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Introduction
A small fraction of patients infected with severe acute respiratory  
syndrome coronavirus 2 (SARS-CoV-2), the virus responsible for 
coronavirus disease 2019 (COVID-19), develop severe disease 
resulting in death or requiring hospitalization and mechanical 
ventilation. Public health interventions to reduce virus transmis-
sion are primarily designed to prevent these complications. Thus, 
it is the propensity of SARS-CoV-2 to cause severe disease that 
has driven the social and economic costs associated with the pan-
demic to date. Effective vaccines targeting SARS-CoV-2 provide 
an invaluable public health tool to reduce disease prevalence 
and severity (1–5). Despite the promise of prevention, patients 
with severe COVID-19 will likely continue to populate hospitals 
and intensive care units for the foreseeable future. Perhaps more 
importantly, we can expect new Betacoronavirus pathogens to 
emerge, some of which may cause severe disease (6–9). This fact 
creates an urgent need to understand the pathobiology of SARS-
CoV-2 infection, focusing on factors that underlie the differential 
susceptibility to severe disease. Hence, we focus this Review pri-
marily on patients with severe SARS-CoV-2 pneumonia (WHO 
COVID severity 6–8 [ref. 10] and NIH “severe” and “critical” 
COVID-19 [ref. 11]). Many of these patients meet the diagnostic 
criteria for the acute respiratory distress syndrome (ARDS).

The primary clinical and pathologic features of severe 
COVID-19 are attributable to SARS-CoV-2 infection of the lung 
(pneumonia). Pneumonia was the leading cause of death from 
an infectious disease before the pandemic (12), and patients with 
pneumonia or aspiration comprised more than half the patients 
in well-defined cohorts of patients with ARDS (13). Also before 

the pandemic, respiratory viruses, including influenza virus-
es, were identified as the most common cause of community- 
acquired pneumonia among adults requiring hospitalization (14). 
Hence, we start our analysis from the null hypothesis that SARS-
CoV-2 pneumonia and the clinical features of COVID-19 do not 
differ from severe community-acquired pneumonia caused by 
other respiratory viruses resulting in ARDS. We review the state 
of the science, examining the similarities and differences among 
patients with pneumonia due to SARS-CoV-2 versus other patho-
gens, particularly influenza.

Similarities in pneumonia secondary to SARS-
CoV-2 versus other respiratory pathogens

In late 2019, reports emerged from Wuhan, China, of a severe 
respiratory syndrome complicated by multiple organ dysfunc-
tion that was often fatal (15–21). Shortly thereafter, the genetic 
sequence of the novel Betacoronavirus causing this syndrome was 
published (22). Before the virus was formally named SARS-CoV-2 
(23) and before the lack of tropism of the virus for organs outside 
the respiratory system was known, the World Health Organiza-
tion coined the term “coronavirus disease 2019” (COVID-19) to 
describe the clinical syndrome.

The initial case descriptions from Wuhan emphasized the 
importance of pulmonary infection; however, a plethora of case 
reports early in the pandemic focused on extrapulmonary compli-
cations of the disease. Within the same window of time, several 
groups reported leukocytosis, lymphopenia, and elevated levels 
of inflammatory cytokines in convenience blood samples from 
patients with severe COVID-19 (24–27). Importantly, none of 
these early studies included control groups of similarly ill patients 
with pneumonia secondary to other pathogens. Instead, healthy 
individuals or patients with mild disease were compared with 
patients with severe disease. Furthermore, few studies included 
bronchoalveolar lavage or other respiratory samples common-
ly used in the care and study of patients with ARDS because of 
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with severity of illness among patients with community-acquired 
pneumonia and ARDS secondary to other etiologies before the 
pandemic (52–55).

Proteomic analysis of peripheral blood samples from patients 
with severe SARS-CoV-2 pneumonia detects proteins that are 
normally expressed only in the lung epithelium, including pul-
monary surfactants SFTPB and SFTPD, and advanced glycosyla-
tion end product–specific receptor (AGER), among others, indi-
cating ongoing pulmonary epithelial injury (56). Some of these 
markers have been identified in patients with ARDS secondary to 
other causes (57). In addition, patients with severe SARS-CoV-2 
pneumonia often have mild to moderate elevations in circulating 
markers of nonspecific tissue injury (e.g., lactate dehydrogenase) 
and tissue-specific injury, including troponin (heart), creatine 
phosphokinase (skeletal and cardiac muscle), and aspartate ami-
notransferase and alanine transaminase (liver), that are similar 
to levels observed with other types of pneumonia (44, 49). As 
most autopsy studies failed to identify SARS-CoV-2 in these tis-
sues, elevations in these molecules likely result from immune- 
mediated tissue injury or microvascular thrombosis and tissue 
ischemia (58–60). Notably, IL-6 induces the transcription of clot-
ting factors in the liver and tissue factor expression in endothelial 
cells, monocytes, and other cells that might drive systemic throm-
bosis to cause tissue injury (61, 62).

The cellular composition of the peripheral blood is abnormal in 
patients with severe SARS-CoV-2 pneumonia (25, 27, 63–67). Abnor-
malities include lymphopenia and an absolute leukocytosis with an 
expansion of the circulating neutrophil pool, including the release of 
immature neutrophils (e.g., bands) from the bone marrow. However, 
this evidence of emergency myelopoiesis is typical for a broad range 
of patients with pneumonia and other systemic infections (68). Sim-
ilarly, lymphopenia has been previously associated with poor out-
comes among patients with severe community-acquired pneumonia 
(69). Studies in which peripheral blood is serially sampled generally 
show resolution of these abnormalities over the course of the dis-
ease. However, it is important to note that high rates of ventilator- 
associated pneumonia in patients with SARS-CoV-2 pneumonia 
(44% in our cohort) may confound these results (70).

Radiographic abnormalities in the lung detected by chest 
radiography or CT range from single or multiple small areas of 
ground-glass infiltrates to multifocal confluent areas of ground-
glass infiltrates involving most of the lung parenchyma (71). A 
meta-analysis of studies comparing chest CT findings in patients 
with SARS-CoV-2 and other viral pneumonia found no differences  
save a slightly higher prevalence of peripherally distributed 
ground-glass infiltrates (71). Studies in which asymptomatic indi-
viduals with confirmed SARS-CoV-2 infection have undergone 
chest imaging reveal abnormalities in as many as 50% of patients, 
suggesting that distal lung involvement is common even in non-
severe disease (72, 73). Whether the finding of distal lung abnor-
malities in patients with mild or no symptoms is unique to SARS-
CoV-2 infection is not known.

Distinctive clinical features of SARS-CoV-2 
infection
The clinical course of SARS-CoV-2 pneumonia is longer than that 
of pneumonia secondary to influenza or bacterial pneumonia. 

concerns about generating infectious aerosols (28). As a result, 
COVID-19 was increasingly seen as a clinical syndrome caused by 
“immune dysregulation” and “cytokine storm” rather than severe 
SARS-CoV-2 pneumonia leading to ARDS, and care pathways and 
treatments began to diverge from those used historically to treat 
severe viral pneumonia (29, 30).

As with other respiratory viruses, the clinical severity of 
SARS-CoV-2 infection varies dramatically between patients. The 
NIH classifies COVID-19 severity according to five categories: 
asymptomatic, mild, moderate, severe, and critical (11). The vast 
majority of patients develop asymptomatic, mild, or moderate 
illness and are usually managed at home without oxygen therapy 
(31–37). Patients with severe illness are characterized by arterial 
hypoxemia and respiratory distress similar to that seen in patients 
with evolving ARDS. Patients with critical illness develop respira-
tory failure, septic shock, and/or multiple organ dysfunction. In 
a series of 44,672 patients with confirmed symptomatic SARS-
CoV-2 infection in China, 14% had severe illness and 5% had crit-
ical illness (38).

Severe or critical SARS-CoV-2 pneumonia is characterized 
by bilateral multifocal pulmonary infiltrates that result in acute 
hypoxemic respiratory failure, often fulfilling the Berlin criteria 
for diagnosis of ARDS. These include severe arterial hypoxemia 
despite supplemental oxygen and bilateral infiltrates on chest 
imaging that are not solely attributable to cardiac dysfunction (39–
41). Despite early suggestions that the physiology of ARDS second-
ary to SARS-CoV-2 pneumonia differs from that induced by other 
respiratory pathogens (29, 30), lung compliance, deficits in oxy-
genation, responsiveness to positive end-expiratory pressure, and 
driving pressure in patients with ARDS secondary to SARS-CoV-2 
pneumonia are similar to those measured in historical studies of 
patients with ARDS (41). The severity of illness among patients 
with severe SARS-CoV-2 pneumonia is similar to that among other 
critically ill patients with pneumonia as measured by standardized 
intensive care unit (ICU) predictive tools such as the Sequential 
Organ Failure Assessment (SOFA) score or the Acute Physiology 
and Chronic Health Evaluation (APACHE) score (39, 41–44). Early 
in the pandemic, mortality from severe COVID-19 was over 50% 
(15–20, 45). It is now clear that these high mortality rates were in 
part attributable to the rapid and large influx of patients that over-
whelmed health care systems (46). In regions where health care 
systems were not overwhelmed, mortality rates were similar to 
predicted mortality rates for comparably ill ICU patients (41, 44). 
Collectively, these findings suggest that supportive therapies with 
proven benefit in patients with ARDS, including the use of high-
flow nasal cannula oxygen and mechanical ventilation, should 
be used to treat patients with severe SARS-CoV-2 pneumonia in 
accordance with standard ICU practice.

Inflammatory biomarkers including IL-6, C-reactive pro-
tein, D-dimer, ferritin, and procalcitonin are elevated in patients 
with severe SARS-CoV-2 pneumonia, and the levels of IL-6 have 
been shown to predict mortality (47–49). IL6 transcription is not 
increased in any circulating cell population, suggesting that it is 
secreted from cells within the lung or other organs (25). Further-
more, the peak levels of IL-6 are similar in patients with severe 
SARS-CoV-2 pneumonia and similarly ill control patients (50, 51). 
High levels of the same inflammatory cytokines were associated 
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SARS-CoV-2
SARS-CoV-2 is a positive-sense single- 
stranded RNA virus with a genome size 
much larger than that of influenza A (~30 
kb compared with ~14 kb) (23). SARS-CoV-2 
enters cells by binding a homotrimeric 
spike protein on the virus surface to ACE2 
expressed on target cells in the host (87). 
After binding, the spike protein is cleaved 
by host proteases, causing extensive irre-
versible changes necessary for viral entry 
and replication. The spike protein binding 
domain is the target for the three vaccines 
authorized for emergency use in the United  
States and most vaccines that are being 
administered worldwide (1–5). For the 
related Betacoronavirus SARS-CoV, cleav-
age of the spike protein requires a specific 
host protease, TMPRSS2; however, SARS-
CoV-2 harbors a mutation in the spike pro-
tein that encodes a furin cleavage domain, 
allowing it to be cleaved by a variety of host 
proteases, possibly dispensing with the 
requirement for TMPRSS2 (88–90).

SARS-CoV-2 enters the cytosol by 
membrane fusion, where it is transcribed 

into two large mRNA fragments, encoding 16 nonstructural pro-
teins, eight accessory proteins, and four structural proteins (87). 
The nonstructural and accessory proteins globally suppress host 
cell translation and type I IFN production. Accordingly, type I IFN 
levels are low in the peripheral blood of patients with severe SARS-
CoV-2 pneumonia (24, 26, 91). Whether these levels are lower than 
those observed in patients with pneumonia secondary to other 
respiratory viruses is not known. Viral replication and transcription 
occur in lipid membrane–enclosed structures adjacent to the endo-
plasmic reticulum generated in response to SARS-CoV-2 infection. 
Within those structures, a negative-strand RNA species serves as a 
template for viral replication. The nucleocapsid protein encapsu-
lates the full-length positive-sense viral RNA, after which the enve-
lope, membrane, and spike proteins are recruited, and the virus is 
released by exocytosis.

The expression of ACE2 in the human respiratory system is 
sparse and follows a descending gradient along the respiratory 
tract. RNA encoding ACE2 is detected in approximately 3%–4% 
of epithelial cells in the nose, less than 1% of tracheal epithelial 
cells (mostly in ciliated cells and goblet cells), and less than 1% of 
alveolar type 2 cells (60, 92–94). Hence, while the exact mecha-
nisms are unknown, SARS-CoV-2 likely reaches the distal lung via 
droplet aspiration from the nasopharynx or oropharynx (95). The 
sparse expression of ACE2 contrasts dramatically with expression 
of the α2,6-linked sialic acid residues that serve as receptors for 
influenza viruses, which are abundantly expressed on almost all 
airway and type 2 alveolar epithelial (AT2) cells throughout the 
respiratory tract and distal lung (96, 97). The detection of SARS-
CoV-2 transcripts in the lung epithelium in patients who died 
with SARS-CoV-2 pneumonia largely follows the distribution of  
ACE2 expression (59, 93).

The duration of time from the onset of symptoms to the devel-
opment of severe or critical disease is 9 days (range 6–12 days) 
among patients with SARS-CoV-2 pneumonia, which is more than 
double the duration in patients with influenza pneumonia (4 days, 
range 0–7 days) (15, 17, 74–76). Similarly, the duration of mechan-
ical ventilation is prolonged among patients with pneumonia and 
respiratory failure secondary to SARS-CoV-2 compared with other 
respiratory pathogens (14 days compared with 4 days in our study) 
(44). Similar long lengths of mechanical ventilation or ICU stay 
(9–18 days) have been reported by other groups (18, 21, 32, 33, 35–
39). Incomplete or prolonged recovery after SARS-CoV-2 pneu-
monia has been reported, sometimes requiring lung transplanta-
tion as a salvage therapy, but whether these outcomes differ from 
those of pneumonia secondary to other pathogens is not known 
(77). As similar levels of IL-6 and other inflammatory cytokines 
are found in patients with pneumonia attributed to SARS-CoV-2 
and other respiratory pathogens, we suggest that prolonged expo-
sure to elevated levels of inflammatory cytokines might underlie 
some of the immunopathology observed in patients with SARS-
CoV-2 pneumonia (Figure 1).

Influenza pneumonia causes severe disease and death in both 
very young and elderly patients (78, 79). This U-shaped mortality 
curve with advancing age in patients with influenza pneumonia 
contrasts dramatically with the mortality curve of SARS-CoV-2 
infection, for which severe pneumonia in children is distinctly 
unusual (80). Risk factors for developing severe disease or death 
after infection with SARS-CoV-2 include older age and male sex 
(81, 82). In addition, obesity and other comorbid illnesses, includ-
ing hypertension and diabetes, have been associated with more 
severe disease in several cohorts (81–83). Similar associations 
were reported during the H1N1 influenza A pandemic (84–86).

Figure 1. The long clinical course of SARS-CoV-2 pneumonia may contribute to multiple organ dys-
function. The duration of symptoms before the development of respiratory failure and the duration 
of mechanical ventilation are much longer in patients with SARS-CoV-2 pneumonia than in those 
with influenza pneumonia. Although peak circulating levels of inflammatory cytokines are similar 
among patients with SARS-CoV-2 (pink) and patients with influenza pneumonia (purple), the longer 
duration of illness increases cumulative cytokine exposure (area under the time–cytokine level curve), 
which may contribute to the secondary multiple organ dysfunction observed in patients with SARS-
CoV-2 pneumonia.
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a systematic sm-FISH autopsy survey of tissues from 32 patients, 
many of whom had died early in their disease course, investiga-
tors found evidence for SARS-CoV-2 in the tracheobronchial or 
alveolar epithelium and in alveolar macrophages in 20 patients. In 
one patient, SARS-CoV-2 RNA was detected in endothelial cells 
adjacent to a thrombus in the lung. SARS-CoV-2 was detected out-
side the lung in only one patient, where it was found in endothelial 
cells in multiple tissues (59). In all cases, the concentration of virus 
(estimated by Ct values using PCR) was substantially higher in 
the lung compared with other tissues. Similar findings have been 
reported by others (92). A recent systematic survey of autopsy tis-
sues from patients who died from SARS-CoV-2 pneumonia ana-
lyzed using single-cell RNA-Seq and sm-FISH did not detect viral 
transcripts outside the lung or in endothelial cells in the lung (99). 
Whether infection of kidney proximal tubular cells or podocytes, 
which express ACE2, is responsible for the acute kidney injury 
observed in patients with COVID-19 is controversial (111).

Studies of SARS-CoV-2 pneumonia in patients
Observational studies of patients with SARS-CoV-2 pneumonia 
have provided important insights into disease pathobiology, but 
it is important to acknowledge their limitations. First, most stud-
ies compare patients with severe SARS-CoV-2 pneumonia with 
healthy people or patients with mild SARS-CoV-2 infection. Only 
a handful of studies enrolled similarly ill patients with pneumo-
nia secondary to other pathogens. Second, while alveolar sam-
pling using bronchoalveolar lavage can be safely performed in 
mechanically ventilated patients with ARDS to diagnose and 
guide treatment for ventilator-associated pneumonia (28), many 
centers curtailed its use in patients with SARS-CoV-2 pneumonia 
because of concerns about infectious aerosol generation, limit-
ing its availability for clinical care and research. Third, as noted 
above, severe SARS-CoV-2 infection in humans progresses slowly, 
and symptoms, viral load, systemic inflammation, and complica-
tions vary over the course of the disease. Hence, clinical metadata 
(e.g., the duration of hospitalization, mechanical ventilation, and 
the presence of ventilator-associated pneumonia) are necessary to 
interpret molecular analyses and autopsy studies. Fourth, in the 
absence of a causal, controlled intervention targeting a specific 
pathway (e.g., a randomized controlled trial), all human stud-
ies are descriptive — at best they can demonstrate associations 
of any given pathway with severe disease. Finally, even trials of 
controlled pharmacologic interventions are often challenging to 
interpret given the widespread adoption of therapies early in the  
pandemic that were subsequently proven to be effective, lack  
efficacy, or be harmful (39, 112–118), as well as the use of non- 
comparable control groups (119).

Analysis of peripheral blood. Multiple groups collected 
cross-sectional and serial peripheral blood samples from patients 
with severe SARS-CoV-2 pneumonia and subjected immune 
cells to flow cytometry and single-cell RNA-Seq analysis (25, 27, 
63–67). Data from some of these studies can be explored on the 
COVID-19 Cell Atlas website (https://www.covid19cellatlas.
org/) (120). SARS-CoV-2 infection is accompanied by an increase 
in neutrophils and lymphopenia. Analysis using flow cytometry 
panels that distinguish T cell subsets reveals a loss of all periph-
eral blood T cell populations early in the disease, with a particular 

Autopsy findings in patients with severe SARS-
CoV-2 pneumonia
Almost without exception, the primary pathology at autopsy 
is found in the lungs of patients who died from SARS-CoV-2 
pneumonia (58–60, 92, 98). Grossly, the lungs are edematous, 
heavy, and boggy, often with cystic structures histologically 
defined as pneumatoceles. In some patients, larger cavitary 
lesions representing lung abscesses secondary to ventilator- 
associated pneumonia are reported. Microscopy reveals spa-
tially restricted regions of diffuse alveolar damage, alveolar 
hemorrhage, reactive pneumocytes, organizing pneumonia, 
interstitial fibrosis, bronchiolitis, and bronchiolar fibrosis 
sometimes interspersed with normal lung. While occasional 
thrombi are observed in microvessels, evidence of direct vas-
cular infection is infrequently observed (99). Some patients 
develop fibrosis resembling late-stage idiopathic pulmonary 
fibrosis (100). None of these features are unique to patients 
with SARS-CoV-2 pneumonia (101). For example, similar his-
topathologic features were reported in patients who died from 
influenza A pneumonia during the 2009 H1N1 pandemic (101, 
102). Different types of pathology, ranging from diffuse alveo-
lar damage to organizing pneumonia with fibrosis, are observed 
within the same lung in patients with SARS-CoV-2 pneumonia. 
These findings suggest a multifocal process that evolves slow-
ly in spatially restricted areas over time (103, 104). As autopsy 
studies are biased toward patients who died later in the course 
of the disease, late complications of ICU care, particularly  
ventilator-associated pneumonia, could obscure early patho-
logic changes in patients with SARS-CoV-2 pneumonia.

Evidence of prolonged viremia in patients with SARS-CoV-2 
pneumonia is lacking. Extensive bulk and single-cell transcrip-
tomic analyses of blood from patients with severe COVID-19 
have not revealed evidence of viral transcripts in circulating 
blood cells (25). Andersson et al. analyzed blood samples from 
212 patients with acute and convalescent COVID-19, some of 
whom required mechanical ventilation. They found that while 
12.7% of peripheral blood samples tested positive for SARS-
CoV-2 by PCR, no replication-competent virus capable of infect-
ing cultured cells was detected in any of the samples (105). Con-
sistent with a lack of circulating virus capable of tissue infection, 
vertical transmission of SARS-CoV-2 from virus-positive women 
to the placenta or fetus is rare (106–108). Additional studies are 
needed to determine the duration of transmissible virus shed-
ding from lower respiratory tract samples.

Given the lack of replication-competent viremia, the impor-
tance of anecdotal reports suggesting detection of SARS-CoV-2 
transcripts or protein in a host of tissues outside the lung is unclear. 
Many of these reports relied on PCR analyses of tissues, which are 
susceptible to cross-contamination at the time of autopsy and do 
not necessarily detect replication-competent virus. Antibodies 
used to detect SARS-CoV-2 proteins have not been rigorously 
examined for specificity across various tissues. Reports of SARS-
CoV-2 viral particles detected using electron microscopy have been 
questioned due to similarities between the virus and normal cellu-
lar substructures (109, 110). Because SARS-CoV-2 is an RNA virus, 
single-molecule fluorescence in situ hybridization (sm-FISH) is 
perhaps the best and most specific method to detect it in tissues. In 
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observed in mouse models of viral and bacterial pneumonia and 
patients with pneumonia secondary to other pathogens (133–136).

In anticipation of the pandemic, we modified our bronchos-
copy protocols to ensure operator safety. Our clinical teams per-
formed bronchoscopies in patients with SARS-CoV-2 pneumonia, 
as clinically indicated, and used analysis of BAL fluid with quan-
titative bacterial cultures, multiplex PCR, and fungal antigens 
to guide antimicrobial therapy (28, 70). We compared BAL fluid 
samples from patients with SARS-CoV-2 pneumonia with serial  
BAL fluid samples we collected from 211 patients with severe 
pneumonia secondary to other pathogens requiring mechani-
cal ventilation before the pandemic. The BAL fluid was subject-
ed to flow cytometry analysis, transcriptomic profiling of flow  
cytometry–sorted alveolar macrophages, and, in a subset of 
patients, single-cell RNA-Seq (44). We focused on alveolar mac-
rophages, as they sense and respond to inhaled pathogens and 
particulates and have been causally linked to outcomes after viral 
pneumonia in animal models (137–140). In particular, we obtained 
samples within 48 hours of intubation in a substantial number of 
patients, and microbiologic analysis allowed us to confirm or 
exclude the presence of coinfecting bacterial pathogens.

Our analysis provided several critical insights (44). First, using 
flow cytometry, we found that the alveolar space in patients with 
SARS-CoV-2 pneumonia is enriched for T cells and monocytes and 
reduced in neutrophils, which contrasts with samples from patients 
with pneumonia secondary to other pathogens, including influenza.  
Independently, Roussel et al. observed differential increases in  
activated classical monocytes and T cells in peripheral blood 
samples from patients with SARS-CoV-2 pneumonia and ARDS 
compared with patients with ARDS secondary to other etiologies 
(141). Second, we found that the transcriptional signature in alve-
olar macrophages from patients with severe SARS-CoV-2 pneu-
monia exhibits a distinct upregulation of IFN-response genes and 
increased expression of chemokines involved in T cell recruitment, 
since confirmed by another group (142). Third, in single-cell RNA-
Seq data (which can be explored at https://www.nupulmonary.
org), we identified SARS-CoV-2 transcripts in both tissue-resident 
and MoAMs, including the negative-strand template used for viral 
replication. Finally, we found that alveolar macrophages harboring 
SARS-CoV-2 transcripts were transcriptionally distinct from mac-
rophages without viral transcripts. Infected macrophages displayed 
enhanced expression of IFN-response signatures and increased 
transcription of T cell chemokines and inflammatory molecules, 
including IL1B. Notably, we did not detect increased levels of IL6  
in any BAL fluid cell population.

An integrated model of SARS-CoV-2 infection 
that explains clinical features
An integrated model developed from the clinical, autopsy, and 
molecular observations described above offers an explanation 
for the long temporal course and spatial heterogeneity unique to 
SARS-CoV-2 pneumonia (Figure 2). After gaining access to the 
distal lung, SARS-CoV-2 productively infects the small number of 
ACE2-expressing alveolar epithelial cells, releasing SARS-CoV-2 
virions into the alveolar space. These viral particles are ingested by 
or infect alveolar macrophages. Alveolar macrophages harboring 
the virus respond by increasing the transcription of T cell chemo-

loss of mucosal-associated invariant T (MAIT) cells (68, 69, 121). 
Importantly, none of these studies included similarly ill control 
populations or distinguished patients with ICU complications, 
including ventilator-associated pneumonia and other nosocomial 
infections. Furthermore, most of these studies did not normalize 
sample collection to the date of symptom onset, hospitalization, or 
initiation of mechanical ventilation.

Analysis of the upper and conductive airways. The nasal epithe-
lium is a primary site for SARS-CoV-2 infection, and secretory 
cells in the nasal epithelium have the highest expression of ACE2 
in the respiratory tract. Some suggest that differences in the epi-
thelial or immune response to SARS-CoV-2 infection in the nasal 
epithelium determine whether viral replication is controlled or 
progresses to pneumonia. In particular, differential IFN respons-
es to infection in the nasal epithelium have been suggested to 
explain the lack of severe disease in children (122, 123). How-
ever, comparison of the nasal transcriptome in children infect-
ed with SARS-CoV-2 and those infected with other respiratory 
viruses failed to reveal differences in the IFN response (124, 125). 
Furthermore, single-cell transcriptomic profiling of epithelial 
and immune cells collected from nasal and bronchial brushings 
confirmed the presence of SARS-CoV-2 in all ACE2-expressing 
epithelial cells and showed upregulation of IFN-response genes 
in infected cells (126). Systematic prospective comparison stud-
ies of the nasopharyngeal response to infection in patients with 
mild COVID-19 and patients with upper respiratory disease sec-
ondary to other respiratory viruses may offer insights into the 
pathobiology of severe disease.

Analysis of bronchoalveolar lavage fluid. Bronchoalveolar 
lavage (BAL) in mechanically ventilated patients is performed by 
insertion of a fiberoptic bronchoscope through the endotracheal 
tube and wedging of the tip under direct visualization in a third- 
or fourth-generation airway (127). Saline is then instilled into the 
lung, filling the airspaces distal to the wedged bronchoscope. The 
fluid is then aspirated with return volumes approximately 20% of 
the instilled volume. BAL is safe in critically ill patients, in whom 
its use to guide antimicrobial therapy has been associated with 
improved outcomes (127–129). BAL fluid contains inflammato-
ry cells, pathogens, proteins, lipids, and metabolites that are free 
in the alveolar space and a small number of airway and alveolar  
epithelial cells that are dislodged during the procedure.

Early in the pandemic, Liao and colleagues provided the first 
single-cell RNA-Seq analysis of BAL fluid cells from three patients 
with mild and six patients with severe cases of SARS-CoV-2 pneu-
monia (130). They found that alveolar fluid from patients with 
severe SARS-CoV-2 pneumonia lacked tissue-resident alveolar 
macrophages. Instead, inflammatory monocyte-derived alveo-
lar macrophages (MoAMs) were the most abundant cell type in 
the BAL fluid. MoAMs from patients with severe SARS-CoV-2 
pneumonia contained SARS-CoV-2 transcripts, but they were not 
detected in alveolar macrophages from patients with mild disease 
(130). These results were subsequently confirmed by other groups 
(126, 131, 132). Since BAL fluid was obtained 11 to 25 days after 
the onset of symptoms in the severe group, the failure to detect  
tissue-resident alveolar macrophages (TRAMs) could have result-
ed from the ongoing recruitment of MoAMs and the death of 
TRAMs over the course of the disease. These findings have been 
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kines and perhaps activating the NLRP3 inflammasome. These 
events may induce the activation of coronavirus cross-reactive 
memory T cells (143–146). Alveolar macrophage death might be 
caused by the viral infection or by the release of IFN-γ and TRAIL 
(TNF-related apoptosis-inducing ligand) from activated T cells 
(44), which induces alveolar macrophage apoptosis in murine 
models of influenza A infection (147). Depletion of the alveolar 
macrophage niche combined with epithelial injury and production 
of chemoattractants, such as CCL2, by activated T cells induces 
the recruitment of monocytes, which rapidly differentiate into 
MoAMs (136, 148). These MoAMs also take up or are infected by 

SARS-CoV-2 and, once activated by IFN-γ, recruit additional T 
cells. These self-sustaining inflammatory signaling loops between 
alveolar macrophages harboring virus, and activated T cells, per-
sist until the virus is cleared.

How SARS-CoV-2 spreads to adjacent lung regions is less 
clear (Figure 3). The fundamental anatomical structure of the lung 
responsible for gas exchange is the secondary pulmonary lobule 
(also called the pulmonary lobule), which is bordered by inter-
stitial connective tissue (interlobular septa) and fed by a single 
bronchiole and pulmonary artery. Each secondary pulmonary lob-
ule contains up to 30 acini, each of which contains thousands of 

Figure 2. A model for SARS-CoV-2 infection explains the prolonged clinical course and spatial heterogeneity. (i) SARS-CoV-2 spares alveolar epithelial  
cells that do not express ACE2 (ii) and infects ACE2-expressing alveolar epithelial cells (iii), allowing uptake by alveolar macrophages (iv). Alveolar macro-
phages harboring viruses release chemokines that recruit T cells and monocytes to the alveolus (v). T cells induce macrophage apoptosis, further driving 
the recruitment of MoAMs (vi). These recruited macrophages take up SARS-CoV-2, resulting in self-sustaining inflammatory circuits. Macrophages har-
boring virus can migrate to adjacent alveoli (vii), where they can initiate inflammatory circuits with T cells and infect ACE2-expressing epithelial cells (viii), 
whereupon the process repeats itself from steps v–viii. AT1, type 1 alveolar epithelial cell.
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alveoli that are ventilated by a single terminal bronchiole, which is 
the last airway division that does not itself bear alveoli. The spar-
sity of ACE2 expression in the distal lung poses a challenge for 
intra- and interlobular viral spread. Early in the pandemic, stud-
ies in cultured lung epithelial cells suggested that infection with 
SARS-CoV-2 results in IFN-induced expression of ACE2 in adja-
cent cells (93). However, evidence supporting this mechanism has 
not been found in lung tissues at autopsy or in precision-cut lung 
slices infected with SARS-CoV-2 (60, 89, 93). Alternatively, alve-
olar macrophages, once described as sessile, have recently been 
reported to travel across distances of several alveoli, or directly 
between them via pores of Kohn, particularly during viral infec-
tion (149, 150). Hence, infected alveolar macrophages might serve 

to spread the virus to adjacent lung regions. Upon alveolar mac-
rophage death, the released virus could infect ACE2-expressing 
alveolar epithelial cells. MoAMs, perhaps recruited to pulmonary 
lobules rather than individual alveoli, might amplify this process 
(151). Further supporting this model, active viral shedding has 
been observed up to 18 days after infection in nasal samples from 
critically ill patients with SARS-CoV-2 pneumonia, which is longer 
than that reported for patients with less severe disease (152, 153).

This model is consistent with the observed responses to ther-
apy in patients with SARS-CoV-2 pneumonia. Antiviral agents, 
like remdesivir, may slow the progression of SARS-CoV-2 across 
the lung, shortening the duration of illness (154, 155). Cortico-
steroids, which broadly suppress inflammatory signals, could 

Figure 3. Sparse airway and alveolar epithelial expression of ACE2 slows viral spread across the lung and prolongs the clinical course. (A) In influenza 
virus infection, abundant airway and alveolar epithelial cell expression of ɑ2,6-linked sialic acid residues, the receptors for influenza viruses, enables a rap-
id spread across the lung and a short clinical course. Injury, viral clearance, and alveolar fibrosis or repair occur synchronously over the course of the illness. 
(B and C) In SARS-CoV-2 infection, sparse ACE2 expression results in spatially restricted areas of normal lung, ongoing injury, viral clearance, and alveolar 
fibrosis or repair in different lung regions.
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abundant in the healthy, uninjured lung, where they perform 
removal of surfactant and apoptotic cells and immune surveil-
lance. MoAMs are rarely found in the normal lung but are recruit-
ed to regions of injury, where they often substantially outnumber 
TRAMs. MoAMs exhibit an inflammatory profile and drive col-
lateral damage to lung tissue (148). Single-cell transcriptomic 
studies have demonstrated that SARS-CoV-2 infects both tis-
sue-resident and MoAMs (44, 126, 130, 131), but whether these 
macrophage subsets have a differential capacity for maintaining 
or spreading SARS-CoV-2 is not clear.

How do alveolar T cells become activated, and what is their anti-
gen specificity? Alveolar macrophages are poor antigen-presenting 
cells and do not migrate to lymph nodes to participate in convert-
ing naive T cells into effector T cells (164, 165). Nevertheless, alve-
olar macrophages can provide low levels of antigen presentation 
that might be sufficient to drive activation of preexisting mem-
ory T cells that cross-react with SARS-CoV-2 (165). The ability 
of infected macrophages to activate T cells and MAIT cells was 
demonstrated in vitro using peripheral blood monocyte-derived 
macrophages (166). Cross-reactive memory T cells for SARS-CoV 
(167) and SARS-CoV-2 have been observed in uninfected patients, 
but whether they are protective or increase the risk for disease 
is not clear (143, 144, 168–170). In many of these reports, cross- 
reactive T cells were suggested to arise from prior exposure to 
other coronaviruses. Bacher et al. tested this hypothesis directly 
and found that cross-reactive T cells from patients with COVID-19 
lacked cross-reactivity to common cold coronaviruses (170). They 
further found that SARS-CoV-2–specific T cells with low function-
al avidity were more common in patients with severe disease.

What are the mechanistic underpinnings of SARS-CoV-2 epide-
miology? The mechanistic basis for the increased risk of severe 
disease or death in patients with advanced age, obesity, diabe-
tes, or hypertension, and for the lack of severe disease in young-
er patients, is not clear. Genetic studies have identified polymor-
phisms in several genes associated with disease severity, including 
genes encoding type I IFN signaling (171, 172), monocyte recruit-
ment (172), ABO blood group (173, 174), and fibrosis (174). Others 
suggest that increased expression of ACE2 in the respiratory tract 
of people with known risk factors drives more severe disease. An 
analysis of single-cell RNA-Seq data from normal human lungs 
suggested that ACE2 expression is modestly increased in men 
compared with women and in older individuals, and suggested 
very low expression in pediatric compared with adult patients 
(159). However, similar levels of ACE2 expression were observed 
in bulk RNA-Seq of samples from the nasal epithelium of pediatric 
and adult patients (125).

What cells are the source of systemic inflammatory cytokines? 
High levels of IL-6 and its transcriptional target C-reactive pro-
tein predict mortality in patients with severe SARS-CoV-2 pneu-
monia, and therapies targeting the IL-6 receptor in patients with 
COVID-19 have been extensively used to treat these patients 
despite mixed results in clinical trials (112, 113, 115–117, 175). 
Increased IL6 transcripts were not detected in the peripheral 
blood of circulating immune cells from patients with severe, com-
pared with mild, COVID-19 or healthy controls (25). Similarly, 
IL6 transcripts were not increased in inflammatory cells obtained 
from BAL fluid of patients with SARS-CoV-2 pneumonia (44, 130). 

modulate inflammation in T cells and macrophages to limit 
immunopathology (114, 118). JAK inhibitors, like baricitinib, 
are predicted to reduce IFN signaling in alveolar macrophages, 
attenuating signaling loops between activated T cells and mac-
rophages (156). In our model of slowly progressive disease, we 
suggest that all of these therapies will be effective only in the 
subset of patients with alveolar involvement, clinically marked 
by hypoxemia requiring hospitalization. In addition, all of the 
therapies will be more effective when administered early in the 
course of severe disease when the ratio of at-risk to involved 
lung regions is highest, and will have no benefit or be harmful in 
patients with mild or moderate disease.

Unanswered questions
How does SARS-CoV-2 get into alveolar macrophages? In almost all 
autopsy studies of patients who died early from SARS-CoV-2 pneu-
monia, viral particles or viral RNA are detected in alveolar macro-
phages. SARS-CoV-2–infected alveolar macrophages were found 
during ex vivo infection of precision-cut lung slices (157). SARS-
CoV-2 transcripts were also detected in alveolar macrophages 
isolated from BAL fluid obtained from patients with SARS-CoV-2 
pneumonia (126, 130, 158). Data from studies using sm-FISH, sin-
gle-cell RNA-Seq and immunohistochemistry with validated anti-
bodies definitively show that ACE2 is not expressed on alveolar 
macrophages (60, 159). Viral particles might enter the macrophage 
via efferocytosis of dying epithelial cells. This hypothesis is unlike-
ly, as genes specific to epithelial cells (e.g., genes encoding kera-
tins or EPCAM) are not found in alveolar macrophages harboring 
SARS-CoV-2 transcripts collected from BAL fluid (44, 130). Alter-
natively, the virus might enter macrophages through antibody-de-
pendent enhancement. In this mechanism, antibodies bound 
to the virus facilitate viral entry via Fc receptors on the alveolar 
macrophage, as shown during in vitro infection of macrophages 
with SARS-CoV and MERS-CoV (160, 161). This mechanism has 
received considerable attention, as the presence of cross-reactive 
antibodies, perhaps generated in response to historical coronavirus 
infections, might explain more severe disease in some individuals 
(162). In support of this hypothesis, about 20% of the population 
had circulating antibodies before the pandemic that cross-react 
with SARS-CoV-2 (146). Levels of these antibodies were increased 
upon SARS-CoV-2 infection but were not protective. Li et al. iso-
lated neutralizing and non-neutralizing antibodies from patients 
with a history of SARS-CoV-2 or SARS-CoV infection and showed 
that some of them were capable of inducing antibody-mediated 
enhancement in cultured cells lacking ACE2 receptors (163). How-
ever, when antibodies demonstrating in vitro enhancement were 
infused into monkeys, only one of 30 animals developed severe 
disease. These data show that in vitro evidence of antibody-me-
diated enhancement does not predict in vivo antibody-mediated 
enhancement. However, the low rate of severe disease observed 
in the monkeys leaves open the possibility of antibody-mediated 
enhancement as an explanation for the relatively infrequent devel-
opment of severe disease in humans.

Which population of alveolar macrophages does SARS-CoV-2 
infect? The population of alveolar macrophages in an acutely 
inflamed lung is heterogeneous and typically contains at least 
two distinct subsets of alveolar macrophages (148). TRAMs are 
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ported by biomarker studies that include nasopharyngeal, airway, 
and alveolar samples to understand viral involvement and host 
response across the respiratory system.
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In single-cell RNA-Seq data from the lungs of patients with pulmo-
nary fibrosis, endothelial cells and fibroblasts express the highest 
levels of IL6 (176, 177). Further studies will be required to deter-
mine the source of IL-6 and other circulating inflammatory cyto-
kines in patients with SARS-CoV-2 pneumonia.

Summary and conclusions
Despite its numerous extrapulmonary complications, severe 
COVID-19 is primarily a respiratory disease best understood as a 
severe viral pneumonia. Distinguishing clinical features of pneu-
monia caused by SARS-CoV-2 compared with other pathogens 
include the slow temporal pace of disease and recovery, the spa-
tial heterogeneity of SARS-CoV-2 pneumonia, and the relative 
absence of severe disease in children. Data from autopsy studies 
and examination of distal lung immune cell populations have pro-
vided insights into the molecular pathogenesis of severe SARS-
CoV-2 pneumonia and explain many of the bedside observations. 
Tractable animal models and in vitro systems that recapitulate 
the clinical features of the severe lung disease seen in humans are 
needed to causally test hypotheses generated from human obser-
vational data. Studies of interventions in humans need to be sup-
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