
lung. By contrast, in pyroptosis, CK7 staining of recognizable 
ATII cells was barely detectable and was reduced more than 
50-fold compared to control lung (Supplementary Figure 2, 
CK7 panel).

Necroptosis of Uninfected ATII Cells in the Second Phase of COVID-19 
Pneumonia

In the second phase of COVID-19 pneumonia when most of 
the ATII cells are not infected, the extensive cytopathology, fu
sion, and loss of uninfected ATII cells can be attributed to 
TNF-induced necroptosis, mediated through the latticework. 
The graphic overview (Figure 5A) again summarizes 
TNF-induced necroptosis in uninfected type II cells in which 
LBs house TNF and the necroptotic pathway components in
cluding NINJ1, cell contents are emptied via a porous lattice
work, the cells enlarge and are disrupted to release their 
contents into alveolar space, leaving residual cell membranes 
lining and detached from alveolar walls. Again, because the re
parative process lines and fills alveoli with contiguous ATII 
cells, cell fusion propagates, amplifies, and creates a distinctive 

necroptotic cytopathology in COVID-19 pneumonia of alveoli 
lined by fused TNF+ multinucleated giant cells and syncytia 
(Figure 5B–5D). The latticework that mediates ATII necropto
sis in turn creates a distinctive pathology of cells with (1) TNF+ 

or TNF-necroptotic pathway component-positive LBs and 
pores (Figure 5C and 5D and Supplementary Figure 3A, 3E– 
3G); (2) fused cell latticework (Supplementary Figure 3J); (3) 
enlarged fused cells with porous latticework (Supplementary 
Figure 3K); and (4) disrupted cells and latticework in alveoli 
and residual latticework in cell membranes lining alveoli 
(Supplementary Figure 3B, 3D, 3G–3I, and 3L).

Pyroptosis of Uninfected ATII Cells in the Second Phase of COVID-19 
Pneumonia

We examined lung tissues for evidence of BTK/NLRP3 
inflammasome-mediated pyroptosis of ATII cells, motivated 
by the reported improved oxygenation associated with BTK in
hibitor suppression of blood monocyte activation. While the 
inferred beneficial effects were attributed to the hypothesized 
role of an influx of activated macrophages in COVID-19 lung 
injury [10], our direct examination of lung sections in fatal 
COVID-19 pneumonia instead revealed destruction of ATII 
cells by BTK/NLRP3-mediated pyroptosis.

In the graphic overview (Figure 6A) and other images shown 
in Figure 6 and Supplementary Figure 4, expression of 

Figure 4. TNF-induced necroptosis in SARS-CoV-2–infected ATII cells. A, Graphic of TNF-induced necroptosis. SARS-CoV-2–infected ATII cells express TNF and down
stream components of the necroptotic pathway, including NINJ1, in a latticework of RBs that also contain SARS-CoV-2 RNA and virus. Activation of the TNF necroptotic 
pathway generates a porous latticework through which cell contents and virus are emptied, leaving residual cell membranes lining alveolar walls, and disrupted cells and 
porous latticework in alveoli. B–D, TNF+ cells and structures: brown, SARS-CoV-2 viral RNA; red, hematoxylin counterstain. B, Stages of porous latticework formation. Top, 
densely stained large TNF+ vRNA+ bodies in a cell in which emptying of cell contents blurs the red-brown staining at the cell margins (orange arrowheads). Middle, brown 
arrowheads point to the cell border lined by darkly stained TNF+ bodies. Red arrowhead points to TNF+ vRNA+ pores emerging from the disrupted cell margins. Lower, red 
arrow points to vRNA emptying from a TNF+ pore. C, Syncytial mass of TNF+ vRNA+ cells lining alveolar space. Orange arrowheads point to blurred staining of vRNA and TNF 
emptying from the porous latticework. The porous latticework within the cells is composed of the RBs in Figure 1 and Figure 2, now seen as a TNF pore surrounding vRNA. D, 
Remnants of fused cells lining an alveolar wall. The red double-headed arrow points to TNF+ vRNA+ pores of varying size. Abbreviations: AT, alveolar type; RB, round body; 
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TNF, tumor necrosis factor; vRNA, viral RNA.
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autophosphorylated and activated BTK and known NLRP3 in
flammasome components —caspase 1 (CASP1), interleukin 1β 
(IL-1β), and gasdermin D (GSD)—, as well as NINJ1, colocalize 
in the same latticework described for necroptosis. In the images 
of an asynchronous process in the autopsy tissues, expression 
of activated BTK first results in fusion of BTK+ cells that fill 
alveoli (Supplementary Figure 4A) that then undergo rapid 

emptying through the latticework, leaving honeycombed cavi
ties of cell “ghosts” and walls of cell remnants (Figure 6B and 
Supplementary Figure 4B and 4C), which impart a moth-eaten 
appearance to the pyroptotic foci (Supplementary Figure 4D). 
Images of downstream components CASP1 and GSD and emp
tying of IL-β through the porous latticework similarly illustrate 
the formation of honeycombed cavities of cell ghosts and walls 

Figure 6. BTK-induced pyroptosis of uninfected ATII cells. A, Graphic showing expression of BTK and downstream pyroptotic/NLRP3 inflammasome pathway components 
in latticework bodies leads to cell fusion and subsequent disruption and emptying of the cells and latticework. In Supplementary Figure 4B and C, stages labeled 1–4 show an 
initial stage 1 of a largely intact cell and latticework RBs with cell disruption and progressive emptying of the latticework in stages 2 and 3 to create cavities and walls in 
stage 4, formed from cell remnants and residual cell membranes. This asynchronous process imparts a characteristic honeycombed and moth-eaten appearance to foci com
posed of cavities with cell remnants, lined by residual cell membranes and cells at earlier stages of pyroptosis. B, Red-stained BTK+ cells and structures and hematoxylin 
counterstain. Arrows point to remnants of BTK+ cells in cavities and arrowheads to residual cell membranes that constitute cavity walls. C, Brown-stained CASP1+ cells and 
structures, immunohistochemical staining, and hematoxylin counterstain. Arrows point to cell remnants in cavities and arrowheads point to residual cell membranes in the 
cavity walls. D, Red-stained gasdermin D (GSD)+ cells and structures, and hematoxylin counterstain. In the deconvoluted image, GSD is red and hematoxylin is blue. Boxes 
correlate the appearance of latticework bodies and pores of the images with or without deconvolution to reveal a hematoxylin-stained component in nuclear pores. 
Abbreviations: AT, alveolar type; BTK, Bruton tyrosine kinase; CASP1, caspase 1; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

Figure 5. TNF-induced necroptosis of uninfected ATII cells. A, Graphic showing TNF, downstream necroptosis pathway components, and NINJ1 are initially expressed in 
latticework bodies. Activation of the pathway generates a porous latticework composed initially of darker staining latticework bodies that stain with decreasing intensity as 
pathway and cell contents are progressively emptied. In the process, the cells enlarge and are eventually disrupted, releasing the pores and porous latticework into alveolar 
space. Because ATII cells proliferate in the reparative response to lung injury, alveoli are lined and filled by contiguous ATII cells. Activation of the necroptotic pathway fuses 
adjacent cells to amplify and shape the cytopathology, giving rise to multinucleated giant cells, syncytia, and residual cell membranes lining and detached from alveolar 
walls. B, Brown-stained TNF+ cells and structures, and hematoxylin counterstain. Fused syncytial mass of TNF+ cells lining alveolar wall (traced). Arrow points to a trinucleate 
cell with “owl’s eye” appearance created by residual clumped chromatin in a largely emptied nucleus. Asynchronous emptying results in variable clearing with the most 
extensive clearing in the nucleus at the top of the cell. C, Red-stained RIPK3+ cells and structures and hematoxylin counterstain. Alveolar space lined and filled by fused 
RIPK3+ cells. Line traces a RIPK3+ syncytium in which the latticework pores retain RIPK3 staining (red arrowhead) or are largely emptied (outlined white arrowhead) The black 
arrowhead points to residual cell membranes. D, Brown-stained cells and structures and hematoxylin counterstain. Trinucleate cell with latticework at various stages of 
emptying from early darkly staining latticework to later stages in which the intensity of staining decreases as NINJ1 and cell content empty. Abbreviations: AT, alveolar 
type; TNF, tumor necrosis factor; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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of the residues of disrupted cell membranes (Figure 6C and 6D, 
and Supplementary Figure 4E–4G), as well as images of filled 
or partially emptied latticework pores (Figure 6D and 
Supplementary Figure 4H). Lastly, the images of NINJ1 capture 
both the formation of the honeycombed cavities and cell rem
nants and LBs (Supplementary Figure 4I) and the distinctive 
differences and appearances of cells in pyroptotic destruction 
of ATII cells versus the enlargement and late disruption of nec
roptotic cells (Supplementary Figure 4J).

Apoptosis and Combinatorial PANoptosis

In investigating apoptosis of ATII cells, we identified intrinsic 
pathway apoptotic cells as caspase 9 (CASP9) and caspase 3 
(CASP3) positive cells and discovered that the initiator and exe
cutioner of the pathway were expressed in the same latticework 
described for necroptosis and pyroptosis, but with the striking 
difference that many of the LBs, pores, latticework, and nuclear 
and cytoplasmic membranes remained visibly intact 
(Supplementary Figure 5A and 5B). The colocalization of nec
roptotic, pyroptotic, and apoptotic pathways in a common lat
ticework structure is consistent with the idea that the 
latticework is a newly discovered cellular structure that corre
sponds to the PANoptosome that mediates multiple pro
grammed cell death (PCD) pathways collectively designated as 
PANoptosis [19, 20] (Figure 7A). Locating 3 PCD pathways in 
the latticework also raised the possibility that individual cells 
might have latticework expressing more than one pathway in 
the same cell, and this indeed was the case, for example, 

CASP3+ pores and latticework in necroptotic appearing cells, 
designated apoptosis and necroptosis (Figure 7B and 
Supplementary Figure 5C). Similarly, independent expression 
in the latticework of apoptosis and pyroptosis created 
pyroptotic-appearing cells with overlying CASP3+ LBs 
(Figure 7C). In apoptosis plus necroptosis or pyroptosis, coex
pression in the same LBs in which membrane-disrupting path
ways dominate created blurred staining in cells in which the 
CASP3 LBs and pores have been disrupted (Figure 7B and 
7C). We further documented combinatorial PANoptotic expres
sion in the latticework by immunofluorescence staining with 
CASP3 and RIPK3 and show in Figure 7D examples of indepen
dent (CASP3+RIPK3−; RIPK3+CASP3−) or coexpression 
(CASP3+RIPK3+) of apoptosis and necroptosis in LBs and pores.

The recognition of combinatorial PANoptosis in the lattice
work of ATII cells provided the necessary insight to interpret 
the originally puzzling images of apoptotic, necroptotic, and 
pyroptotic pathway components together in blood vessels 
(Supplementary Figure 6). The association of microthrombi 
adherent to endothelial lining damaged and disrupted by nec
roptosis in the blood vessels was particularly intriguing as a 
possible mechanism for the extensive thrombosis evident in 
the blood vessels of all 4 patients, including the early-stage focal 
pneumonia in patient 2, and possibly a general potential mech
anism for pulmonary vascular coagulopathy, which might be 
targeted by the administration of TNF inhibitors during early- 
stage infection to potentially reduce COVID-19 thrombosis 
and microangiopathy [21, 22].

Figure 7. Apoptosis and PANoptosis of uninfected ATII cells. A, Graphic showing intrinsic pathway apoptosis components CASP9 and CASP3 are expressed in the same 
latticework LBs and pores as described for necroptosis and pyroptosis pathways. In individual cells undergoing apoptosis, the latticework bodies and pores and cell mem
branes are largely intact. In PANoptosis, (1) the latticework may independently express apoptotic and necroptotic or pyroptotic pathways with necroptotic and pyroptotic 
cytopathology dominant; or (2) apoptotic and necroptotic pathways may be coexpressed in latticework bodies and pores with disruption of the pores and necroptotic cyto
pathology dominant. B and C, Red-stained CASP3+ cells and structures and hematoxylin counterstain. B, Apoptosis arrow points to largely intact CASP3+ latticework pores in 
a binucleate cell. The necroptosis arrow points to a largely CASP– necroptosis-appearing porous latticework enclosed by the line. In necroptosis + pyroptosis, coexpression of 
the necroptotic and apoptotic pathway in the same latticework disrupts apoptotic pores, resulting in blurred staining of released CASP3 traced by a line in the multinucleated 
cell at the bottom of the panel. C, Pyroptotic cell remnants and residual membranes with superimposed intact CASP3+ latticework bodies and pores (red arrowhead). Red 
arrow points to blurred CASP3 staining in latticework in which the pyroptotic pathway is coexpressed. D, Green-stained CASP3+ cells and structures, red-stained RIPK3+ cells 
and structures, and DAPI blue-stained nuclei. Green arrows point to predominantly CASP3+ apoptotic latticework; green-outlined red arrow points to separate CASP3+ and 
RIPK3+ latticework and pores; and green-outlined orange arrow points to porous latticework expressing both CASP3 and RIPK3. Abbreviations: AT, alveolar type; CASP, 
caspase; DAPI, 4′,6-diamidino-2-phenylindole; PANoptosis, pyroptosis, apoptosis, necroptosis.
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Phenotypically Diverse Macrophages Phagocytose SARS-CoV-2, 
Necroptotic, and Pyroptotic Cell Remnants

The principal role we assign to phenotypically diverse popula
tions of CD68+, CD14+, and CD163+ macrophages in infection 
and PCD is clearing cell debris from infected and uninfected 
cells undergoing necroptosis and pyroptosis. We base this con
clusion on the acquisition by phagocytosis of SARS-CoV-2 
RNA by uninfected napsin A− (Figure 3) CD68+ macrophages 
(Supplementary Figure 7A–7E); phagocytosis of BTK+ pyrop
totic cell remnants by CD14+ macrophages (Supplementary 
Figure 7F and 7G); and phagocytosis of necroptotic and pyrop
totic cell bodies and pores by CD163+ macrophages 
(Supplementary Figure 7H).

DISCUSSION

In this exploration of the impact of SARS-CoV-2 infection on 
the proliferative reparative ATII response in fatal COVID-19 
pneumonia, we discovered that ATII cells succumb to 
SARS-CoV-2 infection, necroptosis, pyroptosis, and 
PANoptosis on a scale magnified by the distinctive anatomy 
and nature of the ATII reparative response to acute lung injury. 
In that proliferative reparative response, contiguous ATII cells 
lining the alveoli provide the virus with abundant targets for 
replication and cell-to-cell spread to amplify virus production. 
This organization of the reparative response also amplifies the 
destruction of infected and uninfected ATII cells and the fusion 
of contiguous ATII cells to generate distinctive histopatholog
ical features of COVID-19 pneumonia, such as multinucleated 
giant cells and syncytia [23]. While fusion of lung cells has been 
attributed to SARS-CoV-2 spike protein altered activity of a 
scramblase that externalizes phosphatidylserine [24], we pro
vide evidence of a more general mechanism in infected and un
infected cells of cell fusion mediated by necroptosis and 
pyroptosis in contiguous cells.

The concept of PANoptosis and the PANoptosome was de
rived from genetic, biochemical, and pharmacological lines of 
evidence for a molecular complex of interacting components 
that mediate apoptosis, necroptosis, and pyroptosis in cell pop
ulations [19, 20]. Locating the intrinsic pathway of apoptosis in 
the same latticework as the necroptotic and pyroptotic path
ways now identifies the latticework as a cellular structure cor
responding to the PANoptosome that separately initiates and 
executes TNF-induced necroptosis of SARS-CoV-2 infected 
and uninfected ATII cells, BTK-induced pyroptosis, and apo
ptosis in ATII populations and in individual ATII cells to gen
erate distinctive PANoptosome cytopathologies by which 
PANoptosis can now be recognized in diverse cells and tissues. 
We further refer to PANoptosis as combinatorial to capture the 
capabilities of the PANoptosome to create diverse forms of 
PCD, and to underscore the dominance of disruptive and uni
versal inflammatory outcomes for ATII cells that compromises 

the reparative response and provides a massive stimulus under
lying the hyperinflammatory state in the lung in COVID-19 
pneumonia.

The discovery of proinflammatory cytokines and autochtho
nous PCD pathways in ATII cells themselves was initially sur
prising but consistent with the many roles ATII cells must play 
as defenders of the alveolus [11]. TNF-induced necroptosis of 
SARS-CoV-2 ATII cells traps the virus in dead cells, and the 
death of ATII cells succumbing to necroptosis and pyroptosis 
greatly reduces the availability of susceptible cells for further vi
rus production and spread, and emptying of damage-associated 
molecular pattern cell contents from necroptotic, pyroptotic, 
and PANoptotic cells provides a strong signal to induce innate 
and adaptive host defenses. Thus, PANoptosis of ATII cells in 
the response to SARS-CoV-2 infection is a fail-safe mechanism 
that prevents a pathogen escaping detection by the immune 
system or sparing infected cells to perpetuate infection when 
the pathogen has an evasion strategy for one PCD pathway, 
analogous to the reinforcing role in host defenses against her
pes viruses of activating both apoptotic and necroptotic PCD 
pathways [25, 26], which falls on the benefit side of 
Balachandran’s characterization of the benefits and perils of 
necroptosis in influenza A infection [27]. However, massive 
losses of ATII cells to PANoptosis and massive inflammatory 
stimulus fall on the Balachandran’s and Rall’s peril side of nec
roptosis [27] by irreversibly incapacitating the ATII reparative 
response.

Our study was limited to autopsy lung tissues collected dur
ing the first wave of the pandemic in Italy from 4 immunolog
ically naive elderly patients who did not receive steroids, 
immunomodulating treatments, or direct acting antivirals, 
and thus future studies will be needed to assess the effects of 
vaccination, effective treatment with antiviral and anti- 
inflammatory agents, and steroids on the mechanisms we de
scribe. Our study was also limited to autopsy lung tissues 
from a small number of individuals. Nonetheless, the in-depth 
analysis of samples spanning early to later stages of fatal 
COVID-19 pneumonia revealed new mechanisms and cell 
structures that mediate destruction of the defenders of the alve
olus. Knowing that ATII cells succumb in COVID-19 pneumo
nia from its early stages onward to a combination of virus 
infection, TNF-induced necroptosis. and BTK-induced pyrop
tosis provides a rational framework for treatment to preserve 
the ATII reparative response with emphasis on combined ther
apies at an early stage to inhibit the initiators of inflammatory 
PCD pathways and antivirals to limit access to salvaged targets 
and progression of SARS-CoV-2 infection (Supplementary 
Figure 8).

Supplementary Data

Supplementary materials are available at The Journal of 
Infectious Diseases online. Consisting of data provided by the 
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authors to benefit the reader, the posted materials are not copy
edited and are the sole responsibility of the authors, so ques
tions or comments should be addressed to the corresponding 
author.
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